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General introduction



General Introduction

1. Stress – An introduction to this thesis

Stress is a fundamental part of human experience. We are all familiar with feeling 

stressed or encountering a stressful situation, whether we have to give a presentation, 

take an exam, compete in sports or plan our holiday. The word stress is commonly used 

in our daily life and a frequent topic in the newspapers. However, there is no general 

consensus on the definition of stress. The concept of stress was first introduced in a 

biological perspective by Hans Selye, who described stress as a “non-specific response 

of the body to any demand placed upon it” (Selye, 1936). In the context of this thesis, 

stress is referred to as the subjective experience that physiological or psychological bal-

ance, or homeostasis, can potentially be disrupted by an actual or anticipated event or 

stimulus (a “stressor”).

While stress is typically discussed in a negative context, stress itself is not necessarily 

bad. When an organism experiences stress, the body reacts in diverse ways to cope with 

the situation at hand (see 2. The stress response). The stress system allows complex and care-

fully regulated adaptation that helps us cope with threatening situations and restore 

homeostasis and balance. To cope effectively with a stressor, the stress response should be 

activated rapidly and terminated efficiently after the stressor has ceased. This generally 

leads to adaptive behavior that is most relevant for the situation. However, in a situation 

of prolonged stress exposure or dysregulation of the physiological stress response, this 

adaptive system can turn into being maladaptive and can be a risk factor for the develop-

ment of psychopathology (see 3. Stress and psychopathology). 

Stress hormones are known to affect many brain areas that are important for cog-

nitive functioning (see 4. Stress and the brain), and thus play an essential role in cogni-

tive performance. Before proceeding to an overview of stress effects on cognition, I will 

introduce the various methods that can be used to induce and measure stress (see 5. 

Studying stress in humans). I will then discuss the known effects of stress and stress hor-

mones on several cognitive domains, including different memory processes and deci-

sion making (see 6. Stress, cognition and some of the modulating factors). As this overview will 

illustrate, stress effects reported for these domains are complex and often contradictory, 

sometimes impairing and sometimes enhancing cognitive functioning. Importantly, it 

depends on the situation at hand what behavior will be adaptive at a certain moment. 

Therefore, it can be reasoned that stress also exerts different effects depending on situ-

ational factors. Examples of such modulators of stress effects on cognition will be given 

for different cognitive processes. Finally, a common modulatory factor for both memory 

formation and decision making will be introduced: the timing of stress relative to the 

cognitive task (see 7. Timing as a modulator of stress’ effects on cognition). The aim of this the-

sis is to investigate how timing and several other factors, e.g. steroid receptors and sex 

differences, can modulate the effects of stress and stress hormones in several cognitive 

domains (see 8. Outline of this thesis). This knowledge may help explain why stress is adap-

tive, which factors contribute to the adaptive behavior, and how adaptive effects can 

turn into maladaptive behavior.
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2. The stress response

When an individual is confronted with a stressful situation, various physiological 

systems are activated that restore homeostasis and enable the appropriate behavioral re-

sponse to cope with the challenge at hand. The magnitude of the stress response depends 

on psychological processes like the loss of control or of predictability. The stress response 

involves activation of two main neuroendocrine pathways: the autonomic nervous sys-

tem (ANS) and the hypothalamic-pituitary-adrenal (HPA) axis. These pathways eventually 

lead to the release of catecholamines (adrenaline and noradrenaline) and corticosteroids 

(mainly corticosterone in rodents and cortisol in humans), respectively (see Figure 1). 

These molecules play a central role in modulating stress effects on cognition, and are of 

great importance for the research discussed in this thesis. 

2.1 The autonomic nervous system
In response to acute stress, a fast peripheral reaction is triggered by stimulating 

the sympathetic branch of the ANS. Activation of the sympatho-adrenomedullary (SAM) 

axis, originating in the hypothalamus, leads to the release of adrenaline from the ad-

renal medulla and noradrenaline from sympathetic nerve endings via activation of the 

locus coeruleus. This nucleus is a primary source for an extensive (nor)adrenergic net-

work in the forebrain, and projects to areas such as the cerebral cortex, cerebellum,  

Figure 1 Schematic representation 

of the different components of the 

ANS (on the left) and the HPA axis 

(on the right).CRH 

ACTH 

Hypothalamus 

Pituitary Gland 
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amygdala, hippocampus and hypothalamus (Foote et al., 1983). The release of catecho-

lamines leads to increases in heart rate, blood pressure, respiration rate and pupil di-

lation. In this way, the organism enters a state of heightened alertness, vigilance and 

arousal which prepares for immediate attempts to cope with the stressor, characterized 

as the ‘fight-or-flight response’ (Cannon, 1929). At the same time, suppression of the para- 

sympathetic branch of the ANS leads to decreased digestive activity and glucose storage. 

These responses are initiated within seconds after stress, and under normal circum-

stances the system returns to its baseline state within minutes after the stressful situa-

tion has ceased. 

2.2 The hypothalamic-pituitary-adrenal axis
On a slightly slower timescale a second major stress system, the HPA axis, is activated.

The HPA axis leads to hormonal changes that underlie the more sustained components 

of the stress response, like the normalization of homeostasis and the storage of informa-

tion in preparation for future use (De Kloet et al., 2005). In response to a stressor, the 

neuropeptides corticotrophin-releasing hormone (CRH) and arginine vasopressin (AVP) 

are secreted by the paraventricular nucleus of the hypothalamus. This nucleus receives 

sensory inputs as well as afferents from limbic areas, areas which are implicated in cog-

nition and emotion (Ulrich-Lai and Herman, 2009). CRH can subsequently induce the re-

lease of adrenocorticotrophic hormone (ACTH) from the anterior pituitary, a process that 

is facilitated by AVP. ACTH enters the bloodstream and stimulates the adrenal cortex to 

synthesize and secrete corticosteroids.

Under basal conditions corticosteroids are released in a circadian rhythm with hour-

ly ultradian pulses. The amplitude of these ultradian pulses is highest at the start of the 

active phase (for rodents in the evening, for men in the morning), while pulse amplitudes 

decrease towards the rest phase (Veldhuis et al., 1990; Young et al., 2004). Moreover, ex-

posure to stress in the rising phase of the ultradian pulse will lead to a large increase in 

corticosteroid release, while exposure in the falling phase will result in a much smaller 

increase in corticosteroid levels (Windle et al., 1998; Young et al., 2004).

Via a negative feedback mechanism, corticosteroids downregulate the release of 

both CRH by the hypothalamus and the release of ACTH by the pituitary gland, thereby 

regulating their own release. As a consequence, the stress response is dampened and ho-

meostasis can be restored (Sapolsky et al., 2000; Tsigos and Chrousos, 2002). The HPA axis 

responds somewhat slower than the SAM axis, corticosteroids reaching peak levels in plas-

ma after 15 to 20 minutes and declining slowly to pre-stress levels 60-90 minutes later (De 

Kloet et al., 2005). However, the effects can last much longer, due to a cascade of genom-

ic effects that is triggered when corticosteroids bind to their receptors. Although the  

effects of corticosteroids are not consciously noticeable, circulating corticosteroids reach 

and affect many organs throughout the body, including the brain. Stress-induced corti-

costeroid release promotes a host of peripheral effects, including immunosuppression, 

inhibition of reproductive behavior and regulation of the glucose metabolism. In addi-

tion, corticosteroids can also influence mood and cognitive functioning.
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2.3 Corticosteroid receptors
Corticosteroid receptors are not only present in the periphery, but are also abundant-

ly expressed in the brain (McEwen et al., 1986). Corticosteroids can enter the brain and 

exert their effects on central stress circuitry through binding to two nuclear receptors, 

which influence brain function primarily by modulating gene transcription (De Kloet et 

al., 2005): the mineralocorticoid receptor (MR) and the glucocorticoid receptor (GR). GRs 

and MRs differ in both their localization in the brain and their affinity for corticoster-

oids. GRs are widely expressed throughout the brain, while MRs are mainly localized in 

limbic structures (Fuxe et al., 1985; Reul and de Kloet, 1985; Ahima and Harlan, 1991). 

Co-localization of MRs and GRs is found in the hippocampus, an area which is critical for 

learning and memory processes. The MR has a tenfold higher affinity for corticosteroids 

than the GR (Reul and De Kloet, 1985), which leads to a differential binding pattern of 

the two receptors, depending on the circulating levels of corticosteroids. The MR is exten-

sively occupied under basal conditions, tonically regulating HPA axis activity, while the 

GR becomes substantially occupied only when plasma corticosteroid levels are high, for 

instance during acute stress or at the peak of the circadian rhythm. GRs are thought to 

mediate the somewhat slower, genomic aspects of the stress response, like normalizing 

stress-induced effects and the storage of stress-related information for future events.

Both the MR and GR are nuclear receptors, which act as transcription factors to regu-

late gene expression (Beato et al., 1996; Lu et al., 2006). After binding to corticosteroids, 

the receptor-ligand complex is translocated from the cytoplasm to the nucleus. During 

this process, the MRs or GRs can form homodimers or heterodimers and will occupy bind-

ing sites in the DNA promoter regions of the target genes, resulting in altered gene ex-

pression of corticosteroid responsive genes (Datson et al., 2008). Additionally, monomeric 

receptors can directly bind to other transcription factors, and by these protein-protein 

interactions MRs and GRs can also alter genomic processes of other target genes (De Kloet 

et al., 1998; Reichardt et al., 1998).

Recently, it has become clear that corticosteroids can also exert their effects inde-

pendent of slow intracellular gene-mediated pathways. Membrane-bound variants of cor-

ticosteroid receptors have been described in several brain areas (Orchinik et al., 1991; Di 

et al., 2003; Johnson et al., 2005; Karst et al., 2005, 2010; Tasker et al., 2006). These recep-

tors are suggested to mediate rapid, non-genomic effect via direct modulation of second 

messenger systems. Importantly, the presence of those membrane-bound corticosteroid 

receptors shed new light on the traditional role of the MR and the GR in the stress re-

sponse. For a long time the significance of the MR in the stress response has been ques-

tioned because of its high affinity for corticosteroids. The membrane-bound MR, how-

ever, appears to have a much lower affinity and may therefore respond to stress-induced 

elevations of corticosteroids. In line with this hypothesis several animal studies recently 

indicated a role of the MR in the early phase of the stress response and in fast effects on 

cognitive processes (Pace and Spencer, 2005; Khaksari et al., 2007; Schwabe et al., 2010a). 

However, at the start of my project virtually nothing was known about a potential role 

of MRs in cognitive processing in humans.
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3. Stress and psychopathology

The described physiological changes in response to acute stress serve an adaptive 

function. However, in a situation of very severe or prolonged stress exposure, stress can 

also be harmful. If coping and adaptation fails, the ANS and HPA axis may not be ad-

equately contained or not be terminated efficiently, eventually leading to depletion of en-

ergy sources. In this way, the adaptive stress system can turn maladaptive and can become 

a risk factor for the development of psychopathology. Importantly, only some individuals 

develop a stress-related disorder, while most individuals do not develop psychopathology 

in a comparable situation. The ‘three hit model’ (De Kloet et al., 2007) proposes that this 

vulnerability or resilience to develop a stress-related disorder can be explained in terms 

of genetic variability (hit 1) interacting with early life experiences (hit 2), together influ-

encing the stress responses following a major challenge (hit 3) later in life. Here, I will 

introduce two major stress-related psychiatric disorders, their relation to stress responses 

and stress as a risk factor for the development of psychopathology.

3.1 Major depressive disorder
Major depressive disorder (MDD; also known as major depression, clinical depression 

or unipolar disorder) is a mental disorder characterized by an all-encompassing low mood 

accompanied by low self-esteem and markedly diminished interest and pleasure in ac-

tivities (American Psychiatric Association, 1994). Further symptoms can include impaired 

concentration, insomnia or hypersomnia, restlessness and significant weight loss or gain. 

The lifetime prevalence of MDD is at least 10% (Andrade et al., 2003; Kessler et al., 2003) 

and is about twice as common in women as in men (Kuehner, 2003).

Convincing evidence suggests that stress and HPA axis disturbances are at least partly 

underlying the pathophysiology and course of MDD. First, an important risk factor for 

the development of MDD is earlier exposure to stressful events, especially during child-

hood (Heim and Nemeroff, 2001). Childhood sexual abuse and parental loss as well as 

stressful life events have been shown to increase the risk to develop depression (Kendler 

et al., 2002, 2004). Evidence from rodent studies demonstrated that exposure to early-life 

stress or chronic stress in adulthood induces changes in the expression of corticosteroid 

receptors and leads to profound effects on HPA axis functioning, behavior and emotional 

arousal (Sutanto et al., 1996; Champagne et al., 2008; Sterlemann et al., 2008). Second, dis-

turbed functioning of the HPA axis is one of the most consistent neurobiological findings 

in MDD, affecting about 50% of all patients (Holsboer, 2000). This HPA axis malfunction-

ing has been demonstrated by increased cortisol levels (Deuschle et al., 1998a; Belanoff 

et al., 2001b; Römer et al., 2009), flattened circadian cortisol rhythm (Deuschle et al., 

1997; Van den Bergh and Van Calster, 2009), impaired negative feedback as measured by 

the CRH/dexamethasone suppression test (Heuser et al., 1994) or increased CRH levels 

(Raadsheer et al., 1994). In addition, several studies have linked increased cortisol levels 

to impaired cognitive function in depressed patients (Rubinow et al., 1984; Belanoff et al., 

2001b). Finally, it has been proposed that persisting dysregulation of HPA axis parameters 
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predicts relapse or recurrence of depressive episodes (Zobel et al., 2004), while normaliza-

tion of these parameters is associated with successful recovery after antidepressant treat-

ment (Holsboer et al., 1982; Barden et al., 1995; Nickel et al., 2003).

As the MR and GR play a crucial role in HPA axis function and regulation as well as 

in cognitive processes and behavioral adaptation, it has been proposed that once the bal-

ance between those receptors is disturbed, an individual loses the ability to cope with 

challenging situations and restore homeostasis. Therefore, impaired corticosteroid recep-

tor signaling or MR/GR imbalance may be a key mechanism in the pathogenesis of MDD, 

as formulated in the corticosteroid receptor hypothesis of depression (Holsboer, 1999; de 

Kloet et al., 2007). Interestingly, in addition to the correlation between successful recov-

ery after antidepressant treatment and HPA axis normalization, it has been shown that 

modulation of MR activity influences the clinical response to antidepressants (Holsboer, 

1999; Otte et al., 2010). Together, this renders the HPA axis as a plausible target for novel 

antidepressants, thereby aiming to restore the MR/GR balance.

3.2 Posttraumatic Stress Disorder
Posttraumatic stress disorder (PTSD) is an anxiety disorder with a well-defined etiol-

ogy that involves a cognitive, emotional, and physiological failure to adequately process 

and/or recover from exposure to an extreme stressor (American Psychiatric Association, 

1994). This stressor may involve threatened death or serious injury, or a threat to the 

physical or psychological integrity of self or others. Symptoms include re-experiencing 

the original traumatic event through flashbacks or nightmares, avoidance of stimuli 

associated with the trauma and increased arousal, such as sleeping difficulties, anger 

or hypervigilance. More than 60% of the population experiences at least one traumatic 

event in their life, and the lifetime prevalence of PTSD is estimated at 5% in men and 

10% in women (Kessler et al., 1995).

