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ABSTRACT

Previously published studies, using human and non-human animal samples, suggest that
stress impairs memory retrieval. However, most human studies that report these impairing
effects explore verbal memory only. The aim of the studies reported in this dissertation was
to explore the effects of an acute stressor (Study 1), and of administration of prednisone
(Study 2), on retrieval of visual-spatial material (both emotional and neutral), and to compare
the findings against three theories that attempt to account for the effects of stress on memory:
the inverted-U hypothesis (de Kloet et al., 1999), hot-cool theory (Jacobs & Metcalfe, 1998),
and the integrated vertical and horizontal perspective theory (Schwabe et al., 2012). To
explore the research question, I aimed to systematically replicate, in humans, the pioneering
study of de Quervain et al. (1998). They demonstrated that both stress (in the form of foot-
shocks) and glucocorticoid treatment impaired memory retrieval, as demonstrated by water
maze performance, in rodents. To replicate their design for use in humans, I needed to make
several apparatus substitutions. Hence, before embarking on the major studies that constitute
the dissertation, I undertook two pilot/preparation studies. Study A verified that a novel
visual and spatial task (a virtual environment (VE) water maze task) was a suitable human
analog for the Morris Water Maze. Twenty-four participants learned the location of a target
in three different VE rooms. Landmarks in the first room were neutral non-arousing pictures;
in the second, pleasant arousing pictures; and in the third, unpleasant arousing pictures.
Emotional content of landmarks did not affect place learning, although the women
demonstrated better recognition for arousing than neutral landmarks. Study B verified that a
novel laboratory-based stressor was a suitable substitute for the foot-shock stressor. This
novel stressor combines the Cold Pressor Test with the Trier Social Stress Test (TSST) into a
single procedure: the Fear Factor Stress Test (FFST). Ninety participants completed one of
three conditions: FFST-Stress, FFST-Control, or TSST. The FFST-Stress induced a more
robust and sustained cortisol response than the TSST (without increasing participant
discomfort), while the FFST-Control condition did not provoke a cortisol response.
Following these validation studies, Study 1 explored the effects of the FFST on memory
retrieval for the VE rooms created in Study A. Sixty participants learned the location of an
invisible target in the VE rooms and, 24 hours later, after undergoing either the FFST-Stress
or -Control conditions, completed a set of navigational, recall, and recognition memory tests.
In Study 2, the FFST conditions were substituted by a 25mg prednisone dose and a placebo.
Following ingestion of the prednisone/placebo, 60 participants completed the same set of
navigational and memory tests. Results revealed that neither acute stress nor prednisone
administration impaired visual and spatial memory. However, exposure to the acute stressor
appeared to enhance verbal memory in women, and prednisone administration appeared to
impair verbal memory in both men and women. Relating the current findings to theory
revealed that only the inverted-U hypothesis was capable of accounting for the observed
pattern of data with regard to verbal memory. Specifically, congruent with predictions
derived from that theory, a combination of low levels of endogenous cortisol due to the time
of day when procedures were performed, along with the dose-dependent effects of cortisol,
might account for the contrasting verbal memory findings seen across Studies 1 and 2.
However, none of the three theories were capable of explaining the absence of stress effects
on visual and spatial memory. Findings from Studies 1 and 2 therefore suggest that being
exposed to an acute stressor or being administered prednisone might have had varying effects
across memory domains, which is consistent with a functional perspective on memory. These
findings indicate that further investigation into domain-specific effects of stress on memory
might be a rewarding area of inquiry.



14

CHAPTER ONE:
GENERAL INTRODUCTION

The term “stress” was originally used by engineers with reference to the forces that
put strain or pressure on a structure. This strain, if severe enough, can cause the structure to
fracture and break. In the mid-1930s, the term “stress” was adopted by Hans Selye and used
to refer to a non-specific experience indicative of a sequence of symptoms produced by a
broad range of independent noxious agents. For several years, Selye tested the effects of
various conditions (e.g., extreme cold, fasting, operative injuries) that produced physiological
changes representative of the stress response in both humans and animals. These changes
included enlargement of the adrenal glands, atrophy of the thymus, and gastric ulceration.
Selye concluded that many non-specific conditions can put strain on an organism, similar to
forces that put strain on a structure described by engineers (Selye, 1936).

Due in large part to Selye’s work, the term ‘stress’ has become increasingly
fashionable in modern society. In turn, the precise definition of the term has become
progressively unclear. The lay definition of the term ‘stress’ in popular culture often refers to
time pressure in peoples’ everyday lives (Lupien, Maheu, Tu, Fiocco, & Schramek, 2007). In
a similar way to the destructive force first described by engineers and later by Selye, time
pressure has also been equated to a destructive force on people. Time constraints in our
everyday lives place strain on us and, if the strain is idiosyncratically severe enough, can
trigger a set of physiological reactions that are detrimental to our well-being.

However, from a scientific perspective, the term “stress” is not synonymous with time
pressure. Instead, general scientific consensus has the term referring to a state or situation in
which an individual perceives a real or anticipated threat to his/her homeostasis. This threat
could either be psychological or physiological in nature, stimulating an adaptive response
from the individual (De Kloet, Joels, & Holsboer, 2005; McEwen, 1998, 2000; Wolf, 2008).
It is this latter definition of the term ‘stress’, and its effects on visual and spatial memory
performance, that I focus on in this dissertation.

In the following literature review, I discuss the body’s stress response, along with its
consequential effects on memory. In doing so, I discuss critical brain regions (the medial
temporal lobe and specifically the hippocampus) that are affected by the stress. These brain
regions are, by no degree of coincidence, fundamentally involved in certain types of memory

(i.e., declarative memory, including episodic visual and spatial memory).
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The Stress Response

Levine (2005) defined stress as a composite, multidimensional construct in which
three main subclass components interact. These components are: (i) input, when the stressful
stimuli are perceived and appraised, (ii) processing and subjective experience of the stressful
stimuli and, (ii1) output, or stress response. These three component subclasses interact
through a complex system of feedback and control loops in order to restore the desired
homeostatic state through behavioral and physiological adjustments (Levine, 2005).

A stressor is any specific event that can cause a stress response in an individual. This
event can be either absolute or relative to the individual (Lupien et al., 2006). An absolute
threat is a threatening real-life situation; it can include anything from experiencing an earth-
quake or being involved in an accident, to experiencing extreme cold or heat. Absolute
stressors are therefore usually physical stressors that necessitate an adaptive response from
the body. Extreme or dangerous situations pose a threat to the survival of an individual and
thus, due to their aversive nature, they elicit a stress response in order to ensure the
individual’s survival (Lupien et al., 2007). Relative stressors, on the other hand, are an
implied threat to the individual. That is, the situation or event is deemed threatening only
through cognitive interpretation by the individual (Lupien et al., 2006). Cognitive
interpretation of a situation might seem like an unspecific stressor; however, if the situation is
interpreted as being: (i) novel (Rose, 1980), or (ii) unpredictable (Mason, 1968), or (iii)
uncontrollable (Henry & Grim, 1990; Sapolsky, 1993), or (iv) has the presence of a social
evaluative threat (Dickenson & Kemeny, 2002), then it is most likely to provoke a stress
response. However, due to large inter-individual differences in cognitive interpretation of the
situation, relative stressors sometimes only elicit a stress response from certain individuals.
This response is also highly variable between individuals (Lupien, et al., 2006). For instance,
some people find a situation that involves public speaking extremely stressful, whereas others
do not. An individual’s subjective evaluation of the situation, as well as the coping resources
that are available, are important determinants of cognitive interpretation and the impact of the
stressful situation (Lazarus, 1993; Mason, 1968; Ursin & Eriksen, 2004).

Although arguably to a different degree, both absolute and relative stressors elicit a
common stress response. The stress response is the body’s reaction to the threatening event;
in other words, the body’s adaptive response to the threatening event. This response is
characterized by the release of stress hormones that facilitate the adaptation to the threatening
situation (De Kloet et al., 2005; Herbertet al., 2006; McEwen, 1998). Two separate but

interacting response systems are initiated within the organism. The first is a rapid response of
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the noradrenergic system that is orchestrated, for the most part, by the sympathetic nervous
system and, to a lesser extent, by the hypothalamic-pituitary-adrenal (HPA) axis
(Roozendaal, Barsegyan, & Lee, 2008; Roozendaal, McEwen, & Chattarji, 2009;
Roozendaal, Okuda, de Quervain, & McGaugh, 2006). Activation of the hypothalamus
stimulates neurons in the spinal cord to signal the release of epinephrine and norepinepherine
(a group of hormones known as catecholamines) from the adrenal medulla. Epinephrine and
norepinephrine are hormones that stimulate rapid physiological changes in preparation for the
stressful event. These changes include increases in heart rate, sweating, breathing frequency,
and blood pressure (de Kloet et al., 2005). From a cognitive perspective, epinephrine and
norepinepherine only have minimal influence brain function directly, as they cannot easily
cross the blood-brain barrier (Harley, 1991). They can, however, exert some influence on
neural structures by stimulating the vagus nerve in the brain stem. Information is then
transmitted from the vagus nerve to the brain via the nucleus of solitary tract and the locus
coeruleus. These pathways simulate several brain regions, of which the basolateral amygdala
(BLA) is the most relevant. The BLA consists of the lateral, basal, and accessory basal nuclei
of the amygdala (Roozendaal et al., 2000).

Glucocorticoids (GCs) released through activation of the HPA axis affect the fast
noradrenergic system presynaptically in the brainstem through noradrenergic cell groups
projecting to the BLA. In addition, GCs interact with the B-adrenergic system in the BLA
postsynaptically through interaction with a-adrenoceptors (Schwabe, Joéls, Roozendaal,
Wolf, & Oitzl, 2012). Recent research indicates that the rapid effects of GCs on the
noradrenergic system might be mediated by membrane-bound receptors. These receptors
activate a non-genomic signaling surge that leads to alterations in neuronal excitability in the
BLA (Barsegyan, Mackenzie, Kurose, McGaugh, & Roozendaal, 2010; Karst, Berger,
Erdmann, Schiitz, & Joéls, 2010; Karst et al., 2005; Roozendaal et al., 2010).

The second stress-response system is slower and is initiated solely by activation of the
HPA axis. Neurons in the hypothalamus release corticotrophin-releasing hormone, which in
turn results in the release of adrenocorticotropin from the pituitary gland.
Adrenocorticotropin travels via blood to the adrenal glands and results in the release of GCs
(known as corticosterone in animals and cortisol in humans) from the adrenal cortex.
Glucocorticoids, in contrast to catecholamines, can cross the blood-brain barrier easily. They
then bind to receptors in various brain regions (de Kloet et al., 2005; Herbert et al., 2006;

McEwen, 1998).
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Glucocorticoids bind to two different receptor subtypes, namely mineralocorticoid (or
Type I) receptors and glucocorticoid (or Type II) receptors. Both Type I and II receptors are
crucially involved in mediating the feedback effects of GCs in the brain; however, there are
two distinct differences between the two types of receptors (Lupien et al., 2007). First, Type I
receptors bind GCs with a greater affinity than Type II receptors, as they have a 10-fold
higher affinity for GCs (Kd: 0.5 nM) than Type II receptors (Kd: 5 nM). This greater affinity
renders target tissues more responsive to changes in GC levels (van der Laan & Meijer,
2008). Thus, Type I receptors are more likely than Type II receptors to become occupied, and
consequently, saturated with GCs. Second, the distribution of Type I and Type II receptors
differs within the brain. Type I receptors are restrictively distributed in the limbic system and
are found chiefly in the hippocampus, parahippocampal gyrus, and the insular and entorhinal
cortices. In contrast, Type II receptors are distributed in both subcortical and cortical
structures. Subcortically, they are also found in the same limbic structures such as the
hippocampus and parahippocampal gyrus, as well as in the paraventricular nucleus and the
hypothalamic nuclei. Cortically, Type II receptors are preferentially distributed in the
prefrontal cortex (Herbert et al., 2006; Lupien et al., 2007). In addition to distribution and
affinity, the functions of these two receptor types are also believed to differ. Type I receptors
are thought to be important in determining the threshold for activation of the HPA axis
(Cornelisse, Joel, & Smeets, 2011), whereas Type II receptors are thought to have a role in
normalizing stress-induced effects and in promoting consolidation (Oitzl et al., 2001;
Roozendaal, 2003; Sandi, 1998).

In summary, the body’s stress response features both a rapid and a slow reaction to a
threatening stimulus. The acutely secreted stress hormones (that is, glucocorticoids and
catecholamines) represent the principal mediators in the chain of hormonal events triggered
in response to stress. These stress hormones activate the body’s fight-or-flight response and
promote an adaptive cognitive response to overcome threatening situations. Despite the
physiological aspects of the stress response having been well documented, the cognitive

consequences of the response still require further understanding.

Stress and Memory

The impact of stress on memory has long been a contentious issue. Although it is
generally accepted that stress has an effect on memory, it is the nature of the effect that is the
bone of contention (for historical reviews, please see Lupien et al., 2007, and Wolf, 2009).

From the onset of the first rat and human studies, conflicting reports of both enhancing and
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impairing effects of GCs on memory emerged (Arbel, Kadar, Silbermann, & Levy, 1994;
Beckwith, Petros, Scaglione, & Nelson, 1986; Bohus & Lissak, 1968; Flood et al., 1978;
Luine, Spencer, & McEwen, 1993). Subsequent research has shown that factors such as acute
verse chronic effects of GCs, phase of memory, and level of emotional arousal, all have an
important part to play in the inconsistent actions of stress on memory (Lupien et al., 2007;
Wolf, 2009).

Conditions that result in chronic elevations of GC levels are typically associated with
a general impairment in memory performance (McEwen, 2001; Sapolsky, 2000)." On the
other hand, acutely elevated GC levels have been reported to have varying effects depending
on the phase of memory; that is, at the level of encoding, consolidation, retrieval, or
reconsolidation (de Quervain, Aerni, Schelling, & Roozendaal, 2009; Roozendaal et al.,
2009; Schwabe et al., 2012; Wolf, 2009). In addition, acutely elevated GC levels are also
associated with impaired working memory (Baddeley, 1992; Luethi, Meier, & Sandi, 2009;
Lupien, Gillin, & Hauger, 1999; Roozendaal, McReynolds, & McGaugh, 2004; Schoofs,
Preuss, & Wolf, 2008; Taverniers, Smeets, van Ruyssevelt, Syroit, & von Grumbkow, 2011;
Young, Sahakian, Robbins, & Cowen, 1999). Thus, in order to narrow the scope of this
literature review, [ will focus primarily on the acute effects of stress on episodic memory.

Episodic memory can be defined simply as explicit and voluntary storage and
retrieval of specific events (La Bar & Cabeza, 2006; Wolf, 2008). Before delving into the
affects of acute stress on episodic memory, however, another important influencing factor on
memory needs to be introduced: emotional arousal.

Emotional memory. Both humans and animals process emotional information
differently from neutral information. These differences can be seen in the domains of
perception, attention, working memory and episodic memory (Dolan, 2002; La Bar &
Cabeza, 2006; Packard & Goodman, 2012; Phelps, 2004; Reisberg & Heuer, 2004). Theories
behind these processing differences point to the fact that certain information, which is critical
for survival, needs processing precedence over less vital information (La Bar & Cabeza,
2006; Wolf, 2008). Due to the continuous bombardment of sensory information, both humans
and animals need to filter information quickly not only for sources of threats to homeostasis,
but also for sites of nutrition and reproduction as well. It therefore makes sense that we have

a tendency to remember emotional experiences far more vividly than we do neutral ones

' Although, memory deficits due to acute (and revisable) elevations in glucocorticoid levels can also occur in
chronically elevated conditions (Coluccia, et al., 2008).
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(Wolf, 2008). In line with the rest of this review, I will focus on the role of emotional arousal
on episodic memory.

Memory for emotional experiences is more robust than memory for neutral
experiences. That is, we tend to remember emotional stimuli or events more vividly than we
do neutral ones (Heuer & Reisberg, 1990; La Bar & Cabeza, 2006; McGaugh, 2003; Wolf,
2008). Not only are our memories for emotional events more vivid, they are also more
accurate (Schmidt, Patnaik, & Kensinger, 2011). Interestingly, it is also generally believed
that the valence of a stimulus or event (whether positive or negative) is an inconsequential
characteristic with respect to whether or not it is remembered; rather, memory for the
stimulus or event depends on the level of emotional arousal of the stimulus (Schmidt et al.,
2011; Smeets, Jelicic, & Merckelbach, 2006; Wolf, 2009). From a biological perspective, a
possible explanation for the memory benefits seen for emotional stimuli (irrespective of
valence) is that the amygdala, and its interaction with the medial temporal lobes, is crucial in
the processing of emotional material. The interaction between these two brain regions is
correlated with enhanced memory for emotional stimuli (La Bar & Cabeza, 2006;
Roozendaal et al., 2004, 2009; Schwabe et al., 2012; Wolf, 2008, 2009). The valence of a
stimulus, on the other hand, is believed to be processed predominantly by the frontal lobes
(Kensinger, 2004). Thus, the emotionality of a stimulus, not the valence, ensures activation of
the amygdala, and the subsequent enhancement of memory. However, regardless of this
biological perspective, some studies have reported memory differences that are related
directly to the valence of the stimuli (for example, see Domes, Heinrichs, Rimmele,
Reichwald, & Hautzinger, 2004; Luethi, Meier & Sandi, 2009; Tops et al., 2003).
Discrepancies in the findings regarding valence of the arousing stimulus and memory
performance indicates a need for further research.

As previously introduced, emotional arousal can also influence memory performance
under stressful conditions. Arousal can be differentiated from stress on a
physiological/neurobiological level. In contrast to stress, arousal fails to activate the HPA
axis and thus arousal, unlike stress, does not result in the release of GCs (Lovallo & Thomas,
2000). The effects of emotional arousal are therefore attributed to rapid stress response
without the concomitant non-genomic effects of GCs (that is, emotional arousal results in the
adrenergic activation of the BLA). Both human and animal studies have shown that the
noradrenergic activation of the BLA is fundamental for the beneficial modulation of a
memory trace, which is stored in other areas of the brain (La Bar & Cabeza, 2006). Patient

studies have shown that the BLA is essential for the facilitation of memory for emotional
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material (Adolphs, Tranel, & Buchanan, 2005; Cahill, Babinsky, Markowitsch, & McGaugh,
1995). In addition, pharmacological studies have also shown that blockade of the beta-
adrenergic system impairs memory for emotional material (Cahill, Prins, Weber, &
McGaugh, 1994), whereas artificial stimulation of the central noradrenergic system, either by
pharmacological agents or by stimulation of the vagus nerve, results in enhanced memory for
emotional material (Clark, Naritoku, Smith, Browning, & Jensen, 1999; Ghacibeh, Shenker,
Shenal, Uthman, & Heilman, 2006; Southwick et al., 2002).

Imaging studies using either functional magnetic resonance imaging (fMRI) or
positron emission tomography (PET) have also shown strong activation of the amygdala
associated with memory consolidation for emotional stimuli (Cahill et al., 1996; Canli, Zhao,
Brewer, Gabrieli, & Cahill, 2000). Furthermore, blocking of the beta-adrenergic system leads
to a reduced amygdala response to emotional arousing stimuli and, in turn, is associated with
poorer memory for the same material (Strange & Dolan, 2004; van Stegeren et al., 2005).

In summary, there is a strong line of research suggesting that activation of the BLA,
in conjunction with its interaction with other brain regions (especially the medial temporal
lobes), results in enhanced memory for emotionally arousing information (LaBar & Cabeza,

2006; Packard & Goodman, 2012; Phelps, 2004; Wolf, 2008).

Acute Stress and Episodic Memory

Episodic memory comprises of several dynamic stages. First, an experienced episode
or event is encoded. The encoding of the event results in a new and fragile memory trace that
is subsequently stabilized during the consolidation stage. The memory can then be
reactivated during the retrieval phase (Tulving, 1985). Once the memory has been retrieved,
the memory trace is believed to resume a fragile state, which needs to be reconsolidated in
order to again become stable (Dudai, 2006). Stress is reported to have differential effects on
each stage of episodic memory- encoding, consolidation, retrieval, and reconsolidation (de
Quervain et al., 2009; Roozendaal et al., 2009; Schwabe & Wolf, 2013; Wolf, 2008, 2009).
Thus, how stress or GCs effect episodic memory depends on when an individual is stressed
(Schwabe et al., 2012).

Memory encoding. The literature on the effects of stress and GCs on the encoding
phase of memory is inconsistent. Some studies that administered stress or GC treatment
before learning have reported enhancing effects (Cornelisse, van Stegeren, & Joels, 2011;
Domes, Heinrichs, Reichwald, & Hautzinger, 2002; Luethi et al., 2011; Nater et al., 2007;
Schwabe, Bohringer, Chatterjee, & Schachinger, 2008; Smeets, Giesbrecht, Jelicic, &
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Merckelbach, 2007; Taverniers et al., 2011a; Weymar, Schwabe, Low, & Hamm, 2012).
Other studies have reported impairing effects (Diamond et al., 2006; Elzinga, Bakker, &
Bremner, 2005; Kim, Lee, Han, & Packard, 2001; Kirschbaum, Wolf, May, Wippich, &
Hellhammer, 1996; Lupien et al., 1997; Richardson & VanderKaay Tomasulo, 2011;
Thomas, Laurance, Nadel, & Jacobs, 2010; Schwabe & Wolf, 2010a; Taverniers et al.,
2011b).

A possible reason for these inconsistent findings is that studies testing the effects of
stress on encoding face the insurmountable task of trying to isolate the encoding phase from
the other memory phases. That is, if stress or GC treatment is administered before learning,
then the encoding, consolidation and possibly retrieval phases will all be affected by the
treatment. Thus, effects on encoding are confounded by effects on consolidation and retrieval
(Schwabe et al., 2012). For instance, if stress or GC treatment is administered before
learning, and retrieval is tested shortly thereafter, confounding effects of the treatment on
encoding will be influenced by retrieval. If, however, retrieval is tested following a long
delay, then the confounding effects of stress on consolidation might influence the effects on
encoding (Schwabe, Wolf, & Oitzl, 2010; Schwabe et al., 2012). Thus, the difficulty in
isolating the encoding phase from the other memory phases may result in inconsistent
findings when learning follows stress or GC treatment.

It also appears that effects on encoding may be influenced by the level of emotional
arousal induced by the learning material. Some studies have shown that the recall of
emotional information is preserved or enhanced by stress or GC treatment before learning,
while the recall of neutral material is impaired (Payne et al., 2006, 2007; Tops et al., 2003).
In addition, stressor intensity and dose level of GCs also seem to play a role in the effects of
stress on encoding. Studies that have used more intense stressors or higher GC doses before
learning have found memory impairments (e.g., Abercrombie, Kalin, Thurow, Rosenkranz, &
Davidson, 2003; Diamond, Bennett, Fleshner, & Rose, 1992).

An additional factor believed to affect memory performance is the time gap between
the stressor and the learning task (Joéls et al., 2006). If the learning task immediately follows
the stressor (when adrenergic levels are highest and GCs levels are low) then the influence of
the rapid noradrenergic system may have an enhancing influence on memory performance. If,
however, there is a delay between the stressor and the learning task (when adrenergic levels
have returned to near baseline levels and cortisol levels are elevated) then the slow HPA axis
hormones may have an impairing effect on memory performance (Diamond et al., 2007; Joéls

et al., 2000).
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In summary, several factors have been proposed as explanations for inconsistent
effects of stress or GC treatment on the encoding phase of memory. These factors include the
interval between learning and the testing of material, the level of arousal of the testing
material, the intensity of stress or the GC treatment, and the time delay between the stressor
and the learning task.

Memory consolidation. In contrast to the inconsistent findings regarding stress and
GCs on the encoding phase, reports on the effects of stress and GCs on the consolidation
phase are relatively consistent. The beneficial effects of increased GCs on memory
consolidation were first reported in animal studies (De Kloet, Oitzl, & Joels, 1999;
Roozendaal, 2000). Subsequent studies in humans have reported similar findings. Studies that
have applied stress or GC treatment during learning (Buchanan & Lovallo, 2001; Kuhlmann
& Wolf, 2006a), or immediately post-learning (Beckner, Tucker, Delville, & Mohr, 2006;
Cahill, Gorski, & Le, 2003; Elzinga et al., 2005; Human et al., 2013; Sandi, Loscertales, &
Guaza, 1997; Smeets et al., 2007, 2009; Smeets, Otgaar, Candel, & Wolf, 2008; Smeets,
Otgaar, Raymaekers, Peters, & Merckelbach, 2012), have reported positive effects on
memory consolidation, confirmed by enhanced recall of learned material days to weeks after
learning took place.

Some studies have shown the beneficial effect on consolidation to occur across all
learned material (Abercrombie et al., 2003; Beckner et al., 2006; Elzinga et al., 2005),
whereas others have reported that the positive effect is only seen for emotionally arousing
stimuli (Buchanan & Lovallo, 2001; Cahill et al., 2003; Kuhlmann & Wolf, 2006a) or, at
least, a greater beneficial effect for emotional material (Smeets et al, 2008, 2009).2

It appears that the beneficial effects of stress or GCs on consolidation for emotional
information are not only isolated to the testing material. Abercrombie, Speck and Monticelli
(2006) reported that their participants’ only showed enhanced consolidation when they
displayed elevated cortisol levels (due to psychosocial stress) and increased self-report
aroused. Similar to arousal, the underlying neural mechanisms responsible for the beneficial
effects of GCs on consolidation can be linked to the amygdala (specifically the BLA) and its
interaction with the medial temporal lobes (LaBar & Cabeza, 2006; Roozendaal et al., 2006;
Wolf; 2009). As highlighted above, activation of the BLA is believed to occur through both

noradrenergic activation and non-genomic GC effects. Studies involving patients with BLA

*However, it must also be noted that other studies have failed to find beneficial effects of glucocorticoids on
consolidation (e.g., Rimmele, Domes, Mathiak, &Hautzinger, 2003; Wolf, Schommer, Hellhammer, Reischies,
&Kirschbaum, 2002).
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lesions and pharmacological studies involving beta blockade have shown that noradrenergic
activation in the BLA is necessary for the positive effects of GC agonists on memory
consolidation (Roozendaal et al., 2006).

In turn, an increase in GC levels might also increase an individual’s sensitivity to
becoming emotionally aroused. Functional imaging studies have shown that participants with
higher endogenous cortisol levels display significantly stronger amygdala activation when
viewing emotional slides in comparison to participants with lower cortisol levels (van
Stegeren et al., 2007; van Stegeren, Wolf, Everaerd, & Rombouts, 2008). Consequently,
simultaneous operation of GCs in conjunction with noradrenergic activation of the BLA are
believed to be behind the beneficial effects of GCs on consolidation, especially for emotional
material (LaBar & Cabeza, 2006; Rozendaal et al., 2009; Wolf, 2008).

In summary, increased stress or GC levels during or immediately after learning
generally lead to enhanced memory consolidation, and result in enhanced retrieval of the
learned material (for more in-depth reviews, see de Quervain et al., 2009; Wolf, 2008, 2009;
Roozendaal et al., 2009; Schwabe et al., 2012). In addition, this positive effect seems to be
more pronounced for consolidation of emotionally arousing material.

Memory retrieval. Whereas an acute rise in GCs during or immediately following
learning is associated with enhanced memory consolidation, the opposite effect is generally
seen during memory retrieval. That is, stress and GCs generally have an impairing effect on
memory retrieval.

The negative effect of stress on memory retrieval was first reported in rodent studies.
de Quervain, Roozendaal, and McGaugh (1998) reported that both stress and corticosteroids
impaired performance on a previously learned spatial maze task. Rats were trained to find the
location of a target in a Morris Water Maze (MWM; Morris, 1984) 24 hours before retention
testing. Prior to retrieval, the rats were administered foot shocks. A shock administered 30
minutes prior to testing impaired performance, whereas a shock delivered 2 minutes before
and 4 hours before, did not. The time-dependent effect on retrieval performance negatively
correlated with circulating GC levels at the time of testing. The authors subsequently isolated
GCs as the mediator of the effect by, first, neutralizing the impairing effect through
administering metyrapone (in order to suppress corticosterone synthesis), and second, by
replicating the impairing effect by administering corticosteroids to non-stressed rats. These
findings have since been replicated in other rodent studies (e.g., Diamond et al., 2006).

Human studies have replicated the negative effects of stress on retrieval for previously

learned material. Studies that have administered GCs have shown retrieval deficits for word
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lists (de Quervain, Aerni, & Roozendaal, 2007; de Quervain, Roozendaal, Nitsch, McGaugh,
& Hock, 2000; Kuhlmann, Kirschbaum, & Wolf, 2005; Kuhlmann & Wolf, 2005; Tollenaar,
Elzinga, Spinhoven, & Everaerd, 2009; Wolf et al., 2001), autobiographical material (Buss,
Wolf, Witt, & Hellhammer, 2004), and the recall of contextual pain (Schwegler et al, 2010).
In addition, studies employing laboratory stressors have also shown similar retrieval deficits
for word lists (Buchanan, Tranel, & Adolphs, 2006; Dome et al., 2004; Kuhlmann, Piel, &
Wolf, 2005, Smeets, 2011; Smeets et al., 2008), paired associate word lists (Tollenaar,
Elzinga, Spinhoven, & Everaerd, 2008), pictures (Buchanan & Tranel, 2008; Schonfeld,
Ackermann, & Schwabe, 2014), socially relevant information (Merz, Wolf, & Hennig, 2010),
as well as spatial memory (Guenzel, Wolf, & Schwabe, 2013; Quesada, Wiemers, Schoofs, &
Wolf, 2012).

However, some studies have reported no effects on retrieval (Schoofs & Wolf, 2009;
Wolf et al., 2002), while other studies have reported enhancing effects on retrieval (Lupien et
al., 2002; Schilling et al., 2013, Schwabe et al., 2009).3 A proposed explanation for these
inconsistent findings is that the effects of stress and GCs on memory follow an inverted-U
relationship. This theoretical explanation is discussed below under the inverted-U hypothesis.

As with consolidation, emotional arousal seems to amplify the negative effects of
GCs on retrieval. Several studies have shown greater retrieval impairments for emotionally
arousing material in comparison to neutral material (Buchanan et al., 2006; de Quervain et
al., 2007; Kuhlmann et al., 2005a; Schonfeld et al., 2014; Kuhlmann et al., 2005b; Smeets et
al., 2008; Tollenaar et al., 2008). In general, it seems that the level of arousal of the stimuli
seems to be more important than its valence level (Buchanan et al., 2006; Kuhlman et al.,
2005a), although valence has been shown to be an important factor in some studies (e.g.,
Domes et al., 2004).

The exaggerated effects of GCs on retrieval of arousing material again seem to
suggest the importance of adrenergic activation in the BLA and its interaction with the medial
temporal lobes. Animal studies have shown that, similar to the enhancing effects seen in
consolidation, retrieval deficits require noradrenergic activation in both the BLA and the
hippocampus, and can be neutralized by the administration of beta-blockers or by BLA
lesions (Roozendaal, de Quervain, Schelling, & McGaugh, 2004; Roozendaal, Griffith,
Buranday, de Quervain, & McGaugh, 2003; Roozendaal, Hahn, Nathan, de Quervain, &

3Although it must be noted that Schoofs & Wolf (2009) only tested female participants in the luteal phase of
their menstrual cycle. The luteal phase is characterized by elevated gonadal steroids, which is associated with
reduced glucocorticoid sensitivity in women.
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McGaugh, 2004). In humans, de Quervain et al. (2007) demonstrated through
pharmacological administration of propranolol (a beta blocker), that the negative effects of
GCs on memory retrieval for emotional material can be prevented. Consistent with that
finding, Kuhlmann and Wolf (2006b) demonstrated that a relaxing (that is, non-arousing)
testing environment also prevents GC effects on memory retrieval. Thus, it seems that
arousal, either through emotionally arousing stimuli or an arousing testing environment,
exacerbates the negative effects of GCs on memory retrieval.

Imaging studies have demonstrated differences in neural activity during retrieval
under high and low GC concentrations. A PET study noted that after GC treatment, reduced
blood flow was observed in the medial temporal lobes and was associated with inferior
memory retrieval performance (de Quervain et al., 2003). A later event-related fMRI study
observed reduced activation in the hippocampus and superior frontal gyrus during successful
memory retrieval in participants who had received GCs versus those who had received a
placebo (Oei et al., 2007). Thus, converging evidence from these imaging studies indicates
that the effects of GCs are, to a large extent, mediated by the medial temporal and frontal
lobes.

In summary, an acute increase in cortisol, associated with a stressful experience, has
an impairing effect on memory retrieval. Both animal and human studies have shown stress
or GC treatment to have a negative effect on retrieval, which is intensified by emotional
arousal. Interactions between the BLA and the medial temporal lobes appear to be, for the
most part, the neural anatomical sites responsible for the aggravated effects of cortisol and
arousal on memory retrieval.

Reconsolidation. Although most studies in this area of research have focused on the
effects of stress or GCs on the encoding, consolidation, or retrieval phases, several recent
studies have shown that effects can extend to the reconsolidation and/or extinction phase of
memory too. Evidence from animal studies shows that stress or GC treatment following the
retrieval of memory results in impaired later recall (Cai, Blundell, Han, Greene, & Powell,
2006; Maroun & Akirav, 2008; Wang, Zhao, Ghitza, Li, & Lu, 2008). Consistent with results
from animal studies, recent human studies have also shown that stress can impair the
reconsolidation process (Schwabe & Wolf, 2010b; Zhao, Zhang, Shi, Epstein, & Lu, 2009).
However, emotional arousal (in the absence of stress) following memory retrieval has been
shown to enhance subsequent retrieval (Finn & Roediger, 2011). Interestingly, the enhancing

effect of emotional arousal appears to be valence-specific, as only negative arousal (as
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opposed to positive or neutral) enhances subsequent recall (Finn, Roediger, & Rosenzweig,
2012).

Thus, although it is not completely clear why stress or GC treatment impairs memory
reconsolidation, findings indicate that the effects are opposite to those on the consolidation
phase (Schwabe & Wolf, 2010b). Emotional arousal also seems to influence reconsolidation,
which is consistent with the effects on the other memory phases.

In summary, the direction of the effects stress and GCs have on episodic memory
depends on when an individual is stressed. Despite the effects on encoding being difficult to
differentiate, the effects on consolidation are generally positive, while the effects on retrieval
and reconsolidation are generally negative. In addition, emotion arousal is consistently
reported as an important intensifying factor on the effects of stress and GCs.