PTSD is accompanied by alterations in the stress response, which is not surprising 

since the disorder generally develops after exposure to a severe stressor. Studies consist-

ently report elevated baseline CRH levels in the cerebrospinal fluid of PTSD patients 

(Bremner et al., 1997a; Baker et al., 1999), while baseline cortisol levels in PTSD patients 

are generally found to be lower than normal (Yehuda et al., 1990, 1995; Bremner et al., 

2003). This can be explained by exaggerated negative feedback within the HPA axis, 

which is supported by studies showing enhanced suppression of cortisol in a low dose 

dexamethasone suppression test (Yehuda et al., 1995; Goenjian et al., 1996; Stein et al., 

1997b). In contrast to the finding of reduced basal cortisol levels, there is evidence that 

the cortisol response to psychological stress is enhanced in PTSD patients (Heim et al., 

2000; Elzinga et al., 2003). Moreover, prospective studies suggest that lower cortisol lev-

els shortly after trauma exposure are a risk factor for the subsequent development of 

PTSD (McFarlane et al., 1997; Delahanty et al., 2000).

An essential component in PTSD is the disturbance of memory. The re-experiencing 

symptom criteria of PTSD include intrusive memories of the traumatic event, and the 

avoidance symptom criteria include the inability to recall important aspects of the trauma.  
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Many studies have reported declarative memory deficits in PTSD patients (Gilbertson et 

al., 2001; Golier et al., 2002; Bremner et al., 2004). In addition, prospective and twin stud-

ies suggest that pre-existing memory deficits increase vulnerability to develop PTSD (Gil-

bertson et al., 2006; Parslow and Jorm, 2007). It is likely that memory dysfunction is both 

a pre-existing factor for the development of PTSD, as well as a consequence of the trauma 

(Samuelson, 2011). As will be discussed later (see 5. Stress and cognition), both the SAM and 

HPA axis can influence emotional memory processes. Therefore, it is likely that stress 

influences on memory processes underlie the development of the traumatic memory 

traces in PTSD. Basic knowledge on how stress and stress hormones affect memory pro-

cesses might have implications for the understanding and treatment of PTSD.

4. Stress and the brain

The brain plays a critical role in the physiological and behavioral responses to stress, 

which in most cases is adaptive but can turn into being maladaptive and thereby increase 

the vulnerability to disease. Although it is important to keep in mind that the brain is a 

complicated network and brain areas are highly interconnected, several important brain 

structures are proposed to play a key role in the stress response and its behavioral conse-

quences. Besides the hypothalamus and the brain stem, which are essential for autonom-

ic and neuroendocrine responses to stress, higher cognitive areas implicated in memory  

processes, anxiety and decision making are main targets of stress hormones. Here, I will 

discuss the effect of stress and stress hormones on three such brain regions: the hippo-

campus, the amygdala and the prefrontal cortex (see Figure 2).

4.1 Hippocampus
The hippocampus is part of the limbic system and is critically implicated in learn-

ing and memory processes. The first evidence to strongly implicate the hippocampus 

in the consolidation of new information came from several patients with severe amne-

Prefrontal 
Cortex 

Amygdala 
Hippocampus 

Figure 2 Brain structures that play 

a key role in the stress response and 

its behavioral consequences.
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sia, including patient Henry Molaison (H.M.), who suffered from severe epilepsy. As a 

treatment, his medial temporal lobe was removed, including the hippocampus and the 

amygdala. This resulted in a disability to form new memories (anterograde amnesia), 

while other cognitive functions or intelligence remained intact (Scoville and Milner, 

1957). Later studies in patients and rodents confirmed that the hippocampus plays 

an essential role in declarative memory, the memory for events and facts, but not in 

non-declarative or procedural memory (Morris et al., 1982; Zola-Morgan et al., 1986; 

Eichenbaum, 2000). 

Because the hippocampus was one of the first brain regions to be recognized as a 

target for corticosteroids and has a high density of MRs and GRs, this area has been ex-

tensively studied in relation to effects of stress and corticosteroids. Neural plasticity, fir-

ing rates, morphology and neurogenesis in the hippocampus are profoundly affected by 

stress and corticosteroids, most likely contributing to the well-documented effects of stress 

on learning and memory processes. For example, long-term potentiation (LTP, thought to 

represent the neurobiological substrate for learning and memory) can be enhanced or 

impaired by corticosterone, depending on several factors like timing and intensity (Joëls et 

al., 2006): weak forms of LTP are enhanced in a rapid but suppressed in a slow manner by 

corticosteroids; slow corticosteroid effects can enhance LTP induced by a strong stimulation 

protocol (which involves activation of calcium channels). Chronic or repeated stress can 

lead to more persistent changes in the rodent brain, like decreased dendritic branching 

(Magariños and McEwen, 1995; Alfarez et al., 2009) and reduction of neurogenesis in the 

dentate gyrus (Mirescu and Gould, 2006). Moreover, it has been demonstrated that pro-

longed cortisol elevations in humans studied over five years predicted reduced hippocam-

pal volume and reduced performance on declarative memory tasks (Lupien et al., 1998).

There are also clear indications that the hippocampus is affected in patients with 

stress-related disorders. Imaging studies reported that hippocampal volume is reduced 

in depressed patients (Bremner et al., 2000; Campbell et al., 2004) as well as in patients 

with PTSD (Gurvits et al., 1996; Bremner et al., 1997b). This reduction in hippocampal 

volume was shown to be associated with disease severity and cognitive deficits in both 

MDD (Sheline et al., 1999; MacQueen et al., 2003) and PTSD (Gurvits et al., 1996; Stein et 

al., 1997a). Interestingly, a twin study showed that healthy twin brothers of PTSD patients 

also had reduced hippocampal volumes (Gilbertson et al., 2002), suggesting that a smaller 

hippocampus may represent a preexisting risk factor for the development of PTSD.

4.2 Amygdala
The amygdala is a group of nuclei located in the medial temporal lobe, and is also 

part of the limbic system. It is positioned next to the hippocampus (see Figure 2), and 

the two structures are extensively interconnected. Early research on primates provided 

insight in the function of the amygdala, when temporal cortex lesions including the 

amygdala resulted in significant emotional deficits (Klüver and Bucy, 1939). Later studies 

indicated a role for the amygdala in emotional memory, demonstrating the importance 

of the amygdala in forming an association between neutral stimuli and an aversive event 
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during fear conditioning (LeDoux et al., 1990; LeDoux, 1993). Also in humans, the amyg-

dala has been shown to mediate a range of emotional functions, like the consolidation 

of emotional memories (Cahill et al., 1995) and the processing of emotional facial expres-

sion (Morris et al., 1996).

The influence of stress and stress hormones on the amygdala has not been as well 

studied as in the hippocampus. Chronic stress, however, appears to affect amygdala struc-

ture in a way opposite to what has been reported for the hippocampus. More specifically, 

chronic stress causes hypertrophy of neurons in the amygdala (Vyas et al., 2002; Mitra et 

al., 2005) and enhances anxiety (Vyas and Chattarji, 2004). The same results were found 10 

days after a single corticosterone treatment (Mitra and Sapolsky, 2008). 

Because of the involvement of the amygdala in emotional memory, this structure 

has often been investigated in relation to PTSD. Numerous studies have found amygdala 

activity to be enhanced in PTSD patients versus controls in response to both trauma re-

minders (Liberzon et al., 1999; Shin et al., 2004; Protopopescu et al., 2005) and general 

negative stimuli (Rauch et al., 2000). In addition, positive correlations between amygdala 

activation and PTSD symptom severity were found (Rauch et al., 2000; Shin et al., 2004; 

Protopopescu et al., 2005). Although earlier neuroimaging studies on amygdala volume 

in PTSD patients have been inconclusive (Karl et al., 2006; Woon and Hedges, 2009), a 

recent study found that, in line with the effects of chronic stress in rodents, PTSD was 

associated with enlarged amygdala volume in a large homogeneous group of patients 

(Kuo et al., 2012).

4.3 Prefrontal cortex
The prefrontal cortex (PFC) is one of the most evolved brain regions. It has extensive con-

nections with many cortical and subcortical regions, including the hippocampus and the  

amygdala. The PFC has been implicated in higher cognitive functions like goal-directed  

behavior, decision making, emotion regulation, but also in working memory and mem-

ory encoding and retrieval processes (Miller and Cohen, 2001; Teffer and Semendeferi, 

2012). Perhaps the most famous case demonstrating prefrontal cortex function is that 

of Phineas Gage, whose frontal lobes were extensively damaged by a large iron rod that 

was driven through his head in a railroad accident. Although his intelligence, speech and 

motor skills remained mostly unaffected, his personality changed radically; he became 

irresponsible, impatient, inflexible, he no longer demonstrated respect for social customs 

and was no longer able to hold a responsible job (Harlow, 1868). Later studies in patients 

and rodents confirmed that the PFC plays an essential role in executive functions (Dama-

sio et al., 1990; Heidbreder and Groenewegen, 2003; Cato et al., 2004).

The PFC is another area that is very susceptible to stress and stress hormones. Chron-

ic stress or corticosterone treatment caused dendritic atrophy in the medial PFC (Cook 

and Wellman, 2004; Izquierdo et al., 2006; Cerqueira et al., 2007) and reductions in spine 

density (Radley et al., 2006; Shansky et al., 2009). In humans, there is preliminary evi-

dence of altered activation of PFC regions in response to psychosocial stress (Qin et al., 

2009) or corticosteroid administration (Henckens et al., 2011).
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PFC structure and functioning have been linked to many different disorders, among 

which MDD and PTSD. Reduced volumes in prefrontal regions have been reported in 

both depressed (Koolschijn et al., 2009) and PTSD patients (Kühn and Gallinat, 2012). 

Functional neuroimaging studies of PTSD have reported decreased activation or failure 

to activate the medial PFC during both trauma reminders (Bremner et al., 1999; Shin et 

al., 2004) and general negative stimuli (Phan et al., 2006; Kim et al., 2008). In addition, it 

has been hypothesized that prefrontal deficits could be involved in the failure to extinct 

the traumatic memory in PTSD (Rauch et al., 2006), which is supported by the finding of 

relatively diminished activation of the medial PFC in PTSD patients during extinction 

(Bremner et al., 2005).

5. Studying stress in humans

Before I proceed to the discussion of different cognitive processes and stress effects 

on those processes, I will shortly introduce the methods of stress induction and assess-

ment that are used in the chapters of this thesis.

5.1 Stress induction versus corticosteroid administration
Studies investigating the effects of stress typically either induce stress or pharma-

cologically manipulate stress hormone levels, like corticosteroids. Both methods will be 

explained in this section. Stress induction in rodents can be operationalized in many dif-

ferent ways, from restraining the animal in a tube for a certain time to social disruption 

or defeat, to exposing them to predator odor. In humans, it is more difficult to induce 

stress. The most commonly used paradigm that reliably induces stress is the Trier Social 

Stress Test (Kirschbaum et al., 1993). The TSST combines several stressful components, 

including anticipation, social evaluation, unpredictability and loss of control. The TSST 

Figure 3 Setting of the Trier Social Stress Task (TSST).
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starts with an anticipatory stress phase, during which the participant is asked to prepare 

a presentation. In most studies this presentation is framed as part of a job interview. 

Participants are allowed to take notes to organize their presentation, but their notes are 

unexpectedly taken away before they have to present. During the presentation compo-

nent, a committee consisting of two or three members observes the participants without 

comment, and maintains a neutral expression throughout the test. Moreover, subjects 

are video and audio-taped. The presentation is immediately followed by a surprise mental 

arithmetic component, during which the participant is asked to count backwards from 

a high number (1022) in steps of 13. If a mistake is made, they must start again from the 

beginning. In total, the TSST lasts approximately 15-20 minutes. The TSST reliably induces 

a subjective state of psychological stress, as well as ANS and HPA axis responses.

One can also directly manipulate corticosteroid levels through the administration of 

corticosterone (in animals) of cortisol (in humans), although this mimics only one aspect 

of the stress response. Conversely, corticosteroid receptor functioning can be targeted by 

specific antagonists (spironolactone for the MR and mifepristone for the GR), usually in 

combination with stress exposure. In rodents, those substances are often injected subcu-

taneously or intravenously, but also specific brain areas can be targeted by infusing sub-

stances directly into e.g. the hippocampus or amygdala. In humans the drugs are usually 

administered orally. In addition to glucocorticoid levels, also adrenergic receptors can be 

targeted by administering the agonist yohimbine or the antagonist propranolol.

Both behavioral and pharmacological methods come with advantages and limita-

tions. When administering a pharmacological substance, a specific part of the stress re-

sponse can be targeted in a controlled fashion, and thereby enables us to reveal the role 

of specific hormones and receptors in determining stress effects on cognition, which is 

informative about that component but disregards other aspects of the stress response. 

Stress induction is more natural and mimics the stress responses one experiences in 

real life, including all physiological and psychological effects, yet is less controlled.  

5.2 Stress assessment
The definition of stress is not an easy one, and consequently there is no single best 

measure of stress. Stress measures can be divided into two categories: psychological ques-

tionnaires and physiological measures. A wide variety of questionnaires have been devel-

oped to assess the psychological factors that are associated with stress in humans. Those 

can vary from visual analogue scales (VAS), where subjects can specify their subjective 

state or feeling by indicating a position along a continuous line between two end-points 

(i.e., ‘not stressed at all’ vs. ‘very stressed’), to a list of specific questions about their cur-

rent state, for example the positive and negative affect scale (PANAS; Watson et al., 1988) 

or the state anxiety index (STAI-S; Spielberger et al., 1970).

As opposed to psychological measures, physiological measures can be assessed in 

both animals and humans. By these means, we can measure markers of HPA axis and 

SAM activity. Many stress markers can be measured only in blood or cerebrospinal fluid, 

but some mediators of the SAM and HPA axis can be easily measured in saliva, which is 



20  |  21

C
H

A
P

T
E

R
 1

an advantage because of the non-invasive sampling method. In the past decades, salivary 

cortisol has become the most popular biomarker used in stress research and is often 

correlated with behavioral outcomes. Catecholamines cannot directly be measured in 

saliva, but alpha-amylase, an enzyme that plays an important role in oral digestion, has 

recently been described as a salivary indicator for noradrenergic activity (Van Stegeren et 

al., 2006). Other indicators for sympathetic activation are blood pressure and heart rate, 

measures that are often assessed in humans stress research.

6. Stress, cognition and some of the 
     modulating factors

As I have discussed, stress exerts its function by inducing the release of stress hor-

mones, like corticosteroids, that bind different receptors (in case of corticosteroids, min-

eralocorticoid and glucocorticoid receptors) in the brain. By thus affecting brain areas 

that are important for cognitive functions, like the hippocampus, amygdala and prefron-

tal cortex, stress can influence a wide range of cognitive processes. Importantly, the ef-

fects of an acute and single exposure may very well differ from those seen after prolonged 

or chronic exposure to stress or corticosteroids. Since all of the experimental studies in 

my project concerned acute stress conditions, this introductory overview of stress and 

corticosteroid effects on cognition will be restricted to such acute conditions only. 