Due to the varying directional effects of stress and GC treatment on the various
memory phases, the current series of studies primarily aims to examine the effects of stress
on the retrieval phase of memory. As noted previously, although stress and GCs generally
have a negative effect on memory retrieval, several studies have failed to confirm this
impairing effect (Lupien et al., 2002; Schilling et al., 2013; Schoofs & Wolf, 2009; Schwabe
et al., 2009; Wolf et al., 2002). Thus, the effects of stress and GCs on memory retrieval still
remain relatively unclear, especially on visual and spatial memory domains. The following

section focuses on the theoretical explanations for the effects of stress on memory.

Theoretical Explanations for the Effects of Stress on Memory

The idea that stress has an effect on memory has existed for a long time in the
disciplines of psychology and psychiatry. Over the last two centuries, theories have been
constructed on the workings of stress on memory. For instant, the concept of memory
repression was originally suggested by Herbart (1824), and reinforced by Freud’s (1915)
hypothesis of trauma-associated memory suppression. The past few decades have seen a shift
in theoretical formulation due to advances in knowledge of the effects of stress on memory.
Two significant findings were integral to the shift in theoretical construction. First, a
discovery by McEwen and colleges (1968) showed that GCs bind to specific receptors in the
hippocampus (McEwen, Weiss, & Schwartz, 1968). This finding indicated that GCs target a
certain region or location in the brain, thus entailing possible localized effects on cognition.
The second, earlier, discovery was that the hippocampus is a critical brain region in terms of

declarative or episodic memory (Scoville & Milner, 1958). In conjunction, the two findings
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linked GCs and possible effects on episodic memory, and thus paved the way for theories
regarding the effects of stress on the hippocampus.

The following section will introduce four of the more recent theories regarding the
effects and workings of stress on episodic memory. These theories are: state dependent
learning hypothesis; the inverted-U hypothesis; hot-cool theory; and the vertical and
horizontal perspective theory.

State-dependent learning hypothesis. An early explanation proposed to account for
the negative effects of stress or GCs on memory is that of a state-dependent learning effect
(e.g., Clark, Milberg, & Ross, 1983; Schramke & Bauer, 1997). State-dependent learning
happens when material is learned in one mental or physical state and then the same material
is recalled in a different mental or physical state. In the case of testing memory retrieval,
material is learned in a relaxed state and then recall is tested shortly after stress or GC
treatment (i.e., during a stressful state). Thus, the impairing effect may in fact be due to an
altered state, generally, rather than the effects of cortisol on cognition, specifically.

Although this theory is not totally implausible, two reasons suggest that state-
dependent learning cannot completely explain the effects of stress on memory. First, although
state-dependent learning could account for the predominately negative effects of stress or
GCs on retrieval (and reconsolidation) memory, it cannot explain the positive or beneficial
effects on memory consolidation, and, in some cases, on encoding (de Quervain et al., 2009;
Diamond et al., 2007; Joels, 2010; Joels et al., 2006; Roozendaal et al., 2006; Wolf, 2008,
2009). Second, studies that have examined the state-dependent learning hypothesis by
administering stress or GC treatment, both before learning and retrieval, have reported no
evidence confirming the hypothesis (Coluccia et al., 2008; Wolf et al., 2002). For instance,
Coluccia et al. (2008) showed that retrieval of a word list following treatment with
prednisone (cortisol) was still impaired in participants who had learned the list under
prednisone. Thus, even though participants where in a similar state during learning and
retrieval, GC treatment still had negative effects on retrieval of memory.

In summary, state-dependent learning theories cannot explain the complex effects of
stress and GCs on memory. These theories fail to take into account the biological effects of
stress on the brain (that is, effects on the hippocampus and BLA) and, therefore, make no
predictions concerning the workings of GCs and emotional arousal on memory.

Inverted-U hypothesis. The inverted-U function was originally proposed by Yerkes
and Dodson (1908) in order to explain the relationship between stimulus strength and rapidity

of habit formation. According to the Yerkes-Dodson Law, cognitive performance on a



28

difficult task will be best when an individual is under optimal stress conditions. Performance
on the same task will be impaired if stress levels are above or below optimal conditions
(Yerkes & Dodson, 1908; Broadbent, 1965; Mendl, 1999).

In a review, de Kloet et al. (1999) hypothesized that the effects of GCs on memory
followed an inverted-U pattern. This hypothesis is based on the affinity of GCs to bind with
Type I and II receptors. As mentioned above, GCs bind to Type I receptors with an affinity of
6- to 10-times higher than that of Type II receptors (Reul & De Kloet, 1985). De Kloet and
colleges hypothesized, based on previous research, that the ratio of occupation between Type
I and II receptors determines the effect on memory. When the ratio is high (that is, when most
of Type I and only a part of Type II receptors are occupied), memory is enhanced, but when
the ratio is low (that is, when both Type I and II receptors are either saturated or only partly
occupied), then memory is impaired.

Lupien et al. (2002) provided evidence supporting this theory when they demonstrated
that artificially lowering GC levels in a human sample also resulted in memory impairment.
In addition, the same study showed that the administration of GC treatment to participants in
the afternoon (during the circadian trough, when natural cortisol levels are lowest) did not
result in memory impairments in the participants. However, it must be noted that in Lupien et
al.’s (2002) study, encoding, consolidation and retrieval all took place within an hour of each
other, therefore making it difficult to separate the effects of GCs on the various memory
phases.

A major criticism of the Yerkes-Dodson Law is that it does not adequately explain the
relationship between arousal and performance, but merely proposes a description of the
relationship (Landers, 2007). Although de Kloet et al. (1999) do provide an explanation, their
inverted-U hypothesis groups memory as a single entity, and fails to distinguish between the
effects of stress and GCs on the different episodic memory phases. Even though stress might,
in fact, show an inverted-U relationship for the encoding, consolidation, retrieval and
reconsolidation phases, the general pattern in the literature shows that stress or GCs have an
enhancing effect on memory consolidation and an impairing effect on retrieval and
reconsolidation. Thus, the pattern indicates that if stress or GCs display an inverted-U
relationship with memory, the intensity of the interaction seems to be different for the various

memory phases.
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One memory phase in which the inverted-U hypothesis could possibly explain the
inconsistent findings is on encoding (Baldi & Bucherelli, 2005).* The positive and negative
effects of stress on encoding might easily be explained by optimal or sub-/post-optimal levels
of circulating GCs at the time of learning. Consistent with this proposal, Salehi, Cordero, and
Sandi (2010) demonstrated that rats learned the location of a target in a water maze best
under moderate stress conditions, in comparison to high- and low-stress conditions. Thus, an
inverted-U relationship might account for inconsistent findings of stress and GCs on the
encoding phase (see review).

In summary, an inverted-U relationship has been frequently reported in
pharmacological and non-pharmacological treatments pertaining to cognitive functions and
memory (Baldi & Bucherelli, 2005). Although this relationship might be able to explain
inconsistent findings regarding the encoding phase, it fails to explain the general patterns
seen with the consolidation, retrieval, and reconsolidation phases.5 In addition, as with state-
dependent learning theories, the inverted-U hypothesis fails to take into account the
prominent effects of emotional arousal (and the BLA-hippocampus interaction) on memory.

Hot-cool theory. In what could be considered an expansion on the inverted-U
hypothesis, Jacobs and Metcalfe (1998) described two fundamental cognitive subsystems that
are important to understanding how human memory function operates under stress: the ‘cool’
memory system and the ‘hot” emotional fear system. The ‘cool’ system is hippocampally
based and records information about events with no emotional overlay. Events recorded in
the cool system are well-elaborated (complete with their spatial-temporal context)
autobiographical events. The ‘hot’ system, on the other hand, is amygdala-based, and
responds to unintegrated fragmentary fear-provoking features of an event. These fear-
provoking features become linked directly to fear responses; thus, the hot system is direct,
quick, highly emotional, inflexible and fragmentary.

These ‘cool’ and ‘hot’ systems respond differently to increasing stress or GCs. At low
levels of stress, the ‘cool’ system is highly responsive. The neurobiological mechanism
underlying this response is the differential occupation of Type I and II receptors, as described
in the inverted-U hypothesis above. That is, at low levels of stress only Type I receptors in
the hippocampus and prefrontal cortex are occupied. The solitary occupation of these

receptors in the hippocampus results in the optimal responsiveness of that structure. A rise in

*Although, as noted above, an inverted-U relationship of stress and GCs on memory retrieval has also been
reported in several studies (e.g., Lupien et al., 2002; Schilling et al., 2013, Schwabe et al., 2009).

’In fairness to the theory, the inverted-U hypothesis was developed before the relatively recent effects of stress
and GCs on various phases of memory were established.
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stress levels brings with it an increase in cortisol levels, which results in the additional
occupation of Type II receptors in conjunction with the Type I receptors. Occupation of these
two receptor sites leads the hippocampus to become progressively less responsive until
eventually, at extremely high levels of stress, it becomes dysfunctional (de Kloet, et al., 1999;
Jacobs & Metcalfe, 1998).

In contrast, the ‘hot’ system becomes more active as stress levels increase. The reason
for this increasing responsiveness is that as stress levels increase, the release of
norepinephrine and cortisol facilitate the functioning of the amygdala, or more specifically
the BLA (Roozendaal et al., 2009). Thus, at low to moderate levels of stress both the ‘cool’
contextual and narrative features and the ‘hot’ fear-provoking features of the situation show
enhanced encoding. At unusually high or traumatic levels of stress, however, the ‘hot’ system
becomes hyper-responsive, where, in contrast, the ‘cool’ system breaks down and becomes
dysfunctional. Thus, hot-cool systems theory predicts that at unusually high levels of stress,
memory should be fragmentary rather than spatio-temporally bound, replete and coherent
(Jacobs & Metcalfe, 1998; Kim, Lee, Han, & Packard, 2001; Schwabe, Bohbot, & Wolf,
2012; Schwabe et al., 2007).

Hot-cool theory incorporates the inverted-U relationship discussed above in its “cool”
system, but expands the relationship with the introduction of the additional elements of
emotional arousal and activation of the BLA in the “hot” system. Hot-cool theory therefore
endeavors to incorporate the workings of both the fast and slow stress systems on memory,
and to describe the resulting effects on the quality of memory. However, in a similar way to
the inverted-U hypothesis, hot-cool theory groups episodic memory as a single entity and
does not distinguish between the different phases.® In addition, although hot-cool theory may
explain the memory enhancements generally seen in consolidation (and sometimes seen in
encoding) for emotional material, it cannot account for the impairments seen on retrieval for
emotional material. Thus, although hot-cool theory provides a fuller picture of the effects of
stress hormones on associated brain regions, it may not be able to explain completely the
empirically observed effects of stress on memory.

The vertical and horizontal perspective theory. The integrated vertical and
horizontal perspective of stress on memory function (Schwabe et al., 2012) is a relatively
recent addition to the literature. It incorporates two models of stress on memory functioning.

The first, ‘vertical’ model, concentrates mainly on mechanisms that underlie the effects of

However, as with the inverted-U hypothesis, the theory was formulated before the different effects on memory
phases had been established.
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stress on memory (Roozendaal, 2002; Roozendaal et al., 2006). The second, ‘horizontal’,
model focuses on the dynamics of the effects of stress over time (Joéls et al., 2006). Thus,
this integrated perspective aims to explain the underlying mechanisms of stress that result in
enhancements and impairments in memory.

The vertical perspective of the integrated model highlights how the main modulators
of stress on memory are GCs and adrenergic activation. As introduced above, a large body of
research shows that the effects of stress on memory require both GC and adrenergic
activation in the BLA (for more-in depth reviews, please see Roozendaal et al., 2006, 2008,
2009). Activation of the BLA is believed to help modulate memory formation in other parts
of the brain, such as the hippocampus and prefrontal cortex (Arnsten 2009; Schwabe et al.,
2012). As discussed previously, stress effects are reduced or increased in both humans and
animals following GC blockade or stimulation, and after a decrease or increase of
noradrenergic arousal (de Quervain et al., 2009; Roozendaal et al., 2009; Wolf, 2008, 2009).
In addition, BLA lesions or inactivation have also been shown to reduce the effects of stress
on memory (La Bar & Cabeza, 2006). Consequently, the vertical perspective of stress on
memory focuses on the main stress hormones, and their interactions with the BLA and medial
temporal lobes, as the primary mechanisms that shape memories under stress (Schwabe et al.,
2012).

In contrast to the vertical perspective’s focus on the mechanisms that shape memories
under stress, the horizontal perspective focuses on why stress sometimes impairs and
sometimes enhances memories. According to the horizontal perspective, the direction of the
effect depends on the timing of the stressor and the learning episode. If stress is experienced
within the context of a learning episode (that is, directly linked with the learning task or
immediately before or after a stressor), then stress has an enhancing effect on memory.
Alternatively, if stress is experience outside of a learning context (that is, with no direct link
to the learning episode or long after or before the stressor), then it has an impairing effect on
memory (Joé€ls et al., 2006).

The horizontal perspective assumes that the direction of the effect is due to the
different time course of the fast and slow stress systems. The fast system is comprised mainly
of the effects of catecholamines and the non-genomic effects on GCs mediated by membrane-
bound receptors. The slow system, on the other hand, focuses on the genomic effects of GCs,
which tend to be delayed and long lasting (Groeneweg, Karst, de Kloet & Joéls, 2011; Joéls,
Fernandez, & Roozendaal, 2011; Karst et al., 2005, 2010). The effects of the fast stress

system are beneficial to memory in the short-term. Both catecholamines and GCs facilitate
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learning and memory. Conversely, the slow system affects memory negatively. The genomic
actions of GCs suppress the processing of new information and therefore impair the memory
process in a way that is unrelated to the GC release (Schwabe et al., 2012).

The horizontal perspective model therefore predicts that if an individual is stressed
immediately before, during, or immediately after a learning episode, the beneficial effects of
the fast stress system will facilitate attention and encoding processes. In addition, the slow
genomic effects of the slow system will suppress competing new information, thereby
impairing new learning and enhancing consolidation (Buchanan & Lovallo, 2001; Cahill et
al., 2003). However, if an individual is stressed long before or after the learning episode
(when the fast stress system has returned to baseline and the genomic effects of the slow
stress system are active) then stress can impair memory encoding and consolidation (Joéls et
al., 2006).

According to the horizontal model, the disruptive effects on retrieval could occur for
two reasons: (i) the stressor is experienced out of context, or (i1)) memory retrieval is
suppressed in order to facilitate learning (Schwabe et al., 2012). If the stressor is out of
context, then the retrieval deficits might be due to there being no direct relationship between
the stressor and the memory task. According to this model, studies conducted in laboratory
settings are particularly sensitive to ‘out of context’ stressors (Buchanan et al., 2006; de
Quervain et al., 1998; Kuhlmann et al., 2005). Alternatively, stressor-induced retrieval
deficits could be due to the facilitation of the new learning process. That is, attention and
cognitive memory capacities are directed toward encoding and consolidating the stressful
episode at the expense of other cognitive activities, such as retrieval of previously learned
information (de Kloet et al., 1999; Diamond et al., 2004; Roozendaal, 2002).
Correspondingly, memory retrieval that follows a stressor can focus cognitive capacities
towards storage of the event at the expense of restabilization of reactivated information,
thereby resulting in impaired reconsolidation (Schwabe & Wolf, 2010b).

Evidence that supports the horizontal model is found at both a cellular and behavioral
level. From a cellular perspective, stress hormones (such as catecholamines and GCs) appear
to enhance learning at a synaptic level. Norepinephrine has been shown to (a) strengthen
synaptic connections in the hippocampus (Katsuki, Izumi, & Zorumski, 1997), and (b) be
involved in facilitating the induction of long-term potentiation (Gelinas & Nguyen, 2005;
Hopkins & Johnston, 1984; Huang & Kandel, 1996). Long-term potentiation (LTP) is widely
considered to be a fundamental cellular mechanism that is responsible for learning and

memory (Diamond et al., 2007). In addition, the rapid non-genomic effects of GCs also
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appear to play a role in facilitating glutamatergic transmission in the hippocampus and
amygdala (Karst et al., 2005, 2010). In contrast, the slow genomic effects of GCs seem to
suppress LTP in the hippocampus and the amygdala (Diamond et al., 2007; Kavushansky &
Richter-Levin, 2006; Kim & Diamond, 2002). Evidence supporting the genomic and non-
genomic effects of GCs has also been found in functional imagining studies (e.g., see
Henckens, Wingen, Joéls, & Fernandez, 2010; Lovallo, Robinson, Glahn, & Fox, 2010).
Thus, at a cellular level, stress hormones have been shown to enhance memory in the
immediate stages surrounding the stressful episode and to suppress memory at later stages
following that episode.