In recent years, the number of reports on stress and cognition has increased dramati-

cally. I will therefore also restrict my introduction to those cognitive domains that I have 

studied myself. Therefore, the focus will mainly be on the effects of acute stress or stress 

hormones on memory processes. More specifically, acute stress effects on working mem-

ory, long-term declarative memory and classical fear conditioning will be introduced, 

with special attention to several important factors that can modulate those effects such 

as time of the day, emotional arousal, context and sex-dependency. In addition, stress ef-

fects on decision making will shortly be discussed. 

6.1 Stress and working memory
Working memory involves a brain system that provides temporal storage and manipu-

lation of transitory information necessary for the execution of complex cognitive tasks 

(Baddeley, 1992). Evidence from lesion, pharmacological and imaging studies indicates 

that working memory is critically dependent on the prefrontal cortex (Fuster, 1991, 2000; 

Owen et al., 2005), which is one of the main targets of corticosteroids.

A number of studies examined the effects of stress on working memory in animals and 

most, but not all, studies demonstrated an impairment of a variety of working memory tasks 

in response to exposure to a single stress episode (Graybeal et al., 2012). Interestingly, one 

study investigated the underlying hormonal mechanisms of stress-induced working memo-

ry impairment and demonstrated that administration of either corticosterone or a GR ago-

nist resulted in working memory impairments, and that the beta-adrenoreceptor antagonist 
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propranolol prevented those impairments (Roozendaal et al., 2004). This effect may to some 

extent depend on protein-protein interactions via GRs which develop after approximately 

30 minutes (Barsegyan et al., 2010). These results suggest that glucocorticoids, via GR activa-

tion, interact with the noradrenergic system in inducing working memory impairments. In 

a more delayed fashion, working memory is enhanced by glucocorticoids (Yuen et al., 2009). 

In humans, reports on stress effects on working memory have been more equivo-

cal. Stress has been shown to impair working memory in some studies (Oei et al., 2006; 

Luethi et al., 2008; Schoofs et al., 2008, 2009), but in other studies working memory was 

unaffected (Weerda et al., 2010) or improved (Duncko et al., 2009; Oei et al., 2009). There 

are many potential explanations for these contradicting findings, including the fact that 

different tasks were used in the various studies that vary in difficulty levels, and that 

sex differences are often not taken into account. Unfortunately, up to now there are not 

enough studies investigating stress effects on working memory to disentangle the effects 

of those possible modulators. This led us to address the role of sex differences and cor-

ticosteroid receptor balance on working memory in more detail. 

6.2 Stress and long-term declarative memory
Long-term declarative memory is the process in which associations between items 

that can be consciously recalled, such as facts and knowledge, are stored. As mentioned 

before (see 4.1. Hippocampus) the formation of new declarative memories and the abil-

ity to retain and recall them are highly dependent on the hippocampus (Eichenbaum, 

2001). The hippocampus is thought to be particularly involved in relational binding of 

elements of individual experiences, and works together with the parahippocampal cortex 

to bind representational information about the context (Opitz, 2010). Among many other 

brain areas and connections that are involved in memory, the amygdala is believed to 

play an important role in the encoding and retrieval of emotionally charged memories 

(Roozendaal et al., 2009), while the prefrontal cortex is thought to mediate the represen-

tational binding between the current event and existing knowledge representations in 

the brain (Opitz, 2010). 

Corticosteroid receptors are abundantly expressed in all of these three areas play-

ing a role in declarative memory. Therefore, when researchers turned their attention to 

studying acute stress effects on cognition, understandably their first focus was on declara-

tive memory. The effects of stress and stress hormones on long-term declarative memory 

have been investigated in numerous studies in both animals and humans, showing that 

stress and stress hormones can have facilitating as well as impairing effects on memo-

ry, and several reviews have been dedicated to this topic (De Kloet et al., 1999; McGaugh 

and Roozendaal, 2002; Sauro et al., 2003; Het et al., 2005; Sandi and Pinelo-Nava, 2007; de 

Quervain et al., 2009; Wolf, 2009; Schwabe et al., 2012). In discussing these effects, it is 

important to consider what memory process is being affected. Memory processes can be 

divided in three phases: the acquisition phase during which the learning event is experi-

enced, the consolidation phase during which information is stored and the retrieval phase 

during which the stored information is accessed and influences subsequent behavior. 
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Generally, exposure to stress or administration of corticosteroids seems to impair 

memory performance when administered before retrieval, thus after learning and con-

solidation have taken place, both in humans and rodents (De Quervain et al., 2000; 

Roozendaal et al., 2003; Kuhlmann et al., 2005; Schwabe et al., 2009; Tollenaar et al., 

2009). In contrast, animal studies showed that memory consolidation is typically en-

hanced by stress, and that corticosteroids are critically involved in those effects (Mc-

Gaugh and Roozendaal, 2002; Roozendaal et al., 2006b). A classic example of a declara-

tive memory task in rodents is the Morris water maze, in which rats learn to find a 

hidden platform using spatial cues. The water temperature during encoding can be 

varied, and a lower water temperature is associated with elevated corticosteroid levels. 

Interestingly, this rise in corticosteroid levels when the water temperature is low was 

accompanied by improved long-term memory for the platform location (Sandi et al., 

1997). However, when the temperature was too low and thus corticosteroid levels very 

high, memory performance was no longer improved, but impaired. This is thought to 

reflect a U-shaped function relating stress levels to cognitive function, with moderate 

stressors improving performance whereas severe stressors do not (Kim and Diamond, 

2002; Joëls et al., 2006). A role of corticosteroids in memory consolidation is further sup-

ported by findings that blockade of corticosterone production by the synthesis inhibitor 

metyrapone impaired memory consolidation in a the Morris water maze (Roozendaal 

et al., 1996), and prevented memory enhancement produced by exposure to psychologi-

cal stress in rats (Liu et al., 1999). The MR and GR appear to be responsible for different 

aspects of the stress-dependent modulation in memory formation. This was very nicely 

illustrated by a study in which the specific roles of the MR and GR were assessed by 

injecting MR and GR antagonists at different stages of Morris water maze acquisition 

and retrieval (Oitzl and De Kloet, 1992) and later confirmed with the use of selective GR 

mutants (Oitzl et al., 2001). It was shown that whereas the MR antagonist had no effects 

on memory performance at any time but rather affected the learning strategy, the GR 

antagonist impaired performance when given directly before or after the first training 

session, but not when given before retrieval, leading to the assumption that GRs play a 

role in the memory consolidation process.

In humans, more equivocal results have been reported with respect to the effects 

of exposure to stress or corticosteroid administration before memory acquisition. It 

should be noted that in those studies, acquisition and consolidation are often diffi-

cult to distinguish, since both processes might have been affected due to the experi-

mental design. Most human studies showed an enhancement of subsequent memory 

performance by stress (Buchanan and Lovallo, 2001; Domes et al., 2002; Smeets et al., 

2007; Schwabe et al., 2008), although some showed impairments (Kirschbaum et al., 

1996; Elzinga et al., 2005). A meta-analysis concluded that on average no effects of cor-

tisol administration before acquisition were found (Het et al., 2005). An explanation for 

these contradictory results may be that the effects of stress and cortisol on memory  

are modulated by several factors, such as the time of the day, emotional arousal, con-

text and sex differences. Below, I will describe the possible contribution of these fac-
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tors to stress’ effects on the encoding and consolidation of memory. Apart from these  

modulating factors, human studies only marginally addressed the role of the two corti-

costeroid receptors in the formation of memories. I therefore examined how a shift in 

the balance from MR towards GR activation may influence the formation of declara-

tive memories.

6.2.1 Time of the day
The mentioned meta-analysis implicated that one factor that might mediate the 

direction of cortisol effects before memory acquisition, is the time of the day (Het et 

al., 2005). When cortisol was administered in the morning, when basal cortisol lev-

els are relatively high, on average a memory impairment was found, while studies 

conducted in the afternoon, when basal cortisol levels are low, demonstrated a small 

memory enhancement. One study directly tested time of the day as a modulator by 

subjecting participants to a TSST before they viewed a story either in the morning or 

in the afternoon (Maheu et al., 2005). A memory performance test one week later dem-

onstrated that declarative memory for emotionally arousing material was impaired 

only in subjects that were stressed and exposed to the acquisition task in the morn-

ing, and no effects were found when subjects were tested in the afternoon. This study 

also illustrates that emotionally arousing material can be differently affected by stress 

compared to neutral material, an important modulator that will be discussed in the 

next section.

6.2.2 Emotional arousal
It is well known that especially emotionally arousing experiences are well re-

membered, even after decades (McGaugh, 2003). It has been suggested that emotional 

arousal is critical for the effects of stress and corticosteroids on memory consolida-

tion. In animals, experiments are usually emotionally arousing because the rats or 

mice are confronted with a novel environment and a new task over which they have  

no control. One study nicely illustrates that emotional arousal is indeed critical for 

corticosterone-induced memory enhancement: by extensively habituating rats to re-

duce novelty-induced arousal before they were subjected to an object-recognition task, 

which is in itself a non-stressful task, corticosteroid effects were no longer observed 

(Okuda et al., 2004). 

In humans, there is also evidence that emotional arousal is critical for stress effects 

on memory. Several studies showed that when subjects were stressed or received corti-

sol before encoding, long-term memory for neutral information was unaffected, while 

memory for emotional material was enhanced or impaired (Buchanan and Lovallo, 2001; 

Jelici et al., 2004; Kuhlmann and Wolf, 2006b; Payne et al., 2007; Smeets et al., 2009). Yet, 

other studies showed cortisol-related memory facilitation of neutral information (Lupien 

et al., 2002; Abercrombie et al., 2003; Henckens et al., 2009; van Stegeren et al., 2010). 

Consistent with the idea that emotional arousal interacts with corticosteroid effects on 

memory consolidation, it has been reported that high cortisol responses after the TSST 
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were related to enhanced memory consolidation, but only in individuals that reported 

high stress-related levels of emotional arousal (Abercrombie et al., 2006). Together, those 

studies indicate a critical role for emotional arousal in enabling stress or corticosteroid 

effects on memory consolidation. It has been suggested that the critical mechanism un-

derlying the role of emotional arousal are interactions between stress hormones and 

arousal-induced noradrenergic activity in the amygdala (De Quervain et al., 2009). I ad-

dressed aspects of emotional arousal in several chapters of this thesis. 

6.2.3 Context
Another important modulator of stress effects on memory is context. Memories are 

more likely to be remembered when the retrieval context resembles the encoding context 

(Tulving and Thompson, 1973; Smith and Vela, 2001). In one of the first experiments that 

demonstrated this, divers encoded and recalled word lists either under water or on land 

(Goddon and Baddeley, 1975). Results showed that when the encoding and retrieval con-

text were similar (both under water or both on land), memory for the word list was better 

compared to when the context was changed. Such contextual dependency of memories 

is highly adaptive as it can help retrieve memories that are likely to be appropriate in 

that specific context. Context-dependent memory has been suggested to depend on the 

hippocampus and prefrontal cortex (Wagner et al., 1998; Kalisch et al., 2006; Lopez et al., 

2012). It has been proposed that stress and corticosteroids, through their effects on the 

hippocampus and prefrontal cortex, can influence the context dependency of memories. 

As of yet, only a few studies looked at the effects of stress or corticosteroids on the contex-

tualization of memories. One recent study in mice demonstrated that corticosteroids, in-

jected in the hippocampus after fear conditioning, reduced context-bound fear responses 

the next day (Kaouane et al., 2012), causing fear to generalize to cues that did not origi-

nally predict danger. Another study investigated if stress can alter contextual dependency 

of memories in humans, by subjecting participants to a stressor before performing an 

object-location task in a room scented with vanilla (Schwabe et al., 2009). One day later 

memory was tested in the same room or in an unfamiliar room without the scent. In 

the non-stressed control group a context-dependent memory enhancement was found, 

while after stress no effects of context were found. These studies suggest that stress or 

corticosteroids might reduce the contextual dependency of memories, but this notion 

requires substantiation, e.g. by using different experimental paradigms.

6.2.4 Sex differences
Men and women are known to differ in their stress responses (Kudielka and Kirsch-

baum, 2005; Kajantie and Phillips, 2006). On average, men show a higher cortisol response 

to stress than women. However, stress responses in women depend on the menstrual cycle 

phase and the use of hormonal contraceptives; women in the follicular phase show compa-

rable cortisol responses as men while women in the luteal phase and women using hormo-

nal contraceptives show blunted responses (Kirschbaum et al., 1999). Because of these dif-

ferences, and the extra variables that have to be taken into account when female subjects 
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are tested, many studies have included only male subjects. In other studies, often the aspect 

of potential sex differences was not addressed in the study design, using mixed groups of 

male and female subjects; generally, these groups were too small to detect sex differences. 

Interestingly, though, several human studies have already provided evidence that the 

effects of stress and stress hormones on memory processes may be different for men and 

women (Wolf, 2003; Andreano and Cahill, 2009). For instance, some studies reported that 

memory consolidation is only affected in male subjects (Wolf et al., 2001; Andreano and 

Cahill, 2006), while one study in elderly subjects observed memory impairments after 

stress in women but not men (Wolf et al., 1998). Animal studies that tested both sex-

es sometimes have also shown opposite effects on spatial memory (Conrad et al., 2004) 

and conditioning (Wood and Shors, 1998; Wood et al., 2001) for male versus female rats. 

Clearly, more research is needed on this topic. Therefore, in one of the chapters in this 

thesis, I addressed the potential differential effects of stress on working and long-term 

memory in male versus female subjects. 

6.3 Stress and classical fear conditioning
Classical fear conditioning is a form of learning in which a neutral stimulus (e.g. a 

tone) or a context (e.g. a room), i.e. the so-called conditioned stimulus (CS), signals the 

occurrence of an aversive stimulus (e.g. a shock), the unconditioned stimulus (US). Af-

ter conditioning, the CS acquires the capacity to elicit a fear response or conditional 

response (CR). The acquisition and expression of conditioned fear have been shown to 

critically depend on the amygdala (LeDoux, 2000; Davis and Whalen, 2001). Classical fear 

conditioning has been proposed as a model for anxiety disorders, as it is generally as-

sumed that these disorders originate from a learned association between a previously 

neutral event (CS) and an anticipated aversive event (US; Mineka and Oehlberg, 2008). 

Interestingly, stress is considered to be an important vulnerability factor for the develop-

ment of anxiety disorders (Korte, 2001; Elzinga and Bremner, 2002; Shin and Liberzon, 

2010). In line with this, both animal and human studies have demonstrated that stress or 

corticosteroids can alter associative fear learning. 

There are many examples of animal studies in which previous exposure to stress or 

corticosteroids affect subsequent learning and consolidation in fear conditioning tasks 

(Shors, 2004; Rodrigues et al., 2009). It has been consistently shown that stress or corti-

costerone administration before training facilitates eye-blink conditioning and fear con-

ditioning in male rats (Maier, 1990; Shors et al., 1992; Wood and Shors, 1998; Shors, 2001; 

Thompson et al., 2004). Furthermore, it has been reported that administration of GR, 

but not MR antagonists impaired memory consolidation in an inhibitory avoidance task 

(Quirarte et al., 1997) and contextual fear conditioning (Cordero and Sandi, 1998), sup-

porting the idea of GR-mediated memory-enhancing effects of glucocorticoids. However, 

an additional role of the MR has been suggested by a study showing that pre-training ad-

ministration of an MR antagonist impaired contextual memory (Zhou et al., 2010). Moreo-

ver, administration of an MR antagonist prior to re-exposure decreased the subsequent 

expression of aversive memories (Ninomiya et al., 2010; Zhou et al., 2011).
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Most studies in humans have focused on fear acquisition, and did not examine long-

term memory effects. The results of these studies on stress or cortisol effects on fear 

acquisition have been equivocal, some studies showing enhancing effects (Duncko et al., 

2007; Kuehl et al., 2010; Grillon et al., 2011), some impairing effects (Stark et al., 2006; 

Nees et al., 2008; Wolf et al., 2009) or no effects at all (Vythilingam et al., 2006; Merz et al., 

2010; Tabbert et al., 2010). Possible explanations for these contradicting results are that 

different dependent measurements (i.e. skin conductance responses vs. startle measure-

ments) and different paradigms (i.e. delay vs. trace conditioning) were used.

6.3.1 Dependent measurements of fear conditioning
Similar to the stress measures (see 5.2. Stress assessment), dependent measures of fear con-

ditioning can be divided into two categories: psychological questionnaires and physiologi-

cal measures. Psychological measures can include asking the subjects to continuously rate 

whether or not they expect to receive a US (e.g. a shock), or to rate their subjective distress. 

Physiological measures that are often used are skin conductance responses and startle meas-

urements. Skin conductance can be measured by electrodes attached to the fingers, which 

measure electrical conductance of the skin. This measure is of interest because the sweat 

glands are controlled by the ANS. Larger skin conductance responses during the conditioned 

stimulus, as compared to a control stimulus that is not followed by the US, are related to 

learning or conditioning. However, it has been suggested that skin conductance does not 

reflect actual fear responses (Hamm and Weike, 2005). This idea is supported by the finding 

that conditioned skin conductance responses can be elicited by both aversive and non-aver-

sive USs and are only observed in participants that are subjectively aware of a relationship 

between the CS and the US (Hamm and Vaitl, 1996). Conditioned startle potentiation on 

the other hand was only observed in the context of aversive learning and occurred without 

cognitive awareness of CS-US contingencies. The startle reflex is a brainstem reflex reaction 

to a sudden stimulus, which serves a protective function and facilitates escape from sudden 

stimuli. This reflex has been shown to be enhanced during a fear state and is diminished in 

a pleasant emotional context (Lang et al., 1990) and can experimentally be assessed by meas-

uring muscle activity of the orbicularis oculi muscle beneath the eye in response to a loud 

noise. Conditioned startle responses are reflected by larger startle reflexes elicited during 

the conditioned stimulus, as compared to a control stimulus that is not followed by the US. 

6.3.2 Delay vs. trace fear conditioning 
One aspect of fear conditioning paradigms that is of special interest in this thesis is the 

distinction between delay and trace conditioning. In delay conditioning, the US and the CS 

co-terminate, whereas in trace conditioning a stimulus-free period (the trace interval) passes 

between the offset of the CS and the US delivery. Different neural substrates are believed to 

underlie delay and trace conditioning. Both animal and human research has identified the 

amygdala as predominantly involved in delay conditioning, while trace conditioning requires 

the dorsal hippocampus and the prefrontal cortex in addition to the amygdala (McEchron 

et al., 1998; Knight et al., 2004; Fanselow and Poulos, 2005; Burman et al., 2006; Rogers et al., 
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2006; Cheng et al., 2008). So far, one animal (Burman et al., 2010) and one human (Nees et 

al., 2008) study examined both delay and trace conditioning in relation to corticosteroids. In 

these studies stress-induced corticosteroid production was inhibited by administering me-

tyrapone. The results suggested that only trace conditioning acquisition (Nees et al., 2008) 

and trace fear memory one day later (Burman et al., 2010) were affected by metyrapone treat-

ment, while delay conditioning was unaffected. A more precise investigation of the role of 

corticosteroids on both trace and delay conditioning, however, is required.

6.4 Stress and decision making
A fourth cognitive domain for which stress effects have been observed is decision 

making. Decision making can be regarded as the cognitive process of selecting a choice 

from several alternative options. Making decisions involves interacting brain mecha-

nisms that compute the potential value of options and adjust that value to account for 

uncertainty and risk. As mentioned before (see 4.3. Prefrontal cortex), the prefrontal cortex 

plays an important role in decision making processes (Doya, 2008). 

The effects of stress on decision making are of special interest because many deci-

sions have to be made under stressful circumstances in daily life. Acute stress is known 

to potentiate dopaminergic reward pathways in the brain (Ungless et al., 2010), and these 

pathways are implicated in decision making processes (Rogers, 2011). Early work on stress 

and decision making determined that stressors like time pressure and noise impaired 

decision making, resulting in hurried, unsystematic and unconsidered decision making 

(Janis and Mann, 1977; Mather and Lighthall, 2012). For instance, it was reported that 

subjects were impaired in a verbal analogy task when they were threatened with uncon-

trollable compared to controllable electric shocks (Keinan, 1987). 

More recently, several studies investigated the effect of stress and stress hormones 

on different decision making tasks. Performance on the Iowa Gambling Task was shown 

to be impaired under stress, particularly in men (Preston et al., 2007; van den Bos et al., 

2009). Even when explicit and stable information about outcome contingencies was pro-

vided, exposure to a TSST led to disadvantageous decision making (Starcke et al., 2008). In 

another study (Porcelli and Delgado, 2009), stress induction increased the reflection ef-

fect in risky decision-making: stressed subjects showed stronger risk aversion in the gains 

domain, and stronger risk seeking in the loss domain. Stress can also impair avoidance 

of previously rewarded but later devaluated stimuli, as demonstrated by a study in which 

participants learned to perform two instrumental actions that were associated with two 

distinct food outcomes (Schwabe and Wolf, 2009). When one of the food outcomes was 

devalued by saturation, stressed in contrast to control participants did not stop perform-

ing the action to obtain the food, even when the stress occurred after satiation (Schwabe 

and Wolf, 2010). 

To date, the effects of stress and stress hormones on another decision making do-

main, intertemporal choice, are unknown. Intertemporal choice is the decision making 

process of the relative value people assign to two or more payoffs at different points in 

time. I therefore examined the effects of psychosocial stress on intertemporal choice.
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7. Timing as a modulator of stress’ effects 
   on cognition

One factor that seems eminently important in determining the effects of stress and 

corticosteroids on cognitive performance is the delay between the rise in corticosteroid 

level and the behavioral test. Since this is a central element in the majority of the experi-

ments in my thesis, I will discuss this element in more detail below.

In recent years it has become evident that stress can differentially influence neu-

robiological processes, depending on the time between administration and the task at 

hand. There are several different theories on the time-dependency of stress effects on 

memory or cognition in general (Richter-Levin and Akirav, 2003; de Kloet et al., 2005; 

Joëls et al., 2006, 2011; Diamond et al., 2007). The emotional tagging hypothesis (Richter-

Levin and Akirav, 2003) focusses on memory consolidation, and states that the emotional 

weight of a learning experience activates the amygdala, which is responsible for the acti-

vation of cellular and molecular mechanisms that tag the experience as important and 

enhance its consolidation. The time window between the activation of the amygdala and 

the hippocampal system in this process is crucial for the behavioral outcome, as has been 

demonstrated by activating the amygdala at different time points before measuring long-

term potentiation in the hippocampus (dentate gyrus), the widely accepted substrate of 

learning and memory formation (Akirav and Richter-Levin, 1999). Results demonstrated 

that priming the amygdala immediately before stimulating the hippocampus resulted 

in enhancement of hippocampal LTP, while LTP was suppressed when stimulation of 

the amygdala occurred more than 1 hour prior to the induction of hippocampal LTP. 

A follow-up experiment suggested that this process is mediated by noradrenaline and 

corticosteroids (Akirav and Richter-Levin, 1999). The temporal dynamics model (Joëls et 

al., 2006; Diamond et al., 2007) elaborates on this idea that hippocampal functioning 

would be enhanced when an emotional experience or stress and hippocampal stimula-

tion or hippocampus-dependent learning coincide in time, but is impaired when there is 

a substantial delay between these two processes. Experiments indeed showed that spatial 

memory was enhanced when stress and spatial learning occurred in close temporal prox-

imity, while memory consolidation was impaired when there was a delay between stress 

and learning (Diamond et al., 2007).

Theories by Joëls and colleagues (De Kloet et al., 2005; Joëls et al., 2006, 2011) pro-

posed that shortly after stress, corticosteroid actions interact with noradrenaline to 

synergistically promote rapid increases in neuronal activity in cognition- and emotion 

related brain areas, such as the hippocampus (Karst et al., 2005) and amygdala (Karst 

et al., 2010). Those rapid corticosteroid effects promote habitual, reflex-like behavior 

(Schwabe and Wolf, 2010; Schwabe et al., 2010b) and enhanced attention (Vedhara et 

al., 2000; de Kloet et al., 2005), at the expense of goal-directed behavior (Schwabe and 

Wolf, 2010; Schwabe et al., 2010b) and cognitive functioning (Elzinga and Roelofs, 2005). 

These actions are thought to produce a hypervigilant state and promote immediate re-

flex-like responses to the stressor, such as fight-flight reactions and focused attention. 
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In terms of memory, this may help the organism to focus and subsequently remember 

the most significant, habitual aspects of an event (Roozendaal et al., 2006b), at the 

expense of the more complex, cognitive aspects. By contrast, after some delay, gene-me-

diated corticosteroid actions are thought to facilitate restorative processes (Diamond 

et al., 2007; McEwen, 2007; Joëls et al., 2011). Supporting this idea, slower genomic 

effects have been found to promote cognitive self-control (Oitzl et al., 2001), enhance 

working memory processing involving the dorsolateral PFC (Yuen et al., 2009; Henckens 

et al., 2011), promote sustained attentional processing (Henckens et al., 2012b), and 

strengthen connectivity between the PFC and the amygdala (Henckens et al., 2010). As 

such, slower genomic corticosteroid effects may aid in remembering a certain event in 

a more cognitively controlled manner. 

Although all the discussed models predict differential effects by corticosteroids in 

the time-domain shortly after stress as opposed to after a substantial delay, not many ex-

perimental studies directly tested this assumption. The majority of studies have typically 

tested cognitive function 30-120 minutes after cortisol administration, which is an ambig-

uous time-domain. Since gene-mediated transcriptional changes are discernible already 

one hour after cortisol exposure, such studies targeted corticosteroid actions during a 

time window in which both genomic and non-genomic processes are active, complicat-

ing a straightforward interpretation of results. A recent study directly tested rapid ver-

sus slow corticosteroid effects on neural processing associated with memory formation 

in men (Henckens et al., 2012a). Although no behavioral effects of cortisol were found, 

cortisol’s slow effects reduced prefrontal and hippocampal responses, while no rapid ef-

fects of cortisol were observed. These results provide initial evidence for time-dependent 

changes of corticosteroid effects on brain region involved in memory formation. Another 

clue comes from a study from the same group that demonstrated that cortisol’s slow ef-

fects improved working memory performance, in the absence of significant rapid effects 

(Henckens et al., 2011). We tested if this bi-directional pattern of stress and corticoster-

oids is also apparent in other cognitive processes, like decision making, fear condition-

ing or contextualization of emotional information.
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8. Aims and outline of this thesis

The overall aim of this thesis was to investigate the effects of stress and cortisol on 

several cognitive domains. In particular, we were interested in the modulatory role of 

time-dependency and several other factors, like steroid receptors and sex differences, in 

determining stress effects on different memory processes and decision making.

The first cognitive domain of interest was the formation of declarative memories. 

First, we studied the effects of psychosocial stress, as induced by a TSST, on the formation 

of declarative memories. In chapter 2 we were especially interested in sex differences and 

in chapter 3 we specifically examined the role of corticosteroid receptors. In chapter 4, 

we investigated the effects of cortisol administration on the contextualization of declara-

tive neutral and negative memories, with special attention for the time-dependency of 

cortisol effects.

The second cognitive domain we studied is working memory. In addition to declara-

tive memory processes, in chapter 2 and chapter 3 we additionally studied the role of sex 

differences and corticosteroid receptors in determining the effects of psychosocial stress 

on working memory.

The third cognitive domain involves the formation of fear memories. In chapter 5, 

we addressed cortisol effects on the formation of fear memories in a classical fear con-

ditioning paradigm. We were especially interested in time-dependent cortisol effects on 

both delay and trace conditioning. Therefore, cortisol was administered at different time 

points before the acquisition of delay and trace conditioning, and fear memory was as-

sessed with a retention and extinction procedure one day later.

The fourth and last cognitive domain that was studied is decision making. In chapter 

6, we examined the effects of psychosocial stress on intertemporal choice, again with 

particular interest in the time-dependency of stress effects.

The experimental findings of this thesis are summarized and discussed in chapter 7, es-

pecially in the context of time-dependency of corticosteroid actions on cognitive processing.
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Implications of psychosocial stress on memory formation in a typical male versus female student sample

Abstract

Stress is known to differentially modulate memory function. Memory can be impaired 

or strengthened by stress, depending on e.g. the memory type and phase under study, the 

emotional value of the learned information and the sex of the subjects. Here, we addressed 

the latter and investigated the impact of psychosocial stress on long-term memory for neu-

tral and emotional pictures and working memory in typical samples of male versus female 

students. In total, 77 subjects (54 women of which 39 used oral contraceptives) were ex-

posed to either the Trier Social Stress Test (TSST) or a control condition, and then engaged 

in a long-term memory task (emotionally arousing and neutral pictures; surprise recall after 

one week) and a working memory (n-back) task. During the experiment salivary cortisol and 

alpha-amylase levels as well as subjective affect state were assessed. As expected, stress 

hormone concentrations as well as subjective negative affect states increased significantly 

in response to the stress task. Men reacted more to the stressor in terms of cortisol re-

sponses than women, probably due to oral contraceptive use of the latter. Results show 

that, in male as well as in female students, memory for emotional arousing information 

was better than for neutral information, in both the stress and control condition. Stress 

enhanced recognition memory for emotional versus neutral pictures only in male subjects. 

Moreover, stress enhanced working memory, particularly in males, during the first block of 

a 2-back task. The lack of stress effects on memory in women might be explained by oral 

contraceptive use, leading to blunted HPA-axis responses and secondary to reduced stress 

effects on memory. The results emphasize that stress affects both long-term and working 

memory differentially in male versus female students. 
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Introduction

Stress activates the autonomic nervous system (ANS) and the hypothalamic-pituitary-

adrenal (HPA) axis. The activation of these systems leads to a rapid release of catecholamines 

from the adrenal medulla, and a somewhat slower release of corticosteroids (corticosterone  

in rodents and cortisol in humans) from the adrenal cortex, respectively. Human and 

animal studies have shown that acute stress and elevated stress hormone levels modu-

late memory function (Joëls et al., 2006; Roozendaal et al., 2006a; Sandi and Pinelo-Nava, 

2007; van Stegeren et al., 2008; Wolf, 2009). Memory can be strengthened or impaired by 

stress, depending on factors like memory type and phase under study (Luethi et al., 2008; 

Smeets et al., 2009), emotional value of the learned information (Roozendaal et al., 2006a; 

van Stegeren et al., 2008), sex of the subjects (Wolf et al., 2001; Andreano and Cahill, 2009; 

Schoofs and Wolf, 2009) and time of the day (Maheu et al., 2005).