Behavioral evidence that supports the horizontal perspective has been alluded to
above. The overwhelming trend in the literature suggests that the effects of stress are
dependent on timing. As discussed previously, stress and GC treatment are generally reported
as having enhancing effects on consolidation and impairing effects on retrieval and
reconsolidation. Inconsistent findings with regard to encoding have been theorized to result
from differences in the time interval between the stressor and learning task (Diamond et al.,
2007; Joéls et al., 2006). Some studies that have reported encoding enhancements have
administered the stressor immediately before the learning task (e.g., Domes et al., 2002;
Nater et al., 2007; Schwabe et al., 2008a; Smeets et al., 2007), whereas other studies that
have reported impairments have used long delays (more than 20 minutes) between the
stressor and the learning task (e.g., Elzinga et al., 2005; Kim et al., 2001; Kirschbaum et al.,
1996, Taverniers et al., 201 la).7

In addition, the context of the stressor and the learning task has also been shown to be
a powerful mediator in the direction of the effect on memory. Several studies have reported
enhancements in learning when the stressor task and learning task share the same spatial-
temporal context (Salehi et al., 2010; Sandi, Loscertales, & Guaza,1997; Smeets et al., 2007).
Smeets et al. (2009) demonstrated that stress administered before learning only enhanced
memory when the learning material was related to the stressor and was high in arousal value.
However, a more recent study found that the recall of both stress-related and stress-unrelated
words were impaired as a result of stress occurring during learning (Schwabe & Wollf,

2010a).

"However, some studies that have administered stress immediately before the learning task have shown
impairments (e.g., see Diamond et al., 2006, Schwabe& Wolf, 2010a), whereas some studies that have used long
delays between stressors and learning have shown enhancements (e.g., Taverniers et al., 2011b).
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In summary, the integrated vertical and horizontal perspective combines two separate
models of stress and memory functioning. The first, the vertical model, explains the
mechanisms believed to underlie stress effects on memory. Those mechanisms are believed
to be concurrent GC and adrenergic activation of the BLA, which in turn interacts with the
medial temporal lobe structures (specifically, the hippocampus). The second, the horizontal
model, aims to provide an explanation as to why stress can have both a positive and a
negative influence on memory. According to the horizontal model, the effects of stress are
dependent on the time of the stress exposure. Stress is proposed to exert positive effects on
memory if the stressor and memory task occur within a short space of time from each other
and/or are in the same spatiotemporal context. These beneficial effects are suggested to be
due to the rapid effects of catecholamines and the non-genomic effects of the GCs, described
in the vertical hypothesis. Impairing effects are suggested to be due to the genomic effects of
the GCs, where the stressor is being experienced out of context, or due to the facilitation of
new learning.

Given that it is the most recent theory, the integrated perspective seems best poised to
describe the general effects of stress on memory. Despite some studies having reported
findings that do not confirm predictions derived from this theory, the integrated perspective
effectively describes the biological mechanisms and actions that account for: (1) the
inconsistent effects of stress that are seen with memory encoding, (ii) the generally positive
effects on memory consolidation, and (iii) the generally negative effects found with retrieval
and reconsolidation. However, in the present dissertation I will compare the predictions
derived from the integrated vertical and horizontal perspective against those derived from the
inverted-U hypothesis and hot-cool theory. Given that state-dependent learning has largely
been refuted as an explanation for the effects of stress on memory (Coluccia et al., 2008;
Wolf et al. 2002), I will not discuss this theory in relation to the findings in later chapters.

An explanation for the effects of stress on memory common to the inverted-U
hypothesis, hot-cool theory, and the integrated vertical and horizontal perspective is that GCs
have both positive and negative effects on the hippocampus, thereby significantly influencing
the functioning of this structure. The hippocampus is a structure that is directly involved in
episodic memory, although some amount of controversy surrounds the temporal aspect of

hippocampal involvement in episodic memory.
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The Hippocampus and Episodic Memory

The hippocampus is critically involved in certain aspects of memory function. That is,
the structure is essential for the acquisition, retention, and retrieval of declarative memories
that deal with conscious recollection of facts and episodes. In contrast, the hippocampus is
less critically involved in non-declarative memory forms, such as motor and perceptual
learning, priming, and the learning of habits, skills and rules (Winocur, Moscovitch &
Bontempi, 2010). Again, this review will focus primarily on hippocampal-dependent episodic
memory, and spatial memory in particular.

The initial evidence that the hippocampus was involved in memory functioning came
from the study of amnesic patients. Scoville and Milner (1958) were the first to describe how
bilateral lesions in the medial temporal lobes (including the hippocampus) resulted in
profound anterograde amnesia. Patients with these lesions were incapable of learning and
recalling new memories. In addition, patients also showed a striking temporal graded
retrograde amnesia. That is, they seemed to have no memory for recent events prior to the
trauma/operation/disease that resulted in their medial temporal lobe lesions. However, their
memories for more remote events (i.e., those encoded prior to the onset of their amnesia)
were retained (Penfield & Milner, 1958; Squire & Bayley, 2007). Since this discovery, a
large number of human and animal studies have shown recent memory to be impaired and
remote memory to be intact (although varying temporally and qualitatively) following
hippocampal lesions (e.g., Frankland & Bontempi, 2005; Squire & Bayley, 2007; Sutherland
& Lehmann, 2011; Winocur et al., 2010a).

The discrepancy between retrieval of recent and remote memories following
hippocampal lesions has led to considerable debate over the role of the hippocampus and the
long-term storage and retrieval of memories. The crux of this debate surrounds the topic of
the role of the hippocampus in remote memory; consequently, several theories have emerged
that attempt to explain this role in recent and remote memory. Two of the more notable
theories are Standard Consolidation Theory and Multiple Trace Theory.

Standard Consolidation Theory. The central premise underlying Standard
Consolidation Theory (SCT; Burnham, 1904; Muller & Pilzecker, 1900; Ribot, 1882) is that
the movement of transient short-term memories to durable long-term memories is a time-
dependent process (Hebb, 1949). Although this theory has evolved since its conception, the
central idea is the initial retention and retrieval of recently formed memory is reliant on the
hippocampus. As the memory becomes consolidated, it is presumed to be stored in

neocortical areas. Over time this memory becomes less dependent on the hippocampus until
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the durable long-term memory is no longer reliant on the hippocampus for activation (Milner,
Squire, & Kandel, 1998; Scoville & Milner, 1957; Squire & Bayley, 2007).

Research has distinguished between two different types of consolidation. The first
type is a rapid initial process that follows encoding. This type of consolidation entails cellular
and synaptic reorganization and appears to occur over a time range that last seconds to hours,
depending on the information. It is this type of consolidation, and the interaction with acute
stress, that has been discussed above. The second type of consolidation is a more prolonged
process that can extend over a time span ranging from days to years. It is related to changes
in the distribution of the memory trace across neural systems (Winocur et al., 2010a). The
change in the representation of a long-term episodic memory across brain regions is referred
to as ‘systems level consolidation’. It is this second type of consolidation that is the central
concern of SCT (Dudai, 2004). Thus, according to SCT, the hippocampus plays a time-
limited role in the retrieval of episodic memory and is only involved until the memory trace
has consolidated in the neo-cortex.

Multiple Trace Theory. According to Multiple Trace Theory (MTT; Nadel &
Moscovitch, 1997; Nadel & Moscovitch, 1998), once an event that has been experienced is
represented as an episodic memory, a link or trace is formed between the hippocampus and
the neocortical neurons. Each time the memory is retrieved, it is automatically re-encoded by
the hippocampus along with the context in which the retrieval occurred. The more times a
memory is retrieved, the more traces it has and the stronger it is, as there are more trace
opportunities for retrieval.

According to MTT, neocortical structures extract the common features of the mature
memory across the different spatio-temporal contexts and form the gist of the event, which is
independent of context. The memory therefore moves farther away from being an episodic
memory, towards being a semantic memory that is not dependent on the hippocampus. Thus,
in terms of the MTT, the hippocampus is always necessary for the representation of detailed
episodic memories about an event (Winocur et al., 2010a).

Winocur et al. (2010a) recently expanded MTT with the transformation hypothesis.
This hypothesis has three main elements. First, the memory of a recent event that contains
episodic and contextual information remains dependent on the hippocampus for as long as the
memory retains episodic features. Second, with experience, and over time, the memory is
represented in the neocortex. However, unlike the hippocampal version of the memory, the
neocortical version is devoid of spatio-temporal context and is instead a schematic memory

that retains only some of the essential features and meanings. The third element of the
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transformation hypothesis outlines a dynamic interplay between the hippocampal version and
the neocortical version of the memory; that is, either version of the memory can be dominant,
depending on the relative strength of the memory trace and the circumstances that elicit the
memory at the retrieval phase. The two versions of the memory can therefore interact with
and influence each other, given that retention and retrieval are constantly evolving processes
(Winocur et al., 2010a). Thus, according to the transformation hypothesis, the hippocampus
is engaged even in remote memories, but the extent of engagement depends on which version
is dominant at the time of retrieval.

Standard Consolidation Theory versus Multiple Trace Theory. Support for both
SCT and MTT have been presented in patient studies, imaging studies, and in animal lesion
studies.® The crux of the debate between the theories lies in the role of the hippocampus in
remote memory. However, in line with consistent research findings, both theories share the
common understanding that the hippocampus is fundamental for the encoding and
consolidation of new episodic memories, as well as the retrieval of recent memories.

A second minor area of disagreement between SCT and MTT is the topic of spatial
memory. Whereas SCT does not distinguish between spatial and non-spatial memories, and
predicts hippocampal involvement for recent memory, MTT and the transformation

hypothesis view spatial memory as special and always reliant on the hippocampus.

Hippocampus and Spatial Memory

O’Keefe and Nadel’s (1978) pioneering work distinguished between two forms of
spatial memory, namely, allocentric and egocentric spatial memory. Allocentric spatial
memory refers to the memory for spatial layout of an environment and the configural spatial
relationships between locations within that layout. Egocentric spatial memory, on the other
hand, refers to memory for landmarks and routes in an environment, and to memory from an
individual’s point of view. Research from animal, lesion, and imaging studies, has
implicated the hippocampus in being instrumentally involved in allocentric spatial memory
(Squire & Bayley; 2007; Winocur et al., 2010a), whereas the caudate nucleus is implicated in
egocentric spatial memory (Bohbot, Gupta, Banner & Dahmani, 2011; Packard & McGaugh,
1996).

Early studies that examined spatial memory in patients with medial temporal lobe

lesions showed that despite not being able to learn new or recall recent spatial environments,

¥See reviews supporting these theories; for SCT, Squire & Bayley; 2007, for MTT and the transformation
hypothesis see Winocur et al., 2010a.
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these patients were capable of navigating in environments in which they had considerable
amounts of pre-morbid experience (Beatty, Bierley & Boyd, 1985; Milner, Corkin & Teuber,
1968; Zola-Morgan, Squire & Amaral, 1986). More recent studies of patients with well-
documented bilateral hippocampal lesions have reported similar findings (Maguire, Nannery
& Spiers, 2006; Rosenbaum et al., 2000; 2008; Teng & Squire, 1999). Despite the patients
being incapable of learning or recalling new spatial environments, they showed excellent
recall of neighborhoods where they had lived for some time prior to their brain injuries.
However, the patients showed missing details for the finer points (such as the inability to
recognizing familiar landmarks), and for some allocentric spatial information regarding the
environments (Winocur et al., 2010a).

Imaging studies have confirmed that the hippocampus is essential for recent, but not
for remote, spatial memory in both patients and healthy controls (Maguire, Woollett &
Spiers, 2006; Rosenbaum, Winocur, Grady, Ziegler, & Moscovitch, 2007). In a recent fMRI
study, Hirshhorn, Grady, Rosenbaum, Winocur, and Moscovitch (2012) examined memory
for a large-scale city environment (Toronto, Canada) in healthy participants who had moved
to the city within the previous 6 months. This memory was then examined again when these
same individuals had been living in the city for a year. Consistent with findings from prior
research, when participants had just moved to the city they showed hippocampal activation
when performing mental navigation tasks. However, after living in the city for a year,
hippocampal activation was not detected. Instead, only neocortical activation in the brain
regions associated with remote memory were detected. These same neocortical regions were
identified in a prior study using the same tasks (Rosenbaum et al., 2005).

Consistent with patient and imaging studies, rodent studies have reported that
hippocampal lesions produce both anterograde and temporally-graded retrograde amnesias.
Rats that had been trained in a complex environment (such as the Morris Water Maze
[MWM] or cross maze) prior to hippocampal lesions displayed loss of spatial memory for the
environment when tested post-surgically. Interestingly, the retrograde amnesia had a temporal
quality that encompassed both recent and remote memory (Broadbent, Squire, & Clark, 2006;
Clark, Broadbent, & Squire, 2005a, 2005b; Epp et al., 2008; Sutherland et al., 2001;
Winocur, Moscovitch, Caruana, & Binns, 2005). ? However, a few recent studies have shown
that if rats are given sufficient time to train in a (non-water) environment, they retain the

ability to navigate in the environment following hippocampal lesions. These rats, however,

’Although see Ramos (1998) for an exception to this common finding.
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display considerably less flexibility in using spatial cues when navigating (Wang, Teixeira,
Wheeler, & Frankland, 2009; Winocur, Moscovitch, Fogel, Rosenbaum, & Sekeres, 2005;
Winocur, Moscovitch, Rosenbaum, & Sekeres, 2010).

It is interesting to note that the vast majority of rodent studies that have shown remote
memory retrieval impairments following hippocampal lesions have used water mazes such as
the MWM (for example, see Clark et al., 2005a, and Martin, de Hoz, & Morris; 2005). A
typical MWM paradigm involves a rat being placed into a small pool of water that contains
an escape platform hidden a few millimeters below the water’s surface. The rat learns the
location of the platform by using distal cues located around the pool. Studies using the MWM
have shown that even with extensive training (that is, rats trained daily from 21-90 days of
age), hippocampal lesions still impair navigational performance in the MWM task (Clark et
al., 2005b). Consistent with this finding, Lopez et al. (2012) recently demonstrated using c-
Fos imaging in rats, that hippocampal activation was present for both recent and remote
retrieval in a MWM task. Two possible explanations for the remote memory impairments
seen in water maze tasks are: (i) the hippocampal lesion might result in the finer details of
spatial memory being lost, which results in the rat being unable to navigate effectively
(Squire & Bayley, 2007), or (i1) water maze tasks require that the rat constantly update its
position in the water in order to find the hidden platform. The updating of its position
requires an element of learning from the rat; such learning is impaired in the case of
hippocampal lesions (Knowlton & Fanselow, 1998). Thus, regardless of the explanation for
the remote memory impairments seen in water-maze studies, it seems that a functional
hippocampus is vital in order for a rodent to successfully retrieve spatial memory in order to
navigate in a complex environment, such as the MWM (Lopez et al., 2012).

According to cognitive map theory, the hippocampus is essential for learning and
retrieving recent and remote spatial memory (O’Keefe & Nadel, 1978). Thus, in a similar
vein to the MTT and the transformation hypothesis, cognitive map theory views spatial
memory as being always dependent on the hippocampus (to some degree). Standard
Consolidation Theory, as mentioned previously, does not differentiate between spatial and
non-spatial memories, and only attributes hippocampal involvement to recent memories.
Therefore, as with general episodic memory, the debate between the theories is again
between whether or not the hippocampus is involved in the retrieval of remote memories.

It is not exactly clear what temporal quality separates recent from remote memories.
The time it takes for a memory (spatial or not) to be stored in the neo-cortex, and to become

independent of the hippocampus, is believed to depend on several factors. These factors
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include the species involved, and complexity of environment (Winocur et al., 2010a). For
instance, in humans, it takes from 6 months to 1 year to form a working representation of a
complex large-scale environment (Hirshhorn et al., 2012), while in rats, daily exposure over
several weeks to months may be sufficient (Winocur et al., 2005b; 2010b).

However, in order to avoid uncertainty over hippocampal involvement in the retrieval
of remote memories, this dissertation will only attempt to examine recent memory and the
effects of acute stress and GCs on it. As discussed above, there is overwhelming support
(from both research and theory) that the hippocampus is vital for the retrieval of recent
memory and, most relevantly to this thesis, for the retrieval of recent visual and spatial

memory.

Summary

This chapter provided an introduction to the topic of the acute stress response and its
effects on episodic memory. The stress response consists of two separate yet interacting
responses: one rapid and one slow. The rapid stress response is coordinated by the autonomic
nervous system and is associated with adrenergic activation of the basolateral amygdala, as
well as with the non-genomic effects of GCs on the membrane receptors of the hippocampus.
In contrast, the slow stress response is orchestrated by the HPA axis, and is associated with
the genomic effects of GCs.

The effects of the stress responses on memory depend on when the individual is
stressed. The general pattern seen in the literature is that acute stress and GCs have an
enhancing effect on memory consolidation, while impairing memory retrieval and
reconsolidation. The reported effects on encoding have been inconsistent largely due to the
confounding influence of the other phases involved in memory formation. In recent years,
several theories have been developed in attempts to explain the workings of stress and GCs
on episodic memory; these include state dependent learning, the inverted-U hypothesis, hot-
cool theory and the vertical and horizontal perspective theory. The latter 1s the most recently
developed and is currently best suited to explain fully the influence of stress on memory
functioning. The predictions derived from this recent theory will be compared against those
derived from the inverted-U hypothesis and hot-cool theory.

Common to the inverted-U hypothesis, hot-cool theory and, the vertical and
horizontal perspective theory is that stress and GCs exert both positive and negative effects
on the hippocampus, thereby exerting significant influence over the functioning of this

structure. The hippocampus is a brain structure that is crucial for the acquisition, retention
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and retrieval of episodic memories (including visual and spatial memories). Despite debate
over the role of the hippocampus in remote memory (there are at least two competing
theories, Standard Consolidation Theory and Multiple Trace Theory), it is widely accepted
that intact hippocampal functioning is essential for the retrieval of recent memories.