Several studies have focused on the effects of stress on declarative long-term memory. 

While stress enhances memory consolidation, especially for emotional arousing informa-

tion (Cahill et al., 2003; Abercrombie et al., 2006; Andreano and Cahill, 2006; Payne et al., 

2007; Smeets et al., 2008), delayed retrieval of previously learned (emotional) material has 

repeatedly been found to be impaired by stress (Domes et al., 2004; Kuhlmann et al., 2005; 

Smeets et al., 2008; Tollenaar et al., 2008).

Effects of stress on working memory are more equivocal. Several studies reported that  

working memory performance after stress is impaired (Elzinga and Roelofs, 2005; Oei et 

al., 2006; Luethi et al., 2008; Schoofs et al., 2008, 2009). However, others found that work-

ing memory after stress or corticosteroid administration was improved or unaffected 

(Kuhlmann et al., 2005; Duncko et al., 2009; Oei et al., 2009; Weerda et al., 2010). There 

are many potential explanations for these discrepancies, one being that men and women 

differ in their responses to stress (Kudielka and Kirschbaum, 2005). Generally men show a 

higher cortisol response to stress than women and stress responses in women depend on 

the menstrual cycle phase and the use of oral contraceptives (Kirschbaum et al., 1999). In 

most studies, stress effects on memory were only tested in men, but at least some studies 

that examined sex differences have shown that generally men seem to be more affected 

by stress than women (Wolf et al., 2001; Andreano and Cahill, 2006). 

The aim of the current study was to investigate the effects of stress on both neutral 

and emotional long-term memory and on working memory, in a sample of male and 

female students that is typical for The Netherlands. All subjects were exposed to a psycho-

social stressor or a control task, after which they viewed neutral and emotional pictures 

and performed a working memory task. One week later, subjects returned to the lab for a 

surprise free recall and recognition test of the pictures. To assess the stress response and 

the role of both the ANS and the HPA axis, salivary samples were repeatedly taken during 

both sessions of the experiment and analyzed on alpha-amylase and cortisol levels. 
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Methods

Participants 

One entire cohort of healthy second-year psychobiology students at the University of  

Amsterdam (N = 77, i.e. 23 men, 54 women; mean age = 20.44 (SD = 1.18, ranging from 18  

to 25 years) with a mean BMI of 22.00 (SD = 2.52, ranging from 18 to 30)) participated 

in this study. Self-reported medical or psychiatric problems or taking medication known 

to influence the HPA-axis (except for oral contraceptives) served as exclusion criteria, as 

well as heavy drinking, smoking and regular drug consumption. Thirty-nine women were  

using contraceptives; of the 15 natural cycling women, 6 were tested in the follicular phase  

of the menstrual cycle and 7 in the luteal phase. Information on cycling day was miss-

ing for two women. This distribution is typical for psychobiology students. The study was 

approved by the Ethical Committee of the Department Psychology at the University of  

Amsterdam. All participants received course credits for their participation and provided 

written informed consent before their participation. They were ignorant about the theory 

and practice of stress research at the time of the experiment. One subject did not par-

ticipate in the picture task and another subject did not finish the working memory task. 

Three subjects did not participate in the second session due to illness. 

Stress manipulation 
Psychosocial stress was induced with the Trier Social Stress Test (Kirschbaum et al., 

1993). The TSST consisted of a 3 min preparation period, a 5 min video- and audio-taped 

free speech simulating a job interview while standing in front of a non-responsive audi-

ence and subsequently a 3 min mental arithmetic task. Subjects in the control condition 

were instructed to read magazines for a comparable period of 11 min.

Salivary sampling and biochemical analysis
Salivary samples were obtained using Salivette sampling devices (Sarstedt, Nümbrecht, 

Germany) at ten time points during the experiment (Figure 1). Salivary samples were stored 

at -20˚C until further analysis. Free cortisol levels were measured using a commercially avail-

able immunoassay (IBL, Hamburg, Germany). Salivary alpha-amylase levels were measured 

by a quantitative enzyme kinetic method as described elsewhere (Van Stegeren et al., 2006). 

Mood measurement 
Subjects filled out the Positive and Negative Affect Schedule (Watson et al., 1988)  

during the 10 saliva sampling time points. The PANAS consists of 10 positive affect and 10 

negative affect items that have to be rated on a 5-point scale, resulting in a separate score 

for positive and negative affect at that moment.

Picture rating task and long-term memory test
The stimulus material of the picture rating task consisted of 96 pictures selected 

from the International Affective Picture System (Lang et al., 1997), of which 48 pictures 
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were categorized in emotional valence conform IAPS norms as neutral pictures (arousal 

(mean ± SD) = 2.91 ± 0.53; valence = 4.89 ± 0.44), and 48 as negative pictures (arousal = 

5.60 ± 0.31; valence = 3.18 ± 0.87). No positively valenced pictures were included. These 

pictures were validated (van Stegeren and Everaerd, unpublished data) and used in ear-

lier studies (Van Stegeren et al., 2005; van Stegeren et al., 2010). The pictures were ran-

domly presented at a fixed rate on a monitor for 3 s. After each picture subjects were 

asked to rate the pictures on their perceived level of emotional arousal by pressing one 

out of four buttons with their dominant hand (0 = not at all to 3 = extremely emotion-

ally arousing). The rating screen was followed by a black screen after the response, until 

the total trial time was 6 seconds. After each block of 16 pictures there was a 20 s break. 

One week later subjects were exposed to surprise memory tests. Subjects were first asked 

to describe on paper as many pictures as they could remember in a free recall task, 

as detailed as possible. There was no time limit and participants were encouraged to 

remember as much as they could. Answers were judged by two different experiment-

ers, blind for condition, and combined by a third experimenter afterwards; incongru-

encies (infrequent in occurrence) were discussed among the experimenters. Free recall 

performance was scored as the number of correctly recalled items. Subsequently their 

recognition memory was tested by randomly presenting the 96 pictures of the stimulus 

set, complemented with 48 additional pictures (24 negatively emotionally arousing and 

24 neutral) from the IAPS with comparable valence and arousal properties and identical 

memorizing properties as the original stimuli. After each picture subjects were asked to 

answer whether they had seen the picture before by pressing on a “yes” or “no” button. 

Recognition performance was expressed as the percentage of hits minus the percentage 

of false alarms, to correct for key preference. A score of 0% on this performance measure 

is at chance rate.

Working memory task
After the picture rating task, working memory performance was assessed with an  

n-back task. Subjects were presented with a sequence of one-digit numbers (from 0 to 

9), and had to indicate if the current number matched the number from n trials earlier  

in the sequence by pressing on a “yes” or “no” button as fast as possible. Stimuli were 

randomly presented on a monitor, with a probability of 33% that the number was the 

same as n stimuli earlier. Subjects first received a 0-back task where they had to indi-

cate if the current number was a “0” or not. Subsequently, four experimental blocks 

varying in task difficulty were given, alternating between a 2-back and a 3-back task. 

Each block consisted of 24 trials and the first three blocks were preceded by an in-

struction screen and 6 practice trials. Stimuli were displayed on the monitor for 500 

ms with an interstimulus interval of 2500 ms. Trials where subjects did not respond 

within the interstimulus interval were marked as “non response” and excluded from 

the analysis. Non responses were equally distributed over both sexes and stress condi-

tions. In the 2- and 3- back task, the first two and three trials respectively were ex-

cluded from analysis. 
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Physiological measurements 
Heart rate (HR) and skin conductance (SCL) were monitored during baseline periods  

and experimental tasks. For HR measurements, two ECG disposable electrodes were placed  

left and right on the chest of the subject, and one reference electrode was placed on the 

abdomen. SCL was measured by placing two electrodes on the index and ring finger of the  

non-dominant hand. HR and SCL were recorded with the VSRRP98 software package (Ver-

satile Stimulus Response Registration Program, 1998; developed by the Department of 

Psychology, University of Amsterdam).

Procedure
Subjects were randomly assigned to the stress or the control condition. Since our main 

hypotheses pertained to the effects of stress on memory, we allocated a minimal number 

of subjects in the control condition to be able to examine effects within the stress group 

(Stress: N = 60, i.e. 15 men, 45 women; Control: N = 17, i.e. 8 men, 9 women). The experiment 

consisted of two experimental sessions, one week apart. All subjects were tested in the af-

ternoon between 12:00 and 18:00 h. Participants were instructed to refrain from smoking, 

eating, or drinking caffeine containing beverages at least 2 h before both sessions. 

A timeline of the experimental sessions is displayed in Figure 1. Ten minutes after the 

subject arrived in the laboratory for the first experimental session, a first saliva sample 

was taken. During all time points of salivary sampling a PANAS was filled out. Subjects 

were guided to a room where they viewed a 10 min relaxing movie and baseline physi-

ological measures were recorded, after which a second saliva sample was taken. Next the 

subject participated in the stress task (TSST) or the control task. A third and fourth saliva 

sample were taken 3 and 11 min after the start of the stress or control task, respectively 

after the preparation period of the TSST and immediately after the TSST. Subjects were 

guided to another lab, where again physiological measurements were recorded and a 

fifth saliva sample was taken, followed by the IAPS picture rating task, a sixth saliva 

sample, the working memory task and finally a seventh saliva sample.

The second session started identical to the first session, but after the relaxing movie 

and the second saliva sample subjects performed the picture memory tasks, followed by 

a final saliva sample.

Timeline of the experimental sessions. Subjects received either the Trier Social Stress test (TSST) or 

the control task before engaging in the IAPS picture rating and working memory tasks. S = Salivary sampling to deter-

mine cortisol and alpha-amylase levels and filling out PANAS questionnaires. Grey horizontal bars = Physiological 

measurements (heart rate and skin conductance latency).

Figure 1 
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Statistical analysis
All measures that showed a skewed distribution with the Shapiro-Wilk test of normal-

ity (cortisol, salivary alpha-amylase, PANAS and skin conductance data) were log-trans-

formed and further Analysis of Variance (ANOVAs) were performed with the transformed 

data. Stress responses during the first session were analyzed with a General Linear Model 

(GLM), repeated measures MANOVA with Time as a repeated measure and Sex and Condi-

tion as between subjects variables: 7 (Time: t0 vs. t20 vs. t30 vs. t40 vs. t50 vs. t60 vs. t75) 

or 2 (Time: before vs. after the TSST) x 2 (Sex: men vs. women) x 2 (Condition: stress vs. 

control). Long-term memory data were analyzed with a 2 x 2 x 2 GLM MANOVA with 2 

between subjects variables (Sex: men vs. women and Condition: stress vs. control) and 

Valence (emotional vs. neutral pictures) as within subject variable. Recognition perfor-

mance was calculated as the percentage of hits minus the percentage of false alarms. 

Working memory data were analyzed with a 2 (Sex: men vs. women) x 2 (Condition: stress 

vs. control) x 2 (Difficulty: 2-back vs. 3-back) x 2 (Block: 1st vs. 2nd block) MANOVA, with  

Difficulty and Block as repeated measures. Working memory performance was calculated 

as percentage of correct trials on each block, and reaction times were averaged over all 

correctly responded trials for each block. Finally, Spearman’s Rho correlations were com-

puted between recognition performance and hormonal stress responses, computed as 

percentages of increase and delta measures from baseline to peak levels. When sphericity 

assumptions were violated (Mauchly’s test of sphericity), Greenhouse-Geisser corrected 

p-values are reported. In case of post-hoc analyses, data were corrected with Tukey’s test 

for multiple comparisons.
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Results

Stress induction 
Figure 2A (see next page) shows the cortisol levels during the experiment for male and 

female students. There were no differences in pre-stress cortisol levels and cortisol levels  

during the second session between the stress and control group (all p’s > 0.5). As expected, 

the GLM showed a significant main effect of Time (F
2,140

 = 4.79, p = 0.011) and a significant Time 

x Condition interaction (F
2,140

 = 23.35, p < 0.001). Furthermore, the Time x Condition x Sex in-

teraction was significant (F
2,140 

= 4.42, p = 0.015). Follow-up simple contrasts related to baseline 

levels showed that, compared to the control condition, subjects in the stress condition showed 

stronger increases in cortisol levels from directly after stress induction (S4), and cortisol levels 

remained high during the remainder of the first session (S5, S6, S7; all p’s < 0.001). Additional-

ly, within the stress group men showed higher cortisol responses to stress compared to wom-

en (Time x Sex interaction; F
6,53

 = 5.98, p < 0.001). Furthermore, substituting the Sex variable 

with a “Sex Hormone” variable (men vs. women using oral contraceptives vs. natural cycling 

women; Figure 3) statistical analysis showed that men contrasted significantly with women 

using oral contraceptives (Tukey corrected p < 0.001) and with natural cycling women (p = 

0.017) with respect to their cortisol increase (S5 - S2). Natural cycling women showed a trend 

towards higher cortisol responses compared to women using oral contraceptives (p = 0.078).

In Figure 2B the alpha-amylase levels for men and women during the experiment are 

displayed. There were no differences in pre-stress alpha-amylase levels and alpha-amylase  

levels during the second session of the experiment between the stress and control group (all 

p’s > 0.1). For alpha-amylase, also a significant main effect of Time (F
5,336

 = 3.62, p = 0.004) and 

a significant Time x Condition interaction (F
5,336

 = 9.23, p < 0.001) were found. Simple contrast 

compared to baseline revealed that alpha-amylase levels were higher in the stress condition 

just after the TSST (S4, p < 0.001). Furthermore, there was a trend in Time x Condition x Sex 

interaction (F
5,336

 = 0.411, p = 0.069); both men and women showed a significant Time x Con-

dition interaction (p’s < 0.01) and a main effect of Sex was found only within the stress group 

(F
1,58

 = 4.82, p = 0.032), men showing higher overall alpha-amylase levels compared to women.

For the subjective negative affect measures, the ANOVA yielded a significant main ef-

fect of Time (F
4,320

 = 11.30, p < 0.001), as well as a significant Time x Condition interaction 

(F
4,320

 = 16.12, p < 0.001). Simple contrasts compared to baseline showed that subjects scored 

higher on negative affect after the preparation period of the TSST and immediately after 

stress compared to the control condition (S3, S4; all p’s < 0.001; Figure 2C). There were no 

effects of stress on positive affect.

Heart rate and skin conductance measurements were compared before and after the 

TSST or control task. For heart rate the GLM revealed a significant main effect of Time  

(before vs. after the TSST; F
1,71

 = 29.37, p < 0.001) and an interaction effect of Time x Condi-

tion (F
1,71

 = 9.58, p = 0.003); In the control condition there was a decrease in HR compared to 

the stress condition. For skin conductance no significant effects of Condition were found, 

but a main effect of Sex (F
1,71

 = 29.37, p < 0.001) showed that male students had a higher 

overall skin conductance level compared to females. 
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Long-term memory performance
As expected, emotional pictures were rated higher on arousal than neutral pictures 

(F
1,72

 = 810.92, p < 0.001). Furthermore, a significant interaction effect of Valence x Sex 

showed that women rated emotional, but not neutral pictures higher on arousal com-

pared to men (F
1,72

 = 8.046, p = 0.006). Arousal ratings did not differ between the stress and 

control condition.

One week after viewing the pictures, emotional pictures were better recalled (num-

ber of recalled neutral pictures (mean ± SD): 2.36 ± 1.77, number of recalled emotional 

pictures: 5.27 ± 2.54; F
1,69

 = 71.60, p < 0.001) as well as significantly better recognized than 

neutral pictures over all groups (F
1,69

 = 98.63, p < 0.001; see Figure 4A). Free recall was not 

affected by Condition, but there was a significant main effect of Sex (F
1,69

 = 7.15, p = 0.009); 

on average women recalled more pictures than men.

For recognition memory, a significant Valence x Condition x Sex interaction was 

found (F
1,69

 = 4.51, p = 0.037). Separate analysis for male and female students showed that  

there was a significant Valence x Condition interaction only in males (F
1,19

 = 6.19, p = 0.022;  

see Figure 4B): male students in the stress group remembered more emotional but not 

neutral pictures compared to the control group, but in women there was no effect of stress  

on recognition memory.

To check if, within the stress group, memory performance was dependent on the hor-

monal stress responses, recognition and free recall performance for neutral and emotion-

al pictures as well as the difference in emotional and neutral memory performance were 

correlated with the cortisol and alpha-amylase stress responses. Within all the subjects in 

the stress condition, there was a moderate but significant correlation between the corti-

sol response (percentage increase from baseline to peak) and the recognition of emotional 

pictures (r
s
 = 0.275, p = 0.041) as well as the difference in emotional and neutral recogni-

tion (r
s
 = 0.317, p = 0.017; see Figure 4C). When the two most extreme data points (in the 

upper right part of Figure 4C) were excluded from the analysis, the correlations between 

the cortisol response and both recognition measures were still positive at trend level  

(p’s < 0.1). For men and women separately the correlations were still positive, but not sig-

nificant. When calculating the cortisol response as the absolute increase from baseline, 

Figure 3
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Figure 3 Salivary cortisol levels 

during the first experimental session 

in men, women using contraceptives 

and natural cycling women within 

the stress condition. Men showed 

higher cortisol increases after stress 

(S5 - S2) compared to both women 

using oral contraceptives and 

natural cycling women (p’s < 0.05). 

Natural cycling women showed a 

trend towards higher cortisol re-

sponses compared to women using 

oral contraceptives (p < 0.1).
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Figure 2 A. Effects of psychosocial stress exposure on salivary cortisol levels in men (left) and women (right). 

B. Effects of psychosocial stress exposure on salivary alpha-amylase levels in men (left) and women (right). 

C. Effects of psychosocial stress exposure on ‘negative affect’ as measured with the PANAS questionnaire. For 

both men and women the conducted ANOVAs revealed a significant Time x Condition interaction. * = p < 0.05, 

** = p < 0.01 in post-hoc tests.
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Implications of psychosocial stress on memory formation in a typical male versus female student sample

to exclude influences of baseline levels, a positive trend remained between delta cortisol 

levels and both the recognition of emotional pictures (r = 0.233, p = 0.085) as well as the dif-

ference in emotional and neutral recognition (r = 0.229, p = 0.089). Memory performance 

measurements did not correlate with absolute cortisol levels after stress. No correlations 

were found between free recall performance and hormonal stress responses (all p’s > 0.2).

Working memory performance 
No differences in the percentage of correct responses were observed for the 0-back 

task between the stress and control group (F
1,72

 = 0.215, p = 0.644; Figure 5A). The GLM re-

vealed a main effect of Difficulty (F
1,72

 = 79.351, p < 0.001). As expected, subjects performed 

better on the 2-back than on the 3-back task. No significant effects of Condition and Sex 

were found on correct responses.
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Figure 4 A. Emotionally arousing pictures are better remembered than neutral pictures. Recognition performance 

in % Hits - % False Alarms. B. Effects of psychosocial stress on emotional and neutral recognition performance. Men 

in the stress group remembered more emotional, but the same amount of neutral pictures compared to the control 

group. We observed no effect of stress on recognition performance in the female group. C. The difference in emotional 

vs. neutral recognition performance correlated significantly with individual cortisol responses to stress (r
s
 = 0.317, 

p = 0.017). The cortisol response is expressed as the percentage increase in cortisol in response to the stress task

(% increase from S2 to S5). * = p < 0.05, ** = p < 0.01.
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Reaction times on the working memory task are depicted in Figure 5B. There were no 

differences in reaction times on the 0-back task between the stress and control group (F
1,72

 

= 1.314, p = 0.255). In addition to more correct responses on the 2-back task, subjects also 

responded faster at the 2-back task compared to the 3-back task (F
1,72

 = 44.129, p < 0.001). 

Interestingly, a significant Difficulty x Sex x Condition interaction was found (F
1,72

 = 11.641, 

p = 0.001). Further analyses revealed that there were no effects of condition on working 

memory reaction times in female students. However, men in the stress condition were fast-

er compared to the control condition on the 2-back task, while there were no differences 

on the 3-back task (Difficulty x Condition interaction; F
1,21

 = 20.809, p < 0.001). This effect 

was especially pronounced during the first block of the 2-back task (F
1,21

 = 4.735, p = 0.041).

There were no significant correlations between cortisol and alpha-amylase levels or 

responses and working memory performance or reaction times.
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A. Effects of psychosocial stress exposure on working memory (WM) performance (percentage of correct 

responses) in men (left) and women (right). Subjects performed better on the 2-back task compared to the 3-back task 

but no significant effects of stress were found. B. Effects of psychosocial stress exposure on working memory perfor-

mance (reaction times = RT) in men (left) and women (right). Subjects performed better on the 2-back task compared 

to the 3-back task. Only for men the conducted ANOVA revealed a significant Difficulty x Condition interaction. 

* = p < 0.05 in post-hoc tests.
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Implications of psychosocial stress on memory formation in a typical male versus female student sample

Discussion

The current study investigated the effects of stress on long-term memory and work-

ing memory, in a sample of male versus female students that is typical for the Nether-

lands. Our results show that the TSST significantly increased cortisol and alpha-amylase 

concentrations as well as subjective negative affect state, indicating a successful induc-

tion of stress. There was a clear sex difference in cortisol responses to the stressor, with 

men showing significantly higher cortisol responses compared to women. As expected, 

both men and women remembered emotional arousing information better than neutral 

information. Interestingly, stress enhanced recognition memory for emotional versus 

neutral pictures only in male subjects. The difference between neutral and emotional 

recognition performance correlated significantly with the cortisol responses to stress 

in all subjects. Stress also improved working memory in men, but only when working 

memory load was moderate (2-back). It should be mentioned that the control condition 

did not match the stress situation for physical demand and information load. Therefore, 

we conclude that a clear sex difference exists in the combined effect of public speaking 

including its physical demand and the differences in information load on memory be-

tween typical groups of young-adult male and female students.

Observations in male subjects 
In agreement with previous studies (Cahill et al., 2003; Abercrombie et al., 2006;  

Andreano and Cahill, 2006; Payne et al., 2007; Smeets et al., 2008), we found that stress 

strengthened the learning and consolidation of emotional versus neutral information 

in men. This effect was only found on recognition memory but not on free recall, prob-

ably due to relatively low numbers of recalled pictures and a large variation in free recall 

between subjects. The current design does not allow distinction between stress effects on 

encoding and (early) consolidation. Future experiments would need to address if either 

one or both of these memory phases are affected.

Our data point to a working memory enhancement after stress in men, especially on 

the first block with moderate working memory load. Male subjects in the stress condition 

reacted faster during this block and even though there are no significant effects of stress 

on the number of correct responses, the direction of stress effects on the number of cor-

rect responses points towards better performance after stress. Stress did not affect blocks 

with high working memory load. Overall, these findings contrast with some (Elzinga and 

Roelofs, 2005; Oei et al., 2006; Luethi et al., 2008; Schoofs et al., 2008, 2009) but are in 

agreement with other studies on the effects of stress on working memory (Kuhlmann et 

al., 2005; Duncko et al., 2009; Oei et al., 2009; Weerda et al., 2010). 

One factor that may explain the discrepancies among studies relates to the timing 

relative to the stress situation, and its hormonal consequences. In our study working 

memory was assessed about 20 min after the end of the stressor, when cortisol levels were 

elevated but noradrenergic activity and negative affect scores appear to be back to baseline 

values. Furthermore, over the course of the working memory task cortisol levels decreased,  
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possibly explaining the difference in stress effects between the first and later blocks. The 

distinct time-courses of alpha-amylase and cortisol levels may in fact provide an experimen-

tal tool to distinguish between separate contributions of these two hormonal systems in 

the absence of pharmacological intervention. We cannot exclude that the lack of impaired 

working memory performance in our design was due to the fact that the increased nega-

tive affect associated with the stressor was not present anymore at the time of the working 

memory task. Moreover, it has been proposed that working memory impairments are only 

found when raised cortisol levels are accompanied by noradrenergic activation (Roozendaal 

et al., 2006a; van Stegeren et al., 2010). Despite the fact that no significant correlations were 

found between working memory performance and cortisol and autonomic responses, this 

does not exclude that cortisol and autonomic mediators – most likely in interaction – could 

be driving forces behind the effect on working memory. For instance, it is known in the  

literature on fear conditioning in animals that blockade of glucocorticoid receptors inter-

fere with contextual memory formation, indicating that corticosteroids are necessary for  

this type of memory (Cordero et al., 1998). However, up and above a certain hormone lev-

el, there is no further correlation between corticosteroid level and memory performance 

(Pugh et al., 1997). Similar complex hormonal dependencies may also be relevant for work-

ing memory performance. A difference in hormonal state during the working memory task  

in this study compared to earlier studies may therefore have influenced the outcome.

A second explanation for discrepancies among studies is linked to the order in which 

the tasks were currently presented. We cannot exclude that the possibly disturbing pic-

tures during the memory encoding task, preceding the working memory task, might 

have influenced working memory performance. Thirdly, time of the day seems also of 

relevance. Thus, we tested our subjects in the afternoon, when baseline cortisol levels 

are low, while many studies reporting a working memory impairment were performed 

during the (late) morning (Elzinga and Roelofs, 2005; Oei et al., 2006; Luethi et al., 2008; 

Schoofs et al., 2008). Finally, we found enhanced working memory in the blocks with rela-

tively low working memory load, while working memory impairment appears to be more 

pronounced when working memory load is high (Lupien et al., 1999; Oei et al., 2006). 

Since the groups were unevenly distributed in order to study within-group varia-

tions, the observations in male students are based on relatively small samples, especially 

in the control condition, and these results should be interpreted with caution. Neverthe-

less, the variation within the control group was limited, which lends further credibility 

to our observations.

Observations in female subjects
Stress did not affect long-term memory and working memory in a typical sample of 

female students. This is in line with previous studies indicating that men show larger 

stress-induced memory effects compared to women, such as enhancement of fear condi-

tioning (Zorawski et al., 2005; Jackson et al., 2006), impairment of retrieval (Wolf et al., 

2001; Buchanan and Tranel, 2008; Schoofs and Wolf, 2009) and enhancement of consoli-

dation (Andreano and Cahill, 2006).
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One possible explanation for the lack of stress effects on memory in women is that 

their overall hormonal state differs from that observed in men. For instance, in agree-

ment with previous research (Van Stegeren et al., 2008), we found sex differences in alpha-

amylase; men tended to show higher overall alpha-amylase levels compared to women. 

Furthermore, sex differences in estradiol and progesterone levels, also influenced by oral 

contraceptive use and menstrual cycle phase in women, probably contributed to sex dif-

ferences in stress effects on long-term- and working memory (Moffat, 2005; Henderson, 

2009). Animal studies indeed provide evidence for interactions between sex hormones 

and stress hormones in memory processes, demonstrating effects of sex differences and 

estrous phase on mnemonic processes under stressful circumstances (Wood et al., 2001; 

Rubinow et al., 2004). Alternatively, sexual dimorphisms of (cells in) relevant brain areas 

like the hippocampus and prefrontal cortex (Juraska, 1991) may partly explain the sex 

differences in stress-mediated effects on memory.

Cortisol responses to stress are known to be smaller in women compared to men, 

especially in women using oral contraceptives (Kirschbaum et al., 1999; Kudielka and 

Kirschbaum, 2005). This was confirmed in the present study. Thus, cortisol responses 

in men were higher compared to women. A substantial part of our female sample used 

oral contraceptives and this group had blunted cortisol responses when exposed to stress 

compared to the male subjects and even tended to show a dampened cortisol response 

compared to natural cycling women. Oral contraceptive use, leading to blunted HPA axis 

responses, might therefore have contributed to the lack of stress effects on memory in 

the current female sample. This would be in line with a study showing that cortisol af-

fects memory retrieval in natural cycling women but not in women using oral contracep-

tives (Kuhlmann and Wolf, 2005). The relevance of female gonadal hormones in cortisol 

responses and their impact on memory is also indicated from a set of studies performed 

in natural cycling women. These studies showed that cortisol responses are increased 

during the luteal compared to the follicular phase, when estrogen and progesterone are 

elevated (Tersman et al., 1991; Kirschbaum et al., 1999). The relationship between cortisol 

and memory differs depending on menstrual cycle phase as shown by Andreano et al.  

(Andreano et al., 2008), who reported that cortisol positively predicts memory perfor-

mance in the luteal but not in the follicular phase. Unfortunately, we were not able to 

study stress effects on memory in natural cycling women separately in the current study; 

the sample size were too small and unevenly distributed. It seems very likely, however, 

that sex differences in hormone levels and stress reactivity, influenced by oral contracep-

tive use and menstrual cycle phase in women, contributed substantially to the observed 

differences in stress effects on memory performance.

In conclusion, the current study shows effects of psychosocial stress on long-term 

memory as well as working memory in typical male students. By contrast, psychosocial 

stress in a female sample did not induce marked effects on both types of memory; this 

might be linked to the prevalent use of oral contraceptives, which is typical for the stu-

dent population in The Netherlands. Although different stressors might affect cognitive 
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performance in a different manner and generalization should therefore be done with 

extreme care, the results support the notion that psychosocial stress affects cognitive 

performance of these young-adult males in their daily work environment much more 

clearly than the performance of females.
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A randomized trial on mineralocorticoid receptor blockade in men

Abstract

Corticosteroids, released in high amounts after stress, exert their effects via two differ-

ent receptors in the brain: glucocorticoid receptors (GRs) and mineralocorticoid receptors 

(MRs). GRs play a role in normalizing stress-induced effects and promoting consolidation, 

while MRs are thought to be important in determining the threshold for activation of the 

hypothalamic-pituitary-adrenal (HPA) axis. We investigated the effects of MR blockade on 

HPA axis responses to stress and stress-induced changes in cognitive function. In a double-

blind, placebo-controlled study, 64 healthy young men received 400 mg of the MR antago-

nist spironolactone or placebo. After 1.5 hours, they were exposed to either a Trier Social 

Stress Test or a non-stressful control task. Responses to stress were evaluated by hormonal,  

subjective and physiological measurements. Afterwards, selective attention, working mem-

ory and long-term memory performance were assessed. Spironolactone increased basal 

salivary cortisol levels as well as cortisol levels in response to stress. Furthermore, spirono-

lactone significantly impaired selective attention, but only in the control group. The stress 

group receiving spironolactone showed impaired working memory performance. By con-

trast, long-term memory was enhanced in this group. These data support a role of MRs in 

the regulation of the HPA axis under basal conditions as well as in response to stress. The 

increased availability of cortisol after spironolactone treatment implies enhanced GR acti-

vation which, in combination with MR blockade, presumably resulted in a decreased MR/

GR activation ratio. This condition influences both selective attention and performance in 

various memory tasks.
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Introduction

Cognitive processes can be affected by stress, both negatively or positively; this applies 

especially to memory (for reviews, see Lupien et al., 2007; Wolf, 2009). These effects of stress 

are at least in part due to activation of the hypothalamo-pituitary-adrenal (HPA) axis, result-

ing in secretion of corticosteroid hormones (mainly cortisol in humans and corticosterone 

in rodents) from the adrenal gland (Wolf, 2008). 