Aims and Rationale

The aim of the current series of studies is to explore the effects of stress on memory
retrieval of visual and spatial material. As described above, previously published research
suggests that stress and GCs generally have a negative effect on memory retrieval. Although
the negative effects, according to the horizontal and vertical perspective, are due either to
memory retrieval being suppressed in order to facilitate learning, or due to the stressor being
experienced out of context, these findings are surprising, especially when considering visual
and spatial memory. As highlighted previously, a threat to the homeostasis of an individual
(both human and animal) triggers the release of stress hormones, which act on the body to
give rise to the fight-or-flight response. From a spatial cognition point of view, it would seem
to counter evolutionary adaptation that the triggering of the fight-or-flight response would be
coupled with impairment in the retrieval of spatial memory. How would an organism escape
a threatening situation if s/he is unable to retrieve the visual and spatial information that
allows safe navigation out of the perilous situation? (In Chapter 4, I discuss memory from
functional perspective in more detail).

Overall, this set of studies aims to investigate two neglected areas of research on
stress and memory. First, the effects of stress on the cognitive domain of visual and spatial
memory are relatively unexplored in humans. The vast majority of human studies have
looked at the effects of stress or GCs on verbal memory. Those few studies that have looked
at visual memory have usually used pictures (e.g., Buchanan & Tranel, 2008), while few have
looked at spatial memory using tabletop neuropsychological tests (e.g., Schwabe & Wolf,
2009; Quesada et al., 2012). However, there is a notable absence of studies investigating the
effects of stress on memory retrieval for an interactive three-dimensional spatial
environment.'’ Examining the effects of stress on this kind of spatial memory in humans will
give a better understanding of the effects of stress on cognition and provide clearer
comparisons with animal research findings, as this is the principal area of cognition

investigated in animal research.

' Guenzel et al. (2013) recently explored the effects of stress on non-hippocampal spatial memory retrieval
using an interactive virtual environment. However, no studies (to my knowledge) have examined the effects of
stress on hippocampal-dependent spatial memory retrieval using an interactive virtual water maze task.
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Second, this set of studies aims to investigate spatial learning and memory using
landmarks that are of an arousing nature and that vary in valence. Landmarks help maintain
orientation within an environment, and also act as primary organizing features in cognitive
maps. They therefore play a pivotal role in spatial navigation through both novel and familiar
environments. Although the physical qualities of landmarks are fairly well understood,
relatively little is known about the emotional qualities of landmarks. In fact, to my
knowledge, no other study has looked at the emotional quality of landmarks. The aim of the
current studies is to compare visual and spatial memory retrieval for landmarks of varying
arousal (high arousal versus low arousal) and valence (positive, neutral, and negative
valence). These emotional landmarks should tap into the most basic of emotional/survival
responses and thus should give a better understanding of human spatial behavior under
conditions of stress/arousal. (In Chapter 2, I discuss in more detail the relevance for a better
understanding of the different qualities of landmarks).

To investigate the effects of stress on visual-spatial cognition, the current series of
studies aims to replicate, systematically, the paradigm used by de Quervain et al. (1998). As
mentioned briefly above, de Quervain and colleague’s pioneering study was the first to report
the negative effects of stress on retrieval in rodents in a MWM study."' de Quervain et al.
demonstrated, importantly, that both stress (in the form of foot-shocks) and GC treatment
impaired performance in a MWM that was learned 24 hours before.

To examine visual and spatial memory retrieval in humans, the current set of studies
substituted the traditional MWM used by de Quervain and colleagues with a virtual MWM
environment. In addition, I also substituted the foot-shock stressor with and more appropriate
stressor. Chapters 2 and 3 of this dissertation aim to validate the instruments used to test the
research question, while Chapters 4 and 5 test the actual question by either administering
stress (Chapter 4) or cortisol (Chapter 5) treatment.

This research is important in obtaining a better understanding of memory under
conditions of stress. We are all susceptible to a multitude of stressful episodes through our
lives in which we have to remember information successfully. In most of these episodes, the
failure to remember relevant information can make the difference between success and
failure. If we are able to better understand how memory works under stress, then we may be
able to identify what areas of memory are most affected by stress and, in turn, find ways of

encoding information that may be more resilient under stressful conditions.

""Rodent studies have also shown that a functional hippocampus is needed in order to successfully complete the
MWW, irrespective of when the maze was learned (that is, whether memory for its layout is recent or remote).
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CHAPTER TWO:

STUDY A — VALIDATION OF THE SPATIAL ENVIRONMENTS

As stated in Chapter 1, the present dissertation aims to explore the effects of stress on
memory retrieval of visual and spatial material. To do so, I aim to systematically replicate the
pioneering paradigm used by de Quervain et al. (1998). Those researchers were the first to
report the negative effects of stress on memory retrieval in rodents and, importantly,
demonstrated that both stress (in the form of foot-shocks) and glucocorticoid (GC) treatment
impaired performance in a Morris Water Maze (MWM; Morris, 1984) environment that had
been learnt 24 hours prior. Because it is not feasible to use the MWM, constituted in the
conventional way, in human research, the aim of the present chapter is to describe the manner
in which I developed a spatial navigation task formally similar to that used by de Quervain et
al., but more appropriate for use with human participants. I will first introduce the topic of
spatial navigation and then describe the process of validation of the spatial tasks that will be
used in the subsequent studies.

Being able to successfully navigate an environment is crucial to ensuring the survival
of any mobile animal. Humans and animals must learn something about the layout of their
environment so that they can locate nutritional sites and other important resources; remember
and avoid dangerous locations; return home; or migrate between known places (Foo, Warren,
Duchon, & Tarr, 2005). To accomplish these tasks, a reliable cognitive system is needed to
represent the elements of the external world. This system should represent these elements in
relation to the organism itself, as well as in relation to other elements of the environment
(Roche, Mangaoang, Commins, & O’Mara, 2005). This internal representation of the external
environment can be compared to a cartographic map. Indeed, this metaphor was originally

used by Tolman (1948), who coined the term “cognitive map.”

Cognitive Maps

Downs and Stea (1973, p. 9) define cognitive mapping as “a process composed of a
series of psychological transformations by which an individual acquires, stores, recalls, and
decodes information about the relative locations and attributes of phenomena in his/her
everyday spatial environment”. Golledge and Stimson (1997) elaborated on that idea, stating
that the process of cognitive mapping is a way to structure, interpret, and cope with a vast and

complex set of information that exists in different environments. This process exists partly in
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service of wayfinding, which may be defined as the manner in which organisms orient and
navigate in order to accurately relocate between places in the environment and to recognize
when a destination has been reached (Gluck, 1990; Peponis, Zimring, & Choi, 1990).

From a neurophysiological viewpoint, the development of a cognitive map begins
with sensory inputs from the environment. These inputs include visual input from the
occipital cortex, balance and topographical information from the vestibular system, auditory
information from the temporal association areas, proprioceptive feedback from the
somatosensory areas concerning muscles and joints, and (to a lesser degree in humans)
olfactory information from the olfactory bulb. All these inputs allow an animal to create an
accurate cognitive representation of the environment. The process whereby these stimuli are
converted into a stored representation, model, or map of the environment has been referred to
as a spatial strategy (Roche et al., 2005).

Route-, survey-, and landmark-based information. Two possible navigational
learning strategies when exploring the layout of new, novel or altered environments include a
physical search and exploration of the environment (route or egocentric knowledge) or a
priori familiarization through secondary information (survey or allocentric knowledge;
Levelt, 1982; Linde & Labov, 1975; O’Keefe & Nadel, 1978). This secondary information
may include maps, books, photographs, videos, or any other source that may describe the
appearance of the environment (Golledge & Stimson, 1997). Roche et al. (2005) describe
route-based knowledge as knowledge of the spatial layout from an individual’s perspective
(egocentric or ground-level view); it is acquired as a result of physical navigation through the
environment. Route knowledge thus involves information about the order and sequence of
locations or landmarks, and the actions taken at each landmark. This form of knowledge,
which can be thought of in terms of a quick trip to the local supermarket, is acquired and used
almost unconsciously (McNamara & Shelton, 2003). Subsequent trips along the route will
increase the individual’s knowledge of the slopes, distances, and vectors associated with the
environment surrounding those landmarks (Brunyé, Gardony, Mahoney, & Taylor, 2012; Foo
et al., 2005; Roche et al., 2005).

Survey knowledge, on the other hand, is allocentric knowledge of the spatial layout of
the landmarks, gathered via an external perspective of the environment, creating something
closer to a map like-view. Thus, the contents of the environment are incorporated and related
to each other, irrespective of the position of the individual. So, finding a new supermarket in

a familiar city would entail developing a geographic representation of landmarks and the
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directions in relation to these landmarks. Survey knowledge underlies what we know as a
cognitive map (Bruny¢ et al., 2012; McNamara & Shelton, 2003; Roche et al., 2005).

An increase in survey knowledge enables an individual to create an increasingly
accurate cognitive representation of any given environment (Golledge & Stimson, 1997).
However, the formation of a cognitive map (through the use of the constituent landmark,
route, and survey knowledge) is more abstract than the sum of the component parts, as
cognitive maps have “image-like” properties. They allow individuals to estimate distances,
plan short cuts or detours, and obtain bearings from any location within the map (Peruch,
Gaunet, Thinus-Blanc, & Loomis, 2000).

An important common feature of using either route or survey knowledge is the
utilization of landmarks. Specifically, as an individual travels along a route, s/he will become
familiar with the landmarks along that route. Subsequent trips along that route could possibly
lead to an increase in survey knowledge, which will relate those landmarks to each other
irrespective of the individual’s position.

Landmarks in cognitive maps. Landmarks are essential components of cognitive
maps. Previous empirical and theoretical work has established that the acquisition and
development of both route and survey knowledge invariably involves some landmark
recognition, as well as recognition that paths or routes develop between these landmarks.
Furthermore, knowledge of landmarks plays an important role in maintaining orientation
during navigation (Chan, Baumann, Bellgrove, & Mattingley, 2012; Jansen-Osmann &
Wiedenbauer, 2004; Siegel & White, 1975). From this point of view, physical landmarks are
one of the most important features of wayfinding.

Before proceeding further, it is useful to define exactly what is meant by “landmark™
in this context. One early, basic definition is that a landmark is any element of an
environment that acts as a reference point; it can be drawn from the natural, built, or cultural
environment (Lynch, 1960). Golledge (1999) added to this definition by saying that
landmarks might be the strategic focus points towards or away from which an individual may
travel; intermediate focus points on routes that may assist in spatial decision making; or
significant physical structures, buildings, or culturally defined objects that stand out in the
environment. Roche et al. (2005) pointed out that landmarks have two distinct components
when being used: (a) they are capable of drawing attention and being recognized by many
people on the basis of visibility, pertinence, distinctiveness and permanence, and (b) they

accrue significance in an idiosyncratic way.
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In summary, landmarks not only help maintain orientation but also act as a primary
organizing feature in cognitive maps. That is, they usually act as anchor points for organizing
other spatial information into a cognitive layout of the environment (Couclelis, Golledge,
Gale, & Tobler, 1987). Landmarks are often noticed or remembered because they are visibly
dominant and easily identifiable in terms of shape, structure, or social significance.
Coincidently, factors like size, visual form, clarity, dominance, color, architectural design,
location, proximity to other cues, functional class, and shape are all points advertisers stress
in creating an advert that will draw the public’s attention (Chan et al., 2012; Golledge &
Stimson, 1997; Rossiter & Percy, 1997).

The above factors are useful in determining why people choose between different
visually distinctive landmarks (e.g., selecting a petrol station rather than an office block).
Under conditions of navigating with visually similar landmarks, however, the idiosyncratic
meaning of a landmark may be the most important factor influencing an individual’s memory
and use of the landmark (Roche et al., 2005). This idiosyncratic meaning might derive, for
instance, from prior history (e.g., either direct or indirect contact that will give an individual a
narrative by which a landmark comes to have particular meaning).

A closely related concept that also influences the memory and use of landmarks is the
individual’s schemas. Neisser (1976) proposed the concept of the schema as a cognitive
construct that mediates perception. That is to say, a schema is a mental framework for
organizing knowledge (Sternberg, 2006). Schemas accept some pieces of perceptual
information as a given concept, and focus an individual’s attention on other aspects. Schemas
underlie, for instance, stereotypes that individuals hold about particular places or situations.
Schemas influence memory in that, when a person with an activated schema enters a new
environment, s’he will look for schema-expected elements (Zimring & Gross, 1991). In the
context of spatial navigation, these processes might lead an individual to focus on certain
landmarks that are consistent with his/her schema.

One can safely conclude, therefore, that landmarks are chosen for use in cognitive
mapping and consequent spatial navigation either because they are visually distinctive or
because they hold some sort of idiosyncratic significance. This study seeks to delve even
further into the nature of landmarks by examining their emotional qualities and the impact of
those qualities on navigation. Although some studies (McGregor, Hayward, Pearce, & Good,
2004; Paz-Villagran, Save, & Poucet, 2004; Wiener, Berthoz, & Zugaro, 2002) have found

that different environmental features and shapes can influence firing rates of hippocampal
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neurons in rats, relatively little is known about human spatial cognition using landmarks that
contain emotional or arousing qualities.

As mentioned in Chapter 1, a reasonably large body of literature has shown that
memory is usually stronger for emotionally arousing material than for neutral material (La
Bar & Cabeza, 2006; Packard & Goodman, 2012; Payne et al., 2006; Reisberg & Heuer,
2004; Wolf, 2008). In addition, the effects of stress are often more pronounced for emotional
material (de Quervain et al., 2009; La Bar & Cabeza, 2006; Roozendaal et al., 2004, 2009;
Schwabe et al., 2012; Wolf, 2008, 2009).

Given the empirical results comparing neutral to emotionally significant material, the
question arises for those interested in spatial navigation: If people remember arousing
material better than neutral material, then would this beneficial effect be transferred to spatial
learning or memory when using landmarks that contain emotional content?

Before attempting to answer that question, one must look, first, at some factors that
influence spatial cognition, and, second, at the apparatus that can be used to investigate the

question.

Sex Differences in Spatial Memory

Sex differences in spatial memory are among the most robustly demonstrated effects
in the psychological literature (for meta-analyses, see Linn & Petersen, 1985; Voyer, Voyer,
& Bryden, 1995). Although there is some debate concerning the actual magnitude of the
differences, in general, men perform better than women on tests of spatial rotation and
navigation (Andreano & Cahill, 2009; Johnson & Bouchard, 2005, 2007). However, women
generally perform better than men on tests of object location (Andreano & Cabhill, 2009).
Because spatial navigation is the primary focus of the present dissertation, this area of spatial
cognition is discussed below.

Consistent male advantages in both accuracy and completion time have been reported
for tasks of navigation that entail reconstruction of a path on a two-dimensional map (Choi &
Silverman, 1996; Dabbs, Chang, Strong, & Milun, 1998; Galea & Kimura, 1993; Postma,
Jager, Kessels, Koppeschaar, & van Honk, 2004; Rahman, Andersson, & Govier, 2005), tasks
involving experimentally manipulated virtual environments (Astur, Ortiz, & Sutherland,
1998; Chai & Jacobs, 2009; laria, Petrides, Dagher, Pike, & Bohbot, 2003; Moffat, Hampson,
& Hatzipantelis, 1998; Mueller, Jackson, & Skelton, 2008; Ross, Skelton, & Mueller, 2006;
Sandstrom, Kaufman, & Huettel , 1998), and tasks involving real-world space (Malinowski &

Gillespie, 2001; Saucier, Green, Leason, MacFadden, & Elias, 2002; Silverman et al., 2000).



48

However, it must be noted that some studies have not found sex differences in navigation
(Andersen, Dahmani, Konishi, & Bohbot, 2012; Astur, Tropp, Sava, Constable, & Markus,
2004).

In addition to notable sex differences in navigational performance, men and women
appear to use different cognitive navigational strategies (Andreano & Cabhill, 2009). Several
studies have indicated that men prefer to use allocentric or Euclidian strategies, whereas
women prefer egocentric or topographic strategies (Barkley & Gabriel, 2007; Chai & Jacobs,
2009; Choi & Silverman, 1996; Dabbs et al., 1998; Lawton, 1994; Lawton, Charleston, &
Zieles, 1996; Rahman et al., 2005). Topographic strategies engage the use of landmarks,
whereas Euclidian strategies involve the use of distances and directions.

The explanations for these differences in spatial cognition and spatial strategies have
been attributed to both developmental reasons, such as age (Dabbs et al., 1998; Joshi, Mac
Lean, & Carter, 1999), and biological reasons, such as variations in testosterone levels (Clint,
Sober, Garland, & Rhodes, 2012; Hampson, Finestone & Levy, 2005; Kimura, 2004; Kimura
& Hampson, 1994; Leplow et al., 2003). However, the correlation of circulating testosterone
with navigation performance is disputed by some researchers (Driscoll, Hamilton, Yeo,
Brooks, & Sutherland, 2005; Burkitt, Widman, & Saucier, 2007).

Although a full review of these differences are outside the scope of this dissertation
(for a detailed review, see Andreano & Cahill, 2009), the important note here is that sex
differences in spatial cognition and spatial navigation strategies do exist and have been well

documented.

The Use of Virtual Environments in Cognitive Neuroscience Research

Spatial cognition can be researched in at least two ways: in a naturalistic setting or in
laboratory experiments (Jansen-Osmann & Wiedenbauer, 2004). With advances in
technology, computer-based virtual environments provide a means of combining these two
ways (i.e., by simulating naturalistic settings for use in laboratory experiments). Virtual
environments (VEs), therefore, provide a convenient means of investigating human spatial
behavior (Thomas, Hsu, Laurance, Nadel, & Jacobs, 2001). The use of VEs not only allows
for reproduction of both novel and realistic naturalistic settings in experimental research, but
also allows for control of extraneous variables and of financial costs (Frey, Hartig, Ketzel,
Zinkernagel, & Moosbrugger, 2007; Sandstrom et al., 1998).

VEs have been shown to simulate naturalistic real-world environments accurately.

Péruch, Vercher, and Gauthier (1995) reported that learning in VEs predicted accurate
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judgments about metrics in real space. People also acquire knowledge about distances and
directions in VEs, and develop route and survey knowledge in these environments (Jansen-
Osmann & Wiedenbauer, 2004). In addition, the advantages of using VEs in spatial cognitive
research are: (1) they provide a good transfer of spatial information (Wilson, Foreman, &
Tlauka, 1997), (2) VE and virtual reality technology have been shown to help in neurological
and neuropsychological rehabilitation (Brooks et al., 1999), (3) they allow for spatial
relations and environmental features to be varied in a quick and economic way, (4) they allow
participants to operate within the environment in a self-determined way, (5) they allow for all
kinds of real-world environments to be simulated, and (6) navigation may be measured on-
line (Peruch et al., 2000).

Although it can be deduced from the above that VEs are a convenient and efficient
way to study human behavior, they are not without their disadvantages. For instance, VEs
typically fail to provide proprioceptive feedback information that is associated with spatial
learning (Witmer, Bailey, Knerr, & Parsons, 1996).

The Computer-Generated Arena. One non-immersive VE desktop simulation that
has been used to measure human spatial navigation is called the Computer-Generated (CG)
Arena (Jacobs, Laurance, & Thomas, 1997; Jacobs, Thomas, Laurance, & Nadel, 1998;
Kallai, Makany, Karadi, & Jacobs, 2005; Skelton, Bukach, Laurance, Thomas, & Jacobs,
2000; Thomas et al., 2001). The CG Arena is a human analog of the MWM, and was
developed in order to satisfy the need for a measure of hippocampal functioning and spatial
cognition in humans. The CG Arena has been shown to have solid reliability and good
construct and external validity, as data obtained from the CG Arena closely resemble those
found in the MWM and in dry-land mazes (Thomas, 2003).

The CG Arena requires subjects to view a conventional computer monitor that
displays a circular arena within a square room. On each wall of the room is a set of distal cues
(landmarks) that may be varied by the researcher. The subject navigates through the room
from a first-person perspective by manipulating the display so as to search for a square target
located on the arena floor. In some conditions, the target is visible and the subjects have to
locate it by visually scanning the Arena and finding it on the floor (proximal cue). In other
conditions, the target is invisible and subjects have to locate it by using the distal cues on the
wall.

Studies conducted by Jacobs et al. (1997, 1998) helped elucidate the differences
between proximal and distal spatial orientation in the CG Arena. Proximal orientation

requires cues from the actual object one is navigating towards. Distal orientation requires



50

gaining cues from fixed places that may be some distance from the object toward which one
is navigating. Distal cues can therefore be thought of in terms of orientating landmarks.

Place learning in the CG arena typically entails participants using distal cues to find
an invisible target. Consequently, individuals should display accurate navigation from distal
cues if they take a direct path to locate an invisible target. Jacobs et al. (1997) found that (a)
place learning in the CG Arena can occur on the basis of distal cues alone, and (b) place
learning based on distal cues does not disengage when proximal cues are present. Jacobs et
al. (1998) established that (c) place learning does not rely on any single set of distal cues, but
that (d) navigation may be disrupted when changes in topographical relations among distal
cues are introduced.

In summary, the research reviewed above highlights the importance of distal cues in
cognitive maps and human navigation, strongly suggests that landmarks form an integral part
of cognitive maps (and so play an important role in human spatial navigation), and shows that
there are methods and apparatus available by which further research into the nature of
landmarks may be investigated. That is to say, use of the CG Arena may allow for further
investigation into what sorts of distal cues are remembered and used in navigation. As
mentioned earlier, successful navigation of our environment is crucial for our survival;
therefore, a thorough understanding of the qualities of landmarks with which we use to

navigate is needed.

Aims, Rationale, and Hypotheses

The rationale for the following comparative study was to determine whether and how
effectively people can successfully navigate, learn, and remember environments containing
emotionally arousing landmarks. As mentioned above, landmarks serve as markers to help
maintain orientation within an environment and also act as primary organizing features in
cognitive maps. They therefore play a pivotal role in spatial navigation and wayfinding. The
emotional landmarks that were used in this study were chosen to tap into the most basic of
emotional/survival responses.'? From an evolutionary perspective, survival of both humans
and animals depends on avoiding threatening stimuli and being able to locate stimuli that

promote survival. Thus, the location of both defensive and appetitive stimuli should be

2L ang, Bradley, and Cuthbert (1997) view emotion arousal as comprising two fundamental systems, one
appetitive and one defensive. These systems have evolved through situational interactions with the environment
that either threaten or promote survival. A review of the literature surrounding the appetitive and defensive
motivational systems is provided in Appendix A.
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successfully learned and remembered to ensure survival. Using landmarks that heavily draw
upon the basic survival systems should, thus, give a better understanding of human spatial
behavior under these conditions.

I created three separate CG Arena environments. The first, the Cool room, featured
landmarks that were neutral pictures. The second, the Hot Appetitive room, featured
landmarks that were selected as a means to activate the appetitive emotional system. The
appetitive system is primarily activated in contexts that promote survival, such as procreation,
sustenance, and nurturance. These contexts promote a basic survival behavior repertoire
based on copulation, ingestion, care giving, and exploration (Bradley, Codispoti, Cuthbert, &
Lang, 2001). The third, the Hot Defensive room, featured landmarks that were selected as a
means to activate the defensive emotional system. The defensive system is activated in
situations of threat that trigger such basic behaviors as escape, avoidance, attack, or defence
(Bradley et al., 2001). The pictures used in this study were rated in terms of their arousal and
valence qualities in a separate study, presented in Appendix A.

The aim of the present study was to compare, in human subjects, spatial navigational
behavior using landmarks that are neutral versus landmarks that are emotionally arousing.
The study tested these hypotheses:

(1) Navigation in the three rooms will be equally effective. This is because there will

be no acute or chronic disruption of hippocampal activity (e.g., due to increased

cortisol levels, or due to organic damage) in the current study.

(2) Memory for the different rooms, however, will be influenced by the differing

arousal content of the pictures across rooms. As reviewed in Chapter 1, humans

process and remember emotional information more robustly than neutral material

(Dolan, 2002; La Bar & Cabeza, 2006; Phelps, 2004; Reisberg & Heuer, 2004, Wolf,

2008, 2009). People should, therefore, have stronger memory for the picture stimuli

that contain the arousing content versus the neutral content.

(3) Women’s navigation performance and memory will be worse than that of men,

across all of the CG Arena rooms. The rationale behind this hypothesis is that

previous literature (e.g., Andreano & Cahill, 2009) suggests that men perform better

at tests of spatial navigation than women.

Methods
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Participants

Twenty-four participants (12 male; mean age = 19.42 years; SD = 1.10) were
recruited from the University of Cape Town undergraduate population through the
Department of Psychology’s Student Research Participation Program (SRPP). All received
course credit in exchange for participation. Individuals with a history of neurological illness,
substance abuse or psychiatric disorders, were excluded from the study. Individuals with a
prior history of visiting www.rotten.com or www.charonboat.com, or who were familiar with
the images displayed on these websites, were also excluded from the study. These
participants were excluded because of the chance that people with prior exposure to the ‘hot’

images would be desensitized to the graphic nature of their content.

Stimulus Selection

The stimulus selection for this study was based on the results of the picture validation
study presented in Appendix A. In that study, 58 participants rated 50 pictures on measures of
pleasure, arousal and dominance using the Self-Assessment Manikin (SAM), a rating scale
employed in the International Affective Picture System (IAPS; Lang et al., 1999, 2005, 2008)
and in other emotional motivation studies. Each picture was classified as either:

(1) Hot appetitive, a category consisting of pictures that were pleasant to view (to
arouse appetitive motivation). These pictures featured content showing solo and couple
erotica and nudity. Previous research has shown that these kind of pictures lead to the greatest
subjective ratings of pleasure and arousal (Bradley et al., 2001a, 2001b; Lang et al., 1999,
2005, 2008).

2) Hot defensive, a category consisting of pictures that were unpleasant to view (to
arouse defensive motivation). These pictures featured content showing human attack, death,
mutilation, and disease. Pictures containing these contents have previously been shown to
have the lowest subjective rating of valence and the highest arousal ratings (Bradley et al.,
2001a, 2001b; Lang et al., 1999, 2005, 2008).

3) Cool, a category consisting of pictures that were neither unpleasant nor pleasant to
view, and that did not contain an active motivational content (i.e., were neutral). These
pictures were selected to contain unfamiliar views of common objects (such as fruit and
household appliances). Pictures of this nature were rated in the stimulus selection study as
being neither high nor low in valence. Unfamiliar views of these objects were chosen so that
they would also not be rated as too low in arousal (i.e., considered so familiar or mundane

that participants would pay no attention to their content).
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Findings from the picture validation study showed that the three groups of pictures
were rated as significantly different in term of valence and arousal. Importantly, the study
also validated that the sample viewed the pictures in the intended emotion and valence
direction. That is, the participants judged the hot appetitive pictures as being pleasurable and
arousing, and found the hot defensive pictures to be unpleasant and slightly more arousing
than the appetitive pictures. The cool pictures were rated as almost neutral in pleasure, but
slightly non-arousing.

In addition, four findings from the SAM data indicated that the affective ratings of the
pictures in that sample are comparable with the IAPS. First, the reliability coefficients show
these ratings to be internally consistent, and in line with Lang and colleges’ (2005) samples.
Second, the ratings of pleasure and arousal plotted in two-dimensional affective space
support the biphasic organization of emotion along the hypothetical core appetitive (upper
half of the plot) and defensive (lower half of the plot) motivational systems (Lang et al.,
1997). Third, the association between pleasure and arousal was found to be stronger for
negative stimuli than for positive stimuli. Finally, the predictions of a negativity bias and a
positivity offset were confirmed within the sample. "

The pictures chosen for use in the present study were therefore selected from the set
of pictures rated in the study presented in Appendix A. More specifically, the 8 pictures used
in the Cool room were selected from the 16 cool pictures rated in that study. Those 8 pictures
were those judged as being the most ‘neutral’ (mean nearest to 5) in terms of pleasure and
arousal. The mean (and standard deviation) ratings for these cool pictures were 4.94 (1.58)
for valence and 3.85 (1.94) for arousal. The Hot Defensive room, in turn, contained the 8
pictures rated as being the most unpleasant and the most arousing. These pictures were
selected from the group of 17 hot defensive pictures, and had mean ratings of 2.01 (1.25) for
valence and 7.20 (1.73) for arousal. Finally, the Hot Appetitive room contained the 8§ most
pleasurable and arousing pictures from the group of 17 hot appetitive pictures. Those 8
pictures had a mean valence of 6.10 (1.93) and a mean arousal of 6.20 (1.92). The Cool, Hot

Defensive and Hot Appetitive room pictures are presented in Appendix B.

Apparatus: The CG Arena
This research was conducted using the CG Arena software (Jacobs et al., 1997, 1998;

Thomas, 2003; Thomas et al., 2001). Participants sat in front of a computer containing the

PThese results are presented in full in Appendix A.
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custom-designed software. A conventional computer monitor displayed a view of a circular
arena contained within one of five square rooms: a waiting room and four experimental
rooms (a training room, a Cool experimental room, a Hot Defensive experimental room, and
a Hot Appetitive experimental room).

Movement in the CG Arena. Participants were able to move within the CG Arena by
manipulating a joystick manually. Moving the joystick forward or backward moved the
participant’s view of the Arena forward or backward. The movement in the Arena was at a
constant rate until a new movement was initiated, or until the participant returned the joystick
to its rest position. Moving the joystick left or right rotated the participant’s view of the
display left or right, respectively. This movement continued at a constant rate until the
participant returned the joystick to its rest position or initiated a new movement.

The waiting room. Figure 1 shows the layout of the waiting room. This room was a
computer-generated display of a large square room containing an arena. A circular arena
wall, featuring a face brick texture, enclosed the central section of the waiting room. No distal
cues were displayed on the walls of this room. The waiting room signified the start of each

trial in the training, Cool, Hot Defensive and Hot Appetitive rooms.



55

Figure 1. The layout the waiting room.

The CG Arena experimental rooms. Each experimental room was similar to the
waiting room in that it consisted of a computer-generated display of a large square room
containing a face brick circular arena wall. Each wall of each experimental room was black in
color, and was labeled arbitrarily either North, East, South, or West. In the Cool, Hot
Defensive, and Hot Appetitive rooms, each wall offered either one or three distal cues, so that
a total of eight such cues were displayed in each of those rooms. In training room, each wall
featured only one distal cue.

Quadrants of the CG Arena Experimental Rooms. For the purpose of data analysis,
each CG Arena experimental room was divided into four quadrants: the north-west quadrant
(located in the corner which is formed by the intersection of the north and west walls), the
north-east quadrant, the south-east quadrant, and the south-west quadrant. Divisions between
the quadrants were not apparent to the participants.

Trials in the CG Arena experimental rooms. Twenty-eight trials were conducted in
the CG Arena experimental rooms. Table 1 shows the parameters for those trials. The
dimensions for the Cool, Hot Defensive, and Hot Appetitive rooms are presented in
Appendix C. On each trial, participants had to search for a target that was either visible or
invisible. If the participant moved onto the target within the allotted time, the target would
become visible (if the participant was searching for an invisible target), and s/he would be
locked on the target. The participant would only be able to move within the boundaries of the
target until s/he pressed the spacebar or until the display changed to the waiting room of the
next trial. If, however, the participant was unable to locate the target within the allocated
time, s/he was transported to the waiting room of the next trial. In the waiting room, the
participant would then start the next trial in the experimental room by pressing the spacebar,
or wait 20 seconds before being transported to the next trial.

The training room. Figure 2 shows the layout of the training room. Trials 1-4 were
conducted in this room. In this room, a visible target was situated on the floor in one of the
quadrants of the room. The purpose of the training room was to familiarize participants with
the joystick movements within the CG Arena and with the tasks required of them. The
training room also allowed the researcher to gauge if the participant was capable of
performing the tasks in the CG Arena. If the participant was unable to successfully navigate

to the target in the allotted time, s’he was not permitted to continue onto the remaining trials.
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Table 1
CG Arena Trial Parameters for the Acquisition Phase
Type of Room/Trial

Parameter Training Cool Probe Hot Defensive Probe Hot Appetitive Probe
Number of trials 4 7 1 7 1 7 1
Sequence of start locations” N,E,W,S W, S,E,N Random W,S,E,N Random W,S,E, N Random
Target condition Visible Invisible Absent Invisible Absent Invisible Absent
Time limit (sec) 120 120 45 120 45 120 45

Note. “The N (North) starting location was near the middle of the North wall of the arena, the S (South) starting location was near the middle of
the South wall, and so on. The full sequence of start locations is presented in Appendix D.
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Figure 2. The layout the training room.

The Cool experimental room. Figure 3 shows the layout of the Cool experimental CG
Arena room. Eight trials were conducted in this room. The walls of this room displayed the
eight Cool images (i.e., unfamiliar views of common objects). The first seven trials required
participants to find an invisible target that was situated in a fixed location on the CG Arena
floor. The eighth trial, however, was a ‘probe’ trial in which the target was absent. The
purpose of the probe trial was to determine if the participants were, in fact, using distal cues
to locate the target and not simply locating the target by moving about the room randomly. In
other words, the purpose of the probe trial was to determine the degree of participants’

reliance on spatial versus non-spatial navigation strategies (Vorhees & Williams, 2006)
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Figure 3. The layout the Cool CG Arena experimental room.

The Hot Defensive experimental room. Figure 4 shows the layout of the Hot
Defensive experimental CG Arena room. Eight trials were conducted in this room. The walls
of this room displayed eight unpleasant arousing images (i.e., depictions of scenes of human
death, attack, mutilation, and disease). These stimuli acted as fearful arousing distal cues. As
in the Cool experimental room, the first seven trials featured an invisible target that was
always located in the same place, and the eighth trial was a probe trial.

The Hot Appetitive experimental room. Figure 5 shows the layout of the Hot
Appetitive experimental CG Arena room. Eight trials were conducted in this room. The walls
of this room displayed eight images that contained erotic pictures of couples or individuals.
Because solo erotic pictures are often rated as slightly unpleasant and unarousing by
individuals of the same sex (as the pictured individuals; see Appendix A), only two solo
pictures were included (one attractive male and one attractive female erotic picture). As in the
Cool and Hot Defensive experimental rooms, the first seven trials featured an invisible target

that was always located in the same place, and the eighth trial was a probe trial.



Figure 4. The layout the Hot Defensive CG Arena experimental room.