Corticosteroids bind to two types of nuclear receptors, i.e. glucocorticoid (GRs) and min-

eralocorticoid receptors (MRs), which influence brain function primarily by modulating 

gene transcription (De Kloet et al., 2005; Joëls et al., 2006, 2008). MRs and GRs differ in their 

affinity for corticosteroids and are differentially distributed in the brain. GRs are ubiqui-

tously present throughout the brain, have a low affinity for corticosteroids and mainly play 

a role when plasma corticosteroid levels are high, i.e. after stress (Reul and De Kloet, 1985; 

Reul et al., 1987; de Kloet et al., 2005). One of the main functions of GRs is to normalize stress-

induced effects and promote consolidation, as shown e.g. in rodents (Sandi, 1998; Oitzl et 

al., 2001; Roozendaal et al., 2003). MRs are primarily located in limbic areas, which are brain 

areas critical for cognition and emotion. In the rodent brain, MRs are particularly expressed 

in the hippocampus (Reul and De Kloet, 1985; de Kloet et al., 2005); in primates, MRs are also 

found in cortical and subcortical structures (Patel et al., 2000). In contrast to GRs, nuclear 

MRs have a high affinity for corticosteroids. This leads to extensive MR occupation even when 

circulating corticosteroid levels are low, i.e. under basal conditions. Therefore, the function-

al significance of the MR in the stress response has been questioned for a long time. 

However, recent animal experiments indicate that the MR can also be positioned in the  

membrane of hippocampal neurons, presumably amplifying rapid non-genomic effects by 

other stress hormones (Karst et al., 2005; Tasker et al., 2006; Joëls and Baram, 2009). Important-

ly, this membrane-located MR appears to have a relatively low affinity for corticosteroids and 

may therefore respond especially to stress-induced elevations of corticosteroids. In line with 

this hypothesis, several animal studies recently indicated a role for MR in the early phase of the  

stress response and in fast effects on cognitive processes (Pace and Spencer, 2005; Khaksari et 

al., 2007; Schwabe et al., 2010a). In humans, however, investigation of this receptor with respect 

to cognition has so far been very limited (Otte et al., 2007), especially in combination with stress.

Under controlled laboratory conditions, we now investigated the consequences of MR 

blockade by spironolactone for responses to a psychosocial stressor and cognitive perfor-

mance. In healthy volunteers, we addressed the following research question: Does MR blockade  

lead to differences in selective attention, working memory, and long-term memory during a 

stressful situation, compared with a non-stressful control situation? To validate the effects of 

spironolactone treatment and stress manipulation, we measured salivary cortisol and alpha-

amylase concentrations as well as heart rate and blood pressure throughout the experiment. 

In previous studies, MR blockade was reported to increase cortisol levels under baseline condi-

tions (Deuschle et al., 1998b; Young et al., 1998; Heuser et al., 2000). This situation implies in-

creased binding of available cortisol to GRs. The combination of MR blockade and additional 

cortisol release by stress will thus presumably lead to a substantial reduction in MR/GR activa-

tion ratio, and we hypothesize that this will affect cognition.
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Methods

Participants 
Sixty-four healthy male undergraduate students (mean age = 21.75 (SD = 2.68, ranging 

from 18-26 years); mean body mass index = 23.10 (SD = 2.72, ranging from 18 to 30)) were 

recruited, evaluated, and tested at Maastricht University between July 2009 and December 

2009. All participants underwent a screening procedure consisting of a medical and psychi-

atric history questionnaire (evaluating current lifetime psychiatric diagnosis and medical  

history, use of medication, alcohol, substance abuse and smoking), a 12-lead electrocardio-

gram, laboratory tests (blood biochemistry and hematology, urinalysis, drug screening, 

serology) and a routine medical examination. Exclusion criteria were: cardiovascular dis-

ease, severe physical illness, hypertension, hypotension, current or lifetime psychopathol-

ogy or endocrine disorders and being on medication known to affect HPA-axis functioning.  

Furthermore, heavy smoking (> 10 cigarettes per day), heavy alcohol consumption (> 60 g 

per day) and substance abuse served as exclusion criteria. Before entering the experiment,  

all subjects signed a written informed consent and were given a monetary reward (€ 50). 

Participants were instructed to refrain from eating, drinking, heavy exercise and smoking 

at least 1 h before the experimental sessions. All participants reported that they adhered 

to these instructions. The study was approved by the Medical Ethics Committee of the 

Academic Hospital Maastricht (CTCM azM; Maastricht; the Netherlands). 

Design and procedure 
We used a randomized, double-blind, placebo-controlled 2 x 2 between subjects de-

sign. Half of the subjects received 400 mg spironolactone orally, the other half placebo. 

In both treatment conditions half of the subjects participated in a stressful task, while 

the other half was subjected to a non-stressful control task. This resulted in four experi-

mental groups, to which 16 participants were randomly assigned: Spironolactone-Stress, 

Spironolactone-Control, Placebo-Stress and Placebo-Control. Sample size was determined 

by power analysis (power > 0.80; alpha = 0.05) for detecting medium (Cohen’s d ranging 

from 0.50 to 0.80) interaction effects. Spironolactone and placebo pills were provided in 

sequentially numbered containers by the pharmacy according to a randomization proto-

col, to which experimenters and participants were blinded until after the study was com-

pleted. Recruitment and random assignment to the stress or control task were done by 

different staff (SC and TS, respectively). The study consisted of two experimental sessions, 

24 h apart. All subjects were tested in the morning between 8:00 and 12:30 h, to allow 

comparison with an earlier study using the same stress paradigm (Smeets et al., 2009).  

A detailed timeline of the experimental sessions is shown in Figure 1. 

Stress manipulation
The Trier Social Stress Test (Kirschbaum et al., 1993) is a valid and reliable procedure  

to induce neuroendocrine responses. The present study employed a modified TSST (Smeets  

et al., 2007, 2009) that was more personally relevant and ego threatening, consisting  



54  |  55

C
H

A
P

T
E

R
 3

of a 5 min preparation period, a 5 min mental arithmetic task and a 10 min free speech 

task. Participants in the stress group were not asked to simulate a job interview, as is typi-

cal in the TSST, but instead had to critically describe their own personality characteristics 

in English (a non-native language) while standing in front of a live audience and being 

audio- and videotaped.

The control condition consisted of a comparable task, but participants were asked, 

after a 5 min preparation period, to describe their personality for 10 min (a free speech 

task) in an empty room and to perform a simple arithmetic task for 5 min; these tasks 

were not videotaped and were without an audience (Het et al., 2009). 

Salivary sampling and biochemical analysis
Salivary samples were obtained using Salivette devices (Sarstedt, Etten-Leur, the 

Netherlands). Samples were stored at -20˚C immediately after collection until further 

analysis. Cortisol levels were measured using a commercially available immunoassay (IBL, 

Hamburg, Germany). Concentrations of salivary alpha-amylase (sAA) were determined us-

ing a commercially available kinetic reaction assay (Salimetrics, Penn State, PA). Levels of 

sAA are sensitive to changes in adrenergic activation, specifically in reaction to psycho-

logical stress (Van Stegeren et al., 2006). Determination of salivary alpha-amylase levels 

was therefore here used as an indicator for noradrenergic system activity (in addition to 

heart rate and blood pressure) during stress manipulation.

Mood measurement 
Subjects filled out the Positive and Negative Affect Schedule (PANAS; Watson et al., 

1988) during the 6 saliva sampling time points. The PANAS consists of 10 positive affect 

and 10 negative affect items to be rated on a 5-point scale, resulting in a separate score for 

positive and negative affect.

Timeline of the experimental sessions. Five minutes after subjects arrived at the laboratory for the first ex-

perimental session, they were given a 10 min rest phase while baseline heart rate was recorded. Heart rate recording 

continued throughout the first session. After the baseline recording a first saliva sample was taken and spironolac-

tone (400 mg) or placebo was administered. Ninety min after drug administration, a second saliva sample was taken 

and subjects participated in the stress or control task, followed by a third saliva sample. Subsequently, subjects 

participated in the memory encoding of the long-term memory task, followed by a fourth saliva sample, the selective 

attention task, the working memory task and a sixth saliva sample. During all time points of salivary sampling, blood 

pressure and mood were also measured. After a 24 h interval, participant returned to the laboratory for a surprise 

free recall and recognition test.

Figure 1
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Physiological measurements 
Heart rate was measured continuously with a sampling rate of 1000 Hz during the first 

session of the experiment using portable transmission devices (Polar® RS800CX). Blood 

pressure was measured during the 6 saliva sampling time points using a fully automated 

blood pressure monitor (Omron® 705IT), with the cuff placed on the right upper arm.

Encoding and long-term memory task 
During the memory encoding phase, participants were presented with 24 words (12 

personality-related words and 12 personality-unrelated words; Smeets et al., 2009) from 

the Affective Norms for English Words (ANEW; Bradley and Lang, 1999). Words were pre-

sented both aurally on a digital voice recorder and visually on a computer screen for 

three successive learning trials (LT1-3), with participants being explicitly told that their 

memory for the words would be tested immediately following each learning trial. Sub-

jects were given surprise delayed free recall (DFR) and recognition tests 24 hours later. 

Following the delayed recall test, participants rated the presented words on arousal. Since 

no differences were found between personality-related and -unrelated words or based on 

the arousal ratings, we have only reported the total percentage of recalled words. Mis 

interpretation of the instructions or obvious lack of motivation was defined a priori as an 

exclusion criterion for data analysis. 

Selective attention task 
To assess selective attention, the d2 test (Brickenkamp, 1978) was used. Stimuli in the  

d2 test consist of the letters “p” and “d” with one, two, three or four dashes arranged 

either individually or in pairs above and below the letter. Subjects were instructed to 

cross out all “d’s” with two dashes. Subsequent to a practice trial, 14 lines of 47 target and  

distracter stimuli were presented, and the subject had 20 seconds to finish each line. 

Working memory task 
Working memory performance was assessed with an n-back task. Subjects were pre-

sented with a sequence of one-digit numbers (from 0 to 9), and had to indicate whether the 

current number matched the number from trials earlier. Subjects first received a 0-back  

task, where they had to indicate if the current number was “0” or not. Subsequently, a total  

of 4 experimental blocks varying in task difficulty were given, alternating between 2-back 

and 3-back tasks. Each block consisted of 24 trials, and the first three blocks were preceded 

by an instruction screen and 6 practice trials. The first 2 trials were excluded from analysis 

for the 2-back test, and the first 3 trials were excluded for the 3-back test. Because no dif-

ferences were found between the two subsequent blocks of the n-back task with the same 

difficulty, we have reported data only for the grouped 2-back and grouped 3-back tasks. 

Misinterpretation of the instructions or obvious lack of motivation was defined as an  

exclusion criterion for data analysis. 
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Statistical analysis
All measures that showed a skewed distribution with the Shapiro-Wilk test of nor-

mality (cortisol, salivary alpha-amylase and PANAS measurements) were log-transformed. 

Analysis of Variance (ANOVA) was then performed on the transformed data. Stress induc-

tion measurements during the first session were analyzed using a 5 (Time: t15 vs. t110 

vs. 130 vs. t140 vs. t165) x 2 (Treatment: Spironolactone vs. Placebo) x 2 (Condition: Stress 

vs. Control) General Linear Model (GLM) repeated measures ANOVA, where Time was a 

repeated measure. Heart rate was averaged over 8 separate periods and analyzed similarly 

to the other measures, using an eight (Time: baseline vs. waiting period vs. preparation 

phase TSST vs. mental arithmetic task TSST vs. free speech TSST vs. memory encoding 

task vs. selective attention task vs. working memory task) x 2 (Treatment) x 2 (Condition) 

GLM repeated measures ANOVA. To investigate cortisol responses to stress in the differ-

ent groups, the Area Under the Curve increase (AUCi; Pruessner, 2003) was calculated for 

each subject and analyzed using ANOVA. Selective attention performance was analyzed 

using 2 (Treatment) x 2 (Condition) GLM ANOVA. Performance on learning trials and long-

term memory was analyzed using a 4 (Trial: LT1 vs. LT2 vs. LT3 vs. DFR) x 2 (Treatment: 

Spironolactone vs. Placebo) x 2 (Condition: Stress vs. Control) GLM ANOVA with Trial as a 

repeated measure. Working memory was analyzed using a 2 (Difficulty: 2-back vs. 3-back) 

x 2 (Treatment) x 2 (Condition) GLM ANOVA, with Difficulty being a repeated measure. 

When sphericity assumptions were violated (Mauchly’s test of sphericity), we reported 

Greenhouse-Geisser corrected p-values. If there were significant interaction effects (Time 

x Condition interactions to assess stress responses and Trial/Block x Treatment x Condi-

tion interactions to assess drug and stress effects), planned comparisons were performed. 

In there were post-hoc analyses, data in all cases were corrected with Tukey’s HSD test for 

multiple comparisons.
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Results

Participants 
The four experimental groups did not differ in terms of age, body mass index or edu-

cation (in all cases p > 0.15).

There were no adverse effects from spironolactone administration. All participants 

completed both sessions, and there were no missing data. One subject (from the placebo-

stress group) was excluded from all analyses due to extremely high cortisol levels through-

out the experiment. Three additional subjects were excluded from the long-term and work-

ing memory analyses because they had not understood the task instructions correctly (an 

a priori exclusion criterion) and thus performed very poorly (> 2 SD below the group mean). 

Stress responses 
The experimental groups did not differ on any of the measured baseline variables 

(cortisol, alpha-amylase, blood pressure, heart rate and PANAS; all p’s > 0.30; see Figure 

2 and Tables 1 and 2). As expected, the ANOVA for cortisol showed a significant Time 

x Condition interaction (F
2,131

 = 19.26, p < 0.001; Figure 2). Planned simple contrasts  

related to baseline showed that subjects in the stress condition had increased cortisol 

levels from 20 min after the start of stress induction (S3) until the end of the first session 

(S4, S5), compared to control subjects (all p’s < .001). Furthermore, a significant Time x 

Treatment interaction (F
2,131

 = 6.79, p = 0.001) (Figure 2) was found; post-hoc simple con-

trasts indicated overall increased cortisol levels after spironolactone treatment (S2-S5; all  

p’s < 0.005) compared to baseline. Except for a significant main effect of Time (F
2,131

 = 19.44,  

p < 0.001), no other significant main or interactive effects were found. Interestingly,  

our results showed that within the stress group, cortisol responses (AUCi) were signifi-

cantly increased after spironolactone treatment (mean ± SD: 572.2 ± 91.9) compared to 

placebo treatment (mean ± SD: 310.5 ± 40.7; F
1,29

 = 6.48, p = 0.017). Within the control 

group, cortisol responses (AUCi) after spironolactone (mean ± SD: 80.3 ± 49.4) and pla-

cebo treatment (mean ± SD: -21.3 ± 41.5) did not differ (p > 0.10).