Figure 5. The layout the Hot Appetitive CG Arena experimental room.
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Other Apparatus

Two tasks developed in conjunction with the CG Arena were administered to
participants. Previous studies have shown that these tasks are good visual memory
supplements to CG Arena testing (Skelton et al., 2000; Thomas, 2003; Thomas et al., 2001).

Object Recognition Task (ORT). The ORT is a forced-choice picture recognition
test that assesses memory for the distal cues on the walls of the CG Arena experimental
rooms. In the version used in this study, the participant was seated in front of a computer
containing E-prime software (Psychological Software Tools, 2002). The researcher explained
to the participants that a slide with two pictures was to be displayed on the screen in front of
them. Each picture was labeled as either 1 or 2. One of the pictures was in the CG Arena
experimental room they had just encountered and the other was not. Participants were asked
to select the picture that had been in the room by pressing ‘1’ or ‘2° on the computer
keyboard, for 16 forced-choice slides. Eight of those images shown were those on the walls
of an experimental room and the other eight were distracter objects similar to those in the
experimental rooms. The cool, hot appetitive and hot defensive distracter pictures can be seen
in Appendix E. Participants were thus shown each Arena picture twice, but paired with a
different distracter object. A separate ORT was administered for the Cool, Hot Defensive,
and Hot Appetitive experimental rooms.

Arena Reconstitution Task (ART). The ART is a visuospatial task that aims to
assess memory for the layout of the distal cues in a CG experimental room. Its purpose is to
measure the quality of the participant’s cognitive map for that room. The researcher showed
the participant a 3-dimensional cardboard model of the CG Arena. On each wall of the model
were three strips of Velcro, indicating possible places where a distal cue could have been. In
addition, on the floor of the model were four strips of Velcro (one in each quadrant of the
model), which indicated possible places where the target could have been. The participant
was then provided with laminated cutouts of the distal clues in the experimental room, as well
as a laminated grey square representing the target. Both the pictures and the target had Velcro
on their reverse side. The participant was then asked to reconstruct the room as best as s/he
could by sticking the pictures on the walls of the model and placing the target on the floor.
The researcher then recorded the participant’s reconstruction on a sheet of paper that depicted
a top down view of the layout of the model (see Appendix F). A separate ART was

administered for each of the three experimental rooms.
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Procedure
The study procedures were conducted in the ACSENT Laboratory in the Department

of Psychology at the University of Cape Town (UCT). The research described here followed
the ethical guidelines for research subjects outlined by the Health Professions Council of
South Africa and the UCT Codes for Research. The Research Ethics Committee of the UCT
Department of Psychology approved all study procedures.

All testing sessions were run between 14h00 and 18h00. Once the participant and I
had met, the participant was asked to read a consent form and was given a chance to ask
questions concerning it. The participant was then asked to sign the form. After the participant
had read and signed the consent form (see Appendix G), [ administered a basic socio-
demographic questionnaire (see Appendix H).

Immediately after completing the questionnaire, the participant was seated in front of
a computer. I then read a set of standardized instructions, which were designed to prepare the
participant for the tasks required of him/her in the CG Arena. These instructions also
explained the relationship between movements of the joystick and changes in the display on
the screen. After being given a chance to ask any questions concerning the instructions or the
experimental procedure, the participant was then asked to complete the CG Arena tasks. As
noted above, the appropriate ORT and ART was administered after each of the Cool, Hot

Defensive, and Hot Appetitive rooms.

Table 2
Possible Sequence of Training and Experimental CG Arena Rooms

Sequence of Testing Phase

Group Trials 1-4 Trials 5-12 Trials 13-20 Trials 21-28
1 Training Room Hot+ Room Cool Room Hot- Room
2 Training Room Hot+ Room Hot- Room Cool Room
3 Training Room Cool Room Hot+ Room Hot- Room
4 Training Room Cool Room Hot- Room Hot+ Room
5 Training Room Hot- Room Cool Room Hot+ Room
6 Training Room Hot- Room Hot+ Room Cool Room

Note. H+ = Hot Appetitive; H- = Hot Defensive.

The order of presentation of the rooms was counterbalanced across participants. Table
2 shows six different sequences in which the three rooms were administered. Participants
were pseudo-randomly assigned to one of the sequences on the basis of their participant

numbers (i.e., participant number 1 completed sequence 1, participant number 2 completed
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sequence 2, participant number 7 completed sequence 1, and so on). This counterbalancing
sought to alleviate any confounding influence of the sequence of experimental room tasks.
At the completion of testing, I debriefed the participant and the study was concluded.

The length of time for testing each participant was no more than 90 minutes.

Data Analysis

The CG Arena. The CG Arena software produces a data file for each participant.
This file collects data concerning different aspects of the participant’s performance on each
of the trials. This file therefore includes, for each CG Arena trial, information about (1) path
length (i.e., the distance of the route the participant took from starting point to the target), (2)
latency (i.e., the time the participant required to find the target), and (3) dwell time (i.e., the
amount of time the participant spent in each quadrant of the Arena).

For each trial, the major outcome variable I used to estimate spatial navigation
performance was deviation from the optimal path length. Optimal path length on any trial
was calculated by modifying the CG Arena program file to make the target position visible.
The trial was then completed three times by moving as directly as possible to the target each
time. An average path length for each of those three trials was calculated and deemed the
optimal path length for that trial. The optimal path length was then subtracted from the actual
path length on each trial to obtain the variable deviation from the optimal path length.

ORT score. An accuracy score for the ORT responses was created by giving correct
choices 1 point and incorrect choices 0 points. The points were added up and divided by the
total number of choices participants had to make (16). The resulting score would then range
between 0 (all incorrect choices) and 1 (all correct choices).

ART score. The ART was scored using a displacement score, similar to that used by
Skelton et al. (2000) and Thomas et al. (2003). In this case, the ART score sheet was a model
depicting a top-down view of a CG Arena experimental room (see Appendix F). Each wall of
this model had three Velcro strips where pictures could be placed; hence, there were 12
possible locations for pictures.

Scoring of the model entailed counting the distance (i.e., number of locations on the
wall) the participant placed a particular picture from the actual location of that picture in the
CG Arena room. In this way, each picture in the reconstruction of the room was scored
separately. The total ART score was therefore the sum of the displacement scores for each of
the pictures in the reconstruction of the room. Higher scores therefore indicated poorer

performance, and a score of zero indicated perfect reconstruction of the spatial layout of the
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experimental room. Appendix F provides a worked-through example for calculating a
displacement score in the Cool CG Arena room.

All statistical analyses were conducted using Statistica 8 (StatSoft Inc., 2007). Details
of each analysis are given at the appropriate point in the Results section. All decisions about

statistical significance were made at the conventional alpha level of p <.05.

Results

Sample Characteristics

Table 3
Demographic frequencies for the entire participant sample (N = 24)
Count Cu?;ﬁi?ve Percentage
Sex Male 12 12 50.00
Female 12 24 50.00
Handedness Right handed 21 21 87.50
Left handed 3 24 12.50
Ambidextrous 0 24 0.00
Computer Every day 24 24 100.00
Usage Once a week 0 24 0.00
Amount of 50-100 Hours 1 1 4.17
Computer >100 Hours 23 24 95.83
Experience
Shock Web-site Yes 0 0 0.00
Experience None 24 24 100.00

Training Trials

The a priori prediction here (based on previous work in the CG Arena; see, e.g.,
Jacobs et al., 1997; Thomas et al., 2003) was that there would be no statistically significant
performance differences across the four trials in the training room. Figure 6 shows the
average deviation from the optimal path length across each training room trial. As can be
seen, there was consistently good performance from the first to the fourth trial in this room.

A repeated-measures ANOVA confirmed there were no statistically significant
differences in path length (deviation from the optimal) across the four trials, F(3, 69) = 2.25,
p=.09, ;1p2 =.09. This set of data illustrates that prior experience with computers did not give

some participants an advantage over others in the CG Arena.
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Figure 7. Box and whisker plot showing the deviations from optimal path length across the
four trials in the CG Arena training room.

Figure 7, however, illustrates that the variance in deviations from the optimal path
length in the four trials of the training room decreased across the trials. The relatively low
amount of variance on the last trial in this room indicates that all participants went into the
CG experimental rooms with approximately the same level of CG Arena expertise (i.e., the
level of expertise was at least sufficient to ensure that they could manipulate the joystick to

take the most efficient route to a visible target).
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Hot and Cool rooms: Effects of counterbalancing

I conducted statistical analyses to investigate whether there were any differences in
spatial navigational performance due to the order in which the participants experienced the
Cool, Hot Defensive, and Hot Appetitive rooms. If the order of the rooms did influence
performance in some way, one would expect to see a difference in overall path length
deviations between the six counterbalanced sequences in the Cool, Hot Appetitive, and Hot
Defensive rooms. To test this prediction, I conducted one-way ANOV As (independent
variable: the six different room presentation sequences) on the average path length (deviation
from optimal) data in the Cool, Hot Appetitive, and Hot Defensive rooms. The analysis did
not detect any significant between-sequence differences in the Cool room, F(5, 18) =1.69, p
=.187, 77p2 = .13, the Hot Defensive room, F(5, 18) = 0.81, p =.557, ;11,2 = .04, or in the Hot
Appetitive room, F(5, 18) =2.22, p =.097, n,° = .18.

A second set of analyses sought to determine if there was any effect on ORT scores
due to the order of presentation of rooms. Again, a one-way ANOVA detected no statistically
significant between-sequence difference in the Cool ORT, F(5, 18) = 1.49, p = .243, ;7p2 =
.09, the Hot Defensive ORT, F(5, 18) = 0.64, p = .676, npz = .08, and the Hot Appetitive
ORT, F(5, 18) = 1.49, p = 234, n,> = .09.

A third set of analyses sought to determine if there was any effect on ART scores due
to the order of presentation of rooms. Once again, a one-way ANOVA detected no
statistically significant between-sequence difference in the Cool ART, F(5, 18) =0.56, p =
732, 17,> = .06, the Hot Defensive ART, F(5, 18) = 0.68, p = .643, 5, = .07, and the Hot
Appetitive ART, F(5, 18) =1.71, p =183, ,° = .13.

In summary, these analyses suggest that the order in which the participants
experienced the Cool, Hot Defensive, and Hot Appetitive rooms had no effect on their spatial
navigational performance, their recognition for the distal cues, or their reconstruction of the

rooms.

Invisible Target Trials

To confirm that learning occurred in the Cool, Hot Appetitive, and Hot Defensive CG
Arena rooms (i.e., the rooms that featured an invisible target), the data were analysed to see if
participants found the target using progressively shorter path length (deviation from optimal)
across trials. Table 3 presents average deviation from the optimal path length on the seven
acquisition trials in the Cool, Hot Appetitive, and Hot Defensive rooms. Figure 8 shows these

data graphically. Repeated-measures ANOV As confirmed that learning, in the form of
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shorter path lengths, occurred in all three rooms: in the Cool room, F(6, 138)=3.32,p =
004, 7,> = .13, in the Hot Appetitive room, F(6, 138) =4.18, p <.001, #,° = .15, and in the
Hot Defensive room, F(6, 138) =3.59, p =.002, 77p2 =.14.

Table 4
Performance in the Three CG Arena experimental rooms (N = 24)
Room
Variable Cool Hot Appetitive  Hot Defensive  F p npz

Path Length
Trial 1 149.88 (186.36) 120.40 (111.99) 117.49 (111.44) 0.38 .680 .01
Trial 2 83.65 (126.36) 105.00 (158.62) 82.22 (206.16) 0.14 .869 <.01
Trial 3 52.56 (87.40) 101.24 (162.70)  50.97 (98.65) 1.34 .268 .04
Trial 4 49.55 (128.14)  31.79 (38.14) 43.77 (71.56)  0.26 .774 <.01
Trial 5 35.12 (62.62) 33.51 (50.98) 53.49(83.89) 0.65 .523 .02
Trial 6 74.17 (136.88)  24.14 (35.006) 23.18(33.10) 291 .061 .08
Trial 7 29.23 (51.54) 32.82 (58.58) 21.77 (36.54) 031 .736 <.01
Dwell Time  30.47 (10.86) 28.05 (9.63) 30.09 (9.35) 0.41 .666 .01
ORT Scores  0.84 (0.127) 0.92 (0.11) 0.91 (0.16) 245 .094 .07
ART Scores  15.46 (7.86) 16.75 (7.84) 17.13(7.34) 032 .731 <.01

Note. For the Path Length variable, the data are deviation from the optimal path length. For
the Dwell Time variable, the data are seconds. For the ORT Scores variable, data are accuracy
scores. For the ART score variable, data are displacement scores. Means are presented with
standard deviations in parentheses. For each between-trial comparison, df = (2, 69).

Table 4 also shows that there were no significant differences in deviation from
optimal path length when comparing, using one-way ANOVA, the analogous trials across
room (i.e., Trial 1 in each of the Cool, Hot Appetitive, and Hot Defensive rooms compared
against one another).

In summary, the emotional qualities of the distal cues did not affect participants’
finding, learning, and remembering a hidden location in a VE.

One trial does, however, stand out from the rest. On trial 6, participants seemed to
take a longer path length to find the target in the Cool room than in the other two rooms (see
Table 4 and Figure 8). A planned contrast analysis sought to determine whether participants
took significantly longer to find the target in the Cool room than they did in the other two
rooms. The contrast analysis was done on the basis that it is not necessary to have a
significant omnibus F in order to find differences between means, as contrast analysis gives
greater substantive interpretation of results and greater power for tests of significance
(Rosenthal, Rosnow, & Rubin, 2000). The planned contrast weighted path length in the Cool,

Hot Appetitive, and Hot Defensive rooms as 2, -1, and -1, respectively. The result of this
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planned comparison showed that participants did in fact take a statistically significantly
longer route to find the target in the Cool room than they did, on average, in the other two

rooms, Feontrast(1, 69) = 5.81, p =.019, d = 0.60.

Figure 8. Deviations from the optimal path length across the 7 trials in the Cool, Hot
Appetitive and Hot Defensive rooms. Error bars indicate standard deviation of the mean.

Table 4 also displays dwell time data for the probe trial. ‘Dwell time’ refers to the
amount of time the participant spent in the target quadrant of the Arena (i.e., searching for the
target in the place where it had previously been located). During the 45-s probe trials,
participants spent, on average, roughly two-thirds searching the target quadrant. As the Table

shows, dwell time was not statistically significantly different across rooms.

Object Recognition Task

Accuracy score data for the ORT are presented in Table 4 and in Figure 9. As Table 4
shows, a one-way ANOVA detected no statistically significant across-room differences. A
planned contrast analysis, weighting the Cool, Hot Appetitive, and Hot Defensive ORT
scores as —2, 1, and 1, further tested the hypothesis that memory will be better for

emotionally arousing stimuli than neutral stimuli. As predicted, participants’ recognition
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memory was stronger for the emotionally arousing material than the neutral material,

Feontrast(1, 69) =4.78, p = .032, d = 0.57.
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Figure 9. Object Recognition Task (ORT) accuracy scores for the three CG Arena
experimental rooms. Error bars indicate standard error of means.

Arena Reconstitution Task

The ART displacement score data are shown in Table 4 and in Figure 10. As Table 4
shows, a one-way ANOVA detected no statistically significant cross-room differences. A
planned contrast analysis, weighting the Cool, Hot Appetitive, and Hot Defensive ORT
scores as —2, 1, and 1, further tested the hypothesis that memory will be better for
emotionally arousing stimuli than neutral stimuli. Here, the hypothesis was not confirmed:
There was no significant performance difference between the rooms that contained arousing

content compared with the one that contained neutral content, p = .441.
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Figure 10. Arena Reconstitution Task (ART) scores for the three CG Arena experimental
rooms. Error bars indicate standard error of means.

Sex Differences

Between-sex comparisons. Table 5 presents means and standard deviations for CG
Arena performance (the average deviation from path length on the acquisition trials), ORT
score, and ART score broken down by sex. The Table also presents results of independent
samples t-tests conducted to determine whether there were sex differences on any of the
outcome variables. Figure 11 presents graphic comparison of male and female performance
with regard to deviations from the optimal path length on each invisible-target.

As Table 5 shows, there were no sex differences with regard to performance on either
the visible- or invisible-target trials, regardless of room. These results disconfirm the a priori
hypothesis, based on data from previous studies (see, Andreano & Cahill, 2009) that men
would display superior spatial navigation performance, particularly in the invisible-target

rooms.



Table 5

Between-sex Comparisons: CG Arena performance, ORT score, and ART score (N = 24)

Sex
Male Female
Variable (n=12) (n=12) t p d

Path length®

Training trials 4.66 (4.70) 3.61(1.99) 0.71 .484 0.29

Cool room 76.99 (64.71) 58.49 (59.85) 0.73 475 0.30

Hot Appetitive room  67.39 (30.14) 60.87 (48.55) 0.39 .697 0.16

Hot Defensive room 60.06 (79.28) 52.19(59.85) 0.27 .787 0.11
Dwell time

Cool room 31.50 (9.23) 29.44(11.22) 0.49 .628 0.20

Hot Appetitive room 30.51 (6.51) 28.58(9.27) 0.59 .561 0.24

Hot Defensive room 31.79 (5.81) 29.38(10.91) 0.68 .507 0.28
Object Recognition Task

Cool room 0.83 (0.15) 0.85(0.10) -0.38 .707 0.16

Hot Appetitive room 0.92 (0.15) 0.92(0.06) 0.13 .900 0.00

Hot Defensive room 0.88 (0.22) 0.94 (0.08) -0.93 .363 0.36
Arena Reconstitution Task

Cool room 17.42 (9.12) 13.50 (5.65) 1.26 .219 0.52

Hot Appetitive room 17.25(8.80) 16.25(7.12) 031 .762 0.12

Hot Defensive room 1792 (8.13) 16.33(6.76) 0.52 .609 0.21

Note. Means are presented with standard deviations in parentheses. “Deviation from optimal
path length. For each comparison, df = 22.

Figure 11. Deviations from the optimal path length across the 7 acquisition trials in the Cool,
Hot Appetitive, and Hot Defensive rooms for men and women. Error bars indicate standard
deviation of the mean.
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Within-sex comparisons. Tables 6 and 7 present data regarding deviation from the
optimal path length for male and female participants, respectively, on each of the seven
acquisition trials in the Cool, Hot Appetitive and Hot Defensive rooms. Tables 6 and 7 also
present results of one-way ANOV As comparing performance, across rooms, on each
acquisition trial. As the Tables show, there were no within-sex differences in terms of path
length (deviation from the optimal) for each trial in all rooms. These results suggest that,
overall, the spatial navigational performance of both men and women was not influenced by

the content of the landmarks used to find the invisible target.

Table 6
Male Participants: Performance on outcome variables (n = 12)
Room
Variable Cool Hot Appetitive  Hot Defensive  F p Ny

Path length®
Trial 1 197.09 (242.56) 155.05 (128.46) 81.27(101.65) 1.44 250 .08
Trial 2 96.96 (144.84)  93.86 (141.82) 112.90 (274.83) 0.03 .968 <.0l

Trial 3 40.65 (64.09)  98.61 (144.04)  48.09 (68.44) 1.21 .310 .07

Trial 4 81.40 (178.52)  33.47 (37.46) 42.29 (63.36) 0.63 .540 .04

Trial 5 27.02 (61.49) 30.63 (46.48) 81.98 (111.89) 1.84 .174 .10

Trial 6 56.30 (122.24)  24.80 (35.64) 17.22 (30.53) 090 .415 .05

Trial 7 39.49 (70.67) 35.29 (68.94) 36.66 (47.94) 0.01 986 <.01
Dwell time

Probe trial ~ 31.50 (9.23) 30.51 (6.51) 31.79(5.81)  0.53 .592 .03
ORT score 0.83 (0.15) 0.92 (0.15) 0.88 (0.22) 0.77 473 .04
ART score 17.42 (9.12) 17.25 (8.79) 1792 (8.13) 0.02 981 <.01

Note. Means are presented with standard deviations in parentheses. “Deviation from optimal
path length. ORT = Object Recognition Test. ART = Arena Reconstitution Test. For each
comparison, df = (2, 33).

Tables 6 and 7 also present, for men and women respectively, descriptive statistics
and results of one-way ANOV As for dwell time, ORT accuracy score, and ART
displacement score. Regarding dwell time and ART displacement score, there were no
significant across-room differences for either men or women.

Regarding ORT accuracy scores, however, there was a significant across-room
difference for women but not for men (see Figure 12). A set of post hoc comparisons
revealed that women recognized significantly more of the hot defensive pictures than the cool
pictures, p = .016, and significantly more of the hot appetitive pictures than the cool pictures,
p = .040. This pattern of data was not replicated in the male sample: Men recognized a
similar number of hot defensive and cool pictures, p =.521, and a similar number of hot

appetitive and cool pictures, p = .225.



Table 7
Female Participants: Performance on outcome variables (n = 12)
Room
Variable Cool Hot Appetitive  Hot Defensive ~ F P Ny
Path length®
Trial 1 102.67 (94.46)  85.75(84.28) 153.72(113.02) 1.57 .224 .08
Trial 2 70.34 (109.63) 116.15(179.52) 51.54 (106.21) 0.72 .496 .04
Trial 3 64.46 (107.50) 103.87(185.96) 53.85(125.08) 0.40 .670 .02
Trial 4 17.69 (15.75)  30.11 (40.40) 45.24 (81.78) 0.80 .458 .04
Trial 5 43.22 (65.38)  36.39 (57.05) 25.00 (20.67) 038 .685 .02
Trial 6 92.03 (153.41)  23.49 (36.04) 29.14 (35.79) 2.00 .152 .11
Trial 7 18.98 (18.20)  30.35 (49.07) 6.88 (3.10) 1.80 .180 .10
Dwell time
Probe trial  29.44 (11.22) 28.58 (9.27) 29.38 (10.91) 0.06 .944 <01
ORT score 0.85(0.1) 0.92 (0.06) 0.94 (0.08) 3.73 .035 .18
ART score 13.50 (5.65) 16.25 (7.12) 16.33(6.76) 0.73 490 .04
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Note. Means are presented with standard deviations in parentheses. “Deviation from optimal

path length. ORT = Object Recognition Test. ART = Arena Reconstitution Test. For each

comparison, df = (2, 33).
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Figure 12. Object Recognition Test (ORT) accuracy scores for men and women in the three
CG Arena experimental rooms. Error bars indicate standard error of means.
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Discussion

The purpose of the present study was to determine whether people could successfully
navigate, learn, and remember locations within virtual environments using landmarks that
varied, across environments, in valence and arousal intensity. These landmarks had been
rated by a separate sample in a previous study (see Appendix A) as being significantly
different in terms of valence and arousal qualities.

I created three different virtual environment (VE) rooms within the CG Arena (Jacobs
et al., 1997, 1998; Skelton et al., 2000; Thomas et al., 2001). The first room contained
pictures that were rated in the previous study as being almost neutral in pleasure and arousal.
The second room contained pictures that had been rated as being both highly pleasurable and
highly arousing; these were chosen as landmarks that might activate the appetitive motivation
system. The third room contained pictures that had been rated as being both highly
unpleasant and highly arousing; these were chosen as landmarks that might activate the
defensive motivational system. The current results with regard to general CG Arena
performance are consistent with results obtained in previous CG Arena studies. That is, the
current data show that people are capable of forming a cognitive map of the VE, that they can
learn and remember the location of a particular place (the target) in that map, and that they
use the relations among the distal cues in the CG Arena to recall and locate the target (Jacobs
etal., 1997; 1998; Thomas et al., 2001; Thomas, 2003).

The first prediction tested in this study was that people would display equally
effective navigation in the three rooms. This prediction was made on the basis that the
emotional stimuli used as distal cues would not be considered a proximal threat, and thus
would not stress the participant enough to cause memory problems. Lang et al. (1997)
suggest that a participant reacting to highly arousing pictures in a laboratory setting is in an
attentional freezing state; that is, the participant is oriented to the stimulus, will process the
contextual details, and will retrieve any relevant information from memory. This attentional
state would not, however, be enough of a stressor to activate the hypothalamic-pituitary-
adrenal axis, and thus result in the release of cortisol (Lovallo & Thomas, 2000). As
discussed in Chapter 1, stress-induced effects on spatial/episodic memory occur when there is
a sufficient release of stress hormones (i.e., cortisol) to disrupt the functioning of brain
structures such as the hippocampus (de Kloet et al., 1999; de Quervain et al., 2009; Jacobs &
Metcalfe, 1998; Roozendaal et al., 2009; Schwabe et al., 2012; Wolf, 2009). Thus, the present
study did not attempt to explore the effects of stress, but rather attempted to explore the

effects of the content of the landmarks on place learning and memory.
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As predicted, there were no between-room differences in navigational performance.
The data analyses detected no significant between-room differences in path length on each of
the seven acquisition trials. Furthermore, on the probe trial, there were no between-room
differences in dwell time (i.e., the amount of time participants searching for the target where
it had been located previously). These results suggest that, in a VE, people are just as capable
of finding, learning, and remembering the location of a target in a room featuring ‘cool’
(neutral) landmarks as in a room featuring ‘hot’” (emotionally arousing) landmarks. In
addition, participants’ navigation performance was not affected by the use of Hot Appetitive
versus Hot Defensive pictures as landmarks.

The second hypothesis tested here was that the content of the stimuli would influence
participants’ recognition memory for the landmarks in the room. Specifically, the prediction
was that participants would have stronger recognition memory for the pictures featuring
arousing content than those featuring neutral content. Consistent with this prediction,
participants’ ORT recognition scores were higher for the (arousing) pictures in the Hot
Defensive and the Hot Appetitive rooms than for the (neutral) pictures in the Cool room. This
finding is consistent with a large body of previous research showing that memory for
emotionally arousing material is stronger than memory for neutral material (e.g., Heuer &
Reisberg, 1990; La Bar & Cabeza, 2006; Packard & Goodman, 2012; Payne et al., 2006;
Reisberg & Heuer, 2004; Wolf, 2009). However, further analyses revealed that this effect
was seen only in the women and not the men.

The third hypothesis tested here was derived from previous literature showing that
there are robust sex differences in spatial cognition (e.g., Andreano & Cahill, 2009; Clint et
al., 2012; Johnson & Bouchard, 2005, 2007). Specifically, the prediction was that men’s
navigational and memory performance would be superior to that of women in all rooms of
the CG Arena. This hypothesis was not confirmed; there were no sex differences on any of
the outcome measures.

It would be premature to draw definite conclusions concerning sex differences owing
to the small sample size used in this study. There were only 12 men and 12 women in the
sample, and hence there may not have been enough statistical power to detect sex differences.
Chapter 6 gives further elaboration and discussion of sex differences in relation to the

findings presented in this dissertation.
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Conclusion

The present study attempted to examine navigation, learning and memory in three
virtual environment rooms that contained distinctly different landmarks. Although the stimuli
employed as landmarks had been judged in a previous study (presented in Appendix A) as
being significantly different in pleasure (being either highly unpleasant, neutral, or pleasant)
and arousal (being either highly arousing or neutral), the current study showed that these
emotionally-charged landmarks did not influence spatial navigation performance. This lack
of influence existed despite the fact that participants had better recognition memory for the
arousing stimuli than the neutral stimuli. In conclusion, the results obtained from this study
verify that the Hot Defensive, Hot Appetitive, and Cool rooms created in the CG Arena are
appropriate tools to use in subsequent studies investigating the effects of stress on visual and

spatial memory retrieval.
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CHAPTER THREE:
STUDY B — VALIDATION OF THE STRESSOR

As introduced in previous chapters, the current dissertation aims to explore the effects
of stress on visual and spatial memory retrieval in humans by systematically replicating de
Quervain et al.’s (1998) pioneering (rodent) study. The previous chapter in this dissertation
endeavored to create and verify the visual and spatial tasks to be used in Chapters 4 and 5.
The present chapter aims to formulate and validate a suitable substitute stressor for the foot-
shocks administered to rodents in de Quervain et al.’s study. As foot-shocks are absolute
stressors (i.e., physiological stressors), the aim of this study is formulate a stressor that
contains a physical stressor component and induces a moderate to large cortisol response.

As discussed in Chapter 1, exposure to both absolute and relative stressors activates
two primary stress response systems in the body. Both these systems are characterized by the
release of stress hormones that facilitate adaptation to the threatening situation (de Kloet et al.
2005; Herbert et al., 2006; McEwen, 1998). The first system is orchestrated primarily by the
sympathetic nervous system and sees the rapid release of catecholamines (e.g., epinephrine
and norepinephrine) that produce increases in heart rate, respiration, and blood pressure. The
second system is activated more slowly, and is initiated solely by the hypothalamic-pituitary-
adrenal (HPA) axis (Roozendaal et al., 2006, 2009). This activation results in the release of
glucocorticoids (corticosterone in non-human animals; cortisol in humans) from the adrenal

cortex.

Laboratory Stressors

Empirical study of the ways in which stress affects human psychobiological,
cognitive, and affective processes (and, therefore, the ways in which stress affects human
health) demands that researchers have reliable methods of experimentally stimulating the
HPA axis. The Trier Social Stress Test (TSST; Kirschbaum, Pirke, & Hellhammer, 1993) and
the Cold Pressor Test (CPT; Hines & Brown, 1932) are two methods that neuroscientists use
frequently to induce stress in the laboratory. The TSST involves participants undergoing a
mock job interview; it consists of a short preparation period, a 5-minute speech and a 5-
minute verbal arithmetic task. The CPT, in contrast, requires participants to hold their hands
and forearms in ice water for up to 3 minutes. These two methods, therefore, induce stress
responses differently: Whereas the TSST manipulates psychological and social-evaluative

elements, the CPT manipulates physiological elements.



77

Neither method, however, consistently activates the HPA axis in all participants.
Typically, the CPT elicits strong SNS activation but only moderate HPA-axis responses
(Duncko, Cornwell, Cui, Merikangas, & Grillon, 2007; Schwabe, Haddad, & Schachinger,
2008). Typically, the TSST elicits a stronger HPA-axis response than the CPT (McRae et al.,
2006), but it does not elicit consistent HPA-axis responses across participants. For example,
some researchers (e.g., Buchanan & Tranel, 2008; Schoofs & Wolf, 2009) have reported low
numbers of cortisol responders to the TSST, while others (e.g., Kuhlmann et al., 2005; Luethi
et al., 2009; Nater, 2007; Schoofs et al., 2008) have chosen to use male-only samples because
the TSST typically elicits a larger stress response in men than in women. These sex
differences in TSST response appear related to HPA-axis (re)activity (Kudielka et al., 2009).
Furthermore, potential explanations for the TSST’s ability to induce a greater HPA-axis
response than the CPT include the nature (psychosocial versus physiological), duration (20
min versus 3 min), and uncontrollability/unpredictability of the procedures (Dickerson &
Kemeny 2004; Smeets et al., 2012).

Recently, at least two different studies have investigated the question of whether
combining elements of the TSST and CPT might lead to stronger, and more consistent, HPA-
axis responses. The rationale for combining elements of the two stress-induction procedures
is this: The CPT induces, because of the experience of physical pain, a rapid stress response
via activation of the autonomic nervous system and HPA axis. Neural correlates believed to
underlie this reflexive physical response are the brainstem and hypothalamus (Ulrich-Lai &
Herman, 2009). In contrast, the TSST utilises psychosocial stress elements that require
cognitive appraisal. This cognitive evaluation of the stressor is associated with activity in the
frontal lobes and thalamus, which sees resulting connections from prefrontal and limbic
regions to the hypothalamus activating the HPA axis (Dickerson & Kemeny, 2004; Ulrich-
Lai & Herman, 2009). Combining psychosocial and physical stressors can, therefore, be
expected to strongly activate both autonomic and HPA-axis responses.

Consistent with this expectation, several new stress induction methods that combine
psychological and physiological elements of the TSST and CPT have reported encouraging
results. For example, Schwabe et al. (2008c) demonstrated that adding a socio-evaluative
component to the CPT (i.e., being watched by a confederate and being videotaped while
dipping a hand into ice water) increased HPA-axis response over the standard CPT.
Similarly, Smeets et al. (2012) demonstrated that the Maastricht Acute Stress Test (MAST),
which features the addition of another component of the TSST (a socially evaluated mental

arithmetic task) to Schwabe et al.’s Socially Evaluated CPT (SECPT), elicited even greater
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HPA-axis activation than the standard CPT and than the SECPT. However, cortisol

elevations in response to the MAST were similar to those elicited by the TSST.

Aims and Hypotheses

In the current study, I ask if combining al/l the components of the TSST with those of
the CPT will elicit a greater cortisol response than the standard TSST. Hence, I describe an
ecologically valid procedure that contains the entirety of both the CPT and the TSST, and that
maintains, to a large degree, the fiction set forth in the latter. The method, which involves
participants undergoing a mock audition for the reality television show Fear Factor,
combines the psychological aspects of the TSST and the physiological aspects of the CPT
into a single, believable, and ethical procedure. I compared changes in subjective anxiety,
heart rate, and cortisol levels produced by the Fear-Factor Stress Test (FFST), the TSST, and
a control procedure with similar mental and physical demands to the FFST but devoid of its
stress-inducing features.

I tested the prediction that the Fear-Factor Stress Test produces greater increases in
subjective anxiety, heart rate, and cortisol than the Trier Social Stress Test or a no-stress
Control condition. Hence, I expected this pattern of data for all outcome variables: FFST >

TSST > Control.

Methods
Participants
Ninety healthy university students (45 men, 45 women) between the ages of 18 and
27 years (M = 19.76; SD = 1.82) met the eligibility criteria for participation. Exclusion
criteria included smoking tobacco, using any prescription medication (including oral
contraceptives), and scoring > 29 on the Beck Depression Inventory - Second Edition (BDI-
II; Beck et al., 1996). Participants were asked to refrain from eating, drinking, or doing

physical exercise for at least 2 hours before testing.

Experimental Manipulations

Participants were pseudo-randomly assigned to one of three experimental groups:
Fear-Factor Stress Test (FFST; n = 30); Trier Social Stress Test (TSST; n = 30); and Control
(n=30). Each group contained equal numbers of men and women because previous studies
in this field have reported sex differences in the magnitude of HPA-axis activation following

stress induction in the laboratory (e.g., Kirschbaum et al., 1992; Kudielka & Kirschbaum,
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2005). I did not include a CPT group because previous studies demonstrate that stress-
induction methods that include social evaluative components (e.g., TSST, SECPT) elicit
greater HPA-axis responses