Figure 2
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For alpha-amylase, a significant Time x Condition interaction (F
3,154

 = 5.40, p = 0.002) 

and a significant main effect of Time (F
3,154

 = 30.51, p < 0.001) were found (Table 1). Planned 

simple contrasts compared to baseline showed that alpha-amylase levels were increased 

in the stress condition only at the time point immediately after the TSST (S3; p = 0.008),  

compared to the control condition. The ANOVA for subjective negative affect state also 

yielded a significant Time x Condition interaction (F
4,236

 = 21.25, p = 0.002) and a significant 

main effect of Time (F
4,236

 = 11.34, p < 0.001; Table 1). Planned simple contrasts related to 

baseline showed increased negative affect in subjects in the stress condition only imme-

diately after the TSST (S3; p < 0.001), compared to control subjects. For positive affect, no 

significant effects of Condition were found. Likewise, both systolic (Time x Condition: F
3,204

 = 

19.92, p < 0.001; Time: F
3,204

 = 12.22, p < 0.001) and diastolic blood pressure (Time x Condition: 

F
4,236

 = 6.55, p < 0.001; Time: F
4,236

 = 19.21, p < 0.001) increased in the stress group compared 

to the control group immediately after the stress task (S3; p’s < 0.01; Table 1). Finally, for 

heart rate, the ANOVA also showed a significant Time x Condition interaction (F
5,292

 = 17.49,  

p < 0.001) and a significant main effect of Time (F
5,292

 = 17.91, p < 0.001; Table 2). Planned sim-

ple contrasts compared to baseline showed elevated heart rate in the stress group compared 

to the control group during the entire TSST, including preparation period, mental arithme-

tic task and free speech (S2-S3; p’s < 0.001), but not during further testing. Spironolactone 

treatment did not affect alpha-amylase, PANAS, blood pressure or heart rate measurements. 

 

 

 

  t15 t105 t120 t135 t150 
 
 
 

sAA C-Plac 43.22 (11.17) 55.20 (7.80) 52.49 (7.59) 48.15 (7.52) 58.77 (8.45) 

\ 

 

 C-Spiro  49.54 (10.85) 84.30 (20.76) 70.31 (12.74) 70.61 (15.39) 76.53 (14.19) 

 S-Plac 28.43 (5.29) 39.41 (7.23) 80.15 (21.58) 52.91 (12.28) 59.72 (11.96) 

 S-Spiro 38.24 (7.10) 63.29 (11.27) 113.32 (25.52) 94.84 (22.30) 82.68 (18.57) 

PANAS-Neg C-Plac 11.56 (0.43) 10.75 (0.25) 10.63 (0.26) 11.06 (0.92) 11.44 (0.74) 

 C-Spiro  11.25 (0.42) 11.00 (0.33) 10.44 (0.18) 10.38 (0.20) 10.63 (0.20) 

 S-Plac 11.80 (0.68) 11.20 (0.61) 15.60 (0.93) 11.67 (0.58) 12.67 (0.72) 

 S-Spiro 11.00 (0.29) 11.06 (0.32) 13.69 (0.76) 11.31 (0.31) 11.19 (0.38) 

PANAS-Pos C-Plac 27.38 (1.56) 27.19 (1.61) 27.31 (1.86) 26.63 (1.20) 25.88 (2.13) 

 C-Spiro  27.25 (1.85) 25.94 (1.85) 25.81 (2.23) 25.00 (2.01) 25.19 (1.91) 

 S-Plac 26.07 (1.51) 26.33 (1.50) 25.93 (1.73) 25.47 (1.87) 23.73 (1.80) 

 S-Spiro 25.94 (1.68) 25.25 (1.77) 24.75 (1.60) 26.69 (1.68) 24.38 (1.40) 

Systolic BP C-Plac 127.69 (2.84) 127.25 (2.69) 123.63 (2.41) 123.63 (3.36) 126.06 (2.98) 

 C-Spiro  128.94 (2.67) 128.56 (2.41) 128.81 (2.56) 129.75 (3.02) 131.13 (2.86) 

 S-Plac 127.60 (2.12) 129.07 (3.53) 143.40 (3.16) 130.33 (2.87) 129.27 (3.74) 

 S-Spiro 129.38 (2.86) 131.31 (2.41) 145.44 (2.88) 132.31 (2.81) 132.50 (2.68) 

Diastolic BP C-Plac 68.25 (2.02) 69.38 (2.16) 70.38 (2.37) 69.44 (2.28) 70.81 (1.98) 

 C-Spiro  71.00 (2.18) 71.88 (1.86) 76.25 (2.32) 74.31 (2.33) 74.06 (2.41) 

 S-Plac 73.73 (2.23) 73.00 (1.95) 81.33 (2.35) 75.07 (2.45) 76.33 (2.98) 

 S-Spiro 71.00 (1.58) 69.00 (1.66) 83.19 (2.45) 72.81 (1.67) 73.06 (1.64) 

       

 

       

     

       

Mean (SEM) values of salivary alpha-amylase. PANAS and blood pressure at sample points throughout the 

study in the four experimental groups.

Table 1 
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Learning performance and long-term memory 
Figure 3 depicts the percentages correctly recalled words on learning trials and de-

layed free recall. A significant interaction between Trial, Treatment and Condition was 

found (F
2,134

 = 3.00, p = 0.046). Since we expected this effect to be especially due to the 

delayed trial, we conducted planned comparisons for delayed free recall performance, 

which showed a significant Treatment x Condition interaction effect (F
1,56

 = 5.81, p = 0.019)  

and a significant main effect of Condition (F
1,56

 = 5.46, p = 0.023). On the three learn-

ing trials, however, no significant main or interactive effects involving Treatment and 

Condition were found (p’s > 0.20). Post-hoc Tukey’s multiple comparisons revealed that 

subjects in the stress condition receiving spironolactone recalled significantly more 

words than the Control-Spironolactone group (p = 0.008) and tended to perform better 

compared to the other two groups (p = 0.10), while no differences were found between 

all other groups (p’s > 0.70). No effects of either Treatment or Condition were found on 

delayed recognition performance.

Selective attention 

Performance on the d2 task, as measured by the percentage of correctly processed 

items, was significantly impaired after spironolactone compared to placebo treatment 

(F
1,59

 = 4.36, p = 0.041; Table 3). Separate analyses for the effect of Treatment in both the 

Mean (SEM) heart rate averaged over 8 separate periods throughout the study in the four experimental groups.
Table 2 

 
Supplementary Table 2. Mean (SEM) heart rate averaged over 8 separate periods throughout the 
study in the four experimental groups. 

 Baseline Waiting  
Period 

Preparation 
TSST 

Arithmetic 
TSST 

Speech TSST Memory 
Encoding 

Selective 
Attention 

Working 
Memory 

Heart Rate        

C-Plac 76.94 (3.04) 72.75 (1.93) 72.44 (2.45) 73.06 (2.26) 69.00 (2.34) 74.19 (5.26) 74.38 (3.75) 72.50 (2.19) 

C-Spiro  80.31 (4.75) 75.06 (5.05) 72.50 (3.75) 72.75 (3.53) 67.75 (2.72) 65.13 (2.79) 78.56 (5.17) 69.56 (2.61) 

S-Plac 79.33 (3.23) 76.00 (2.23) 104.47 (3.46) 82.60 (3.20) 80.73 (3.92) 71.33 (3.00) 80.47 (3.00) 75.40 (2.59) 

S-Spiro 75.31 (2.89) 80.69 (2.99) 108.19 (2.86) 89.06 (4.03) 79.56 (2.92) 71.19 (3.85) 76.50 (3.51) 72.00 (5.25) 

      

Table 2

Percentage correct recall of 

words at learning trials and delayed free 

recall. No differences between groups 

were found on the learning trials, but at 

delayed free recall subjects in the Stress 

condition that received spironolactone re-

called significantly more words compared 

to all other groups. * p < 0.05 in planned 

comparisons.

Figure 3 
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stress group and the control group revealed a significant selective attention impairment 

after spironolactone treatment within the control group (F
1,30

 = 5.54, p = 0.025) but not 

within the stress group (p > 0.50). Furthermore, stress tended to increase the percentage 

of commission errors during the selective attention task (F
1,59

 = 3.52, p = 0.066). Separate 

analyses showed that this effect was only apparent under placebo conditions (F
1,29

 = 4.44, 

p = 0.045), but not after spironolactone treatment (p > 0.50). 

Working memory 
No differences between groups were observed in the percentage of correct responses 

or in reaction times on the 0-back task (p’s > 0.3). The ANOVA for percentage correct re-

sponses revealed a significant interaction effect between Difficulty, Treatment and Con-

dition (F
1,56

 = 5.34, p = 0.024; see Figure 4) and a main effect of Difficulty (F
1,56

 = 65.77,  

p < 0.001). Subjects performed better on the 2-back than on the 3-back task. To further 

explore the interaction effect, separate ANOVAs for both difficulties showed that there 

was a significant Treatment x Condition interaction only for the 2-back task (F
1,56

 = 4.64,  

p = 0.036) and not for the 3-back task (p > 0.50). Follow-up post-hoc Tukey’s multiple com-

parison of the means revealed that within the stress group, performance on the 2-back 

task was impaired after spironolactone treatment (F
1,27

 = 7.18, p = 0.012), while no differ-

ences were found within the control group (p > 0.50). Regarding reaction times, only a 

main effect of Difficulty (F
1,56

 = 20.04, p < 0.001) was found; subjects responded faster on 

the 2-back compared to the 3-back task.

Performance (percentage of 

correct responses) on the working memo-

ry task. The ANOVA revealed a significant 

Difficulty x Treatment x Condition effect; 

subjects in the Stress condition that 

received spironolactone performed signifi-

cantly better on the 2-back task compared 

to all other groups. * p < 0.05 in planned 

comparisons.

Figure 4 

Figure 4
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Table 1 
 
 
 

 C-Plac  C-Spiro  S-Plac  S-Spiro  

D2 % Correctly Processed  75.10 (13.06) 65.07 (10.96) * 69.77 (12.33)  69.29 (12.25)  

D2 % Errors of Omission  3.04 (2.68) 3.64 (2.50)  3.48 (2.94)  3.59 (2.13)  

D2 % Errors of Commission  0.17 (0.19)  0.25 (0.44)  0.50 (0.58) * 0.26 (0.33)  

 

Mean (SEM) performance and error rates on the d2 selective attention task. * p < 0.05 against the control-

placebo group.

Table 3
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Discussion

Our study shows that MR blockade in humans leads to impaired selective attention 

during a non-stressful situation, while working memory and long-term memory are dif-

ferentially affected by the combination of MR blockade and stress. 

In line with earlier studies (Deuschle et al., 1998b; Young et al., 1998; Heuser et al., 

2000), we found significantly higher basal cortisol levels after spironolactone adminis-

tration. Although MR blockade was previously reported to increase cortisol levels dur-

ing rest at both the peak and the trough of the circadian rhythm (Young et al., 1998) as 

well as during physical exercise (Wellhoener et al., 2004) and in response to dexameth-

asone suppression/corticotrophin releasing hormone stimulation (Heuser et al., 2000;  

Berardelli et al., 2010), its effect on psychosocial stress responses was unknown. We can 

now report that cortisol responses to psychosocial stress are increased after spironolac-

tone compared to placebo treatment. These results lend further support to the assump-

tion that MRs play a role in human HPA-axis regulation (Deuschle et al., 1998b; Young et 

al., 1998; Heuser et al., 2000; Otte et al., 2007), not only under baseline conditions, but 

also in stressful situations. Subjective responses to stress (specifically in the group ex-

posed to a TSST) were unaffected by MR blockade. Furthermore, none of the parameters 

reflecting sympathetic activity, such as salivary alpha-amylase levels, blood pressure or 

heart rate, were affected by spironolactone. Taken together, these findings suggest that 

the MR antagonist disinhibited the HPA axis, but did not influence the other major stress  

system assessed in this study. 

Chronic spironolactone administration is used as a treatment for hypertension and 

leads to a decrease in blood pressure (Batterink et al., 2010). We found that a single oral 

administration of spironolactone does not change blood pressure in humans, which rep-

licated a similar finding by Otte et al. (Otte et al., 2007). This finding is to some extent 

at odds with rodent studies, which reported a reduction in blood pressure in response 

to acute MR antagonism (Van den Berg et al., 1990; Rahmouni et al., 2002). However, it 

should be noted that the latter reduction peaked at 8 h after administration and was only 

observed after intracerebroventricular, but not subcutaneous, delivery of the antagonist. 

Therefore, differences in species, post-administration delay, delivery route and possibly 

the administered dose may explain the observed discrepancies.

Subjects were behaviorally tested under variable conditions of circulating hormone 

levels and MR activation patterns. In all spironolactone-treated individuals, MR activa-

tion was presumably low due to the antagonistic properties of the drug. Moreover, in 

view of the raised cortisol levels, GR activation was assumed to be enhanced. This pre-

sumed shift in MR towards GR activation was expected to be most prominent in spirono-

lactone-treated individuals of the stress group, showing the highest circulating cortisol 

levels while MRs were blocked. Since cortisol levels were elevated at all time points after 

stress exposure, this condition most likely was present during all behavioral tasks. Obvi-

ously, to unravel the specific roles of MRs, GRs and the MR/GR activation balance, more 

studies with selective MR and GR (ant)agonists will be necessary. Indices of sympathetic  

Figure 4. Performance (per-
centage of correct responses) 
on the working memory task. 
The ANOVA revealed a signifi-
cant Difficulty x Treatment 
x Condition effect; subjects 
in the Stress condition that 
received spironolactone per-
formed significantly better on 
the 2-back task compared to 
all other groups. * p < .05 in 
planned comparisons.
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activation (e.g. alpha-amylase, blood pressure and heart rate) were only briefly affected 

after stress, i.e. during the very first phase of the cognitive tasks. These indices could 

therefore have played a role during encoding of the verbal memory test, but most likely 

not during the selective attention and n-back tasks. Furthermore stress, but not spironol-

actone, induced short-lived increases in negative affect. 

We replicated the finding of Otte et al. (Otte et al., 2007) that MR blockade by spirono-

lactone impairs selective attention under non-stressful conditions. This was not observed 

after stress, which might indicate that MR activation promotes selective attention, an ef-

fect that possibly could be counteracted by GR activation. Working memory was reduced 

by spironolactone, but only when subjects were also exposed to stress. This suggests that 

extensive MR blockade in combination with high cortisol levels, probably leading to in-

creased GR binding, impairs working memory. It should be noted that we did not selec-

tively activate GRs and that the degree to which this receptor type was activated during 

the behavioral tests was only inferred from circulating hormone levels, so this remains 

speculative. However, our interpretation is supported by a study in Addison’s patients 

who were selectively treated with MR and/or GR agonists (Tytherleigh et al., 2004). Com-

parable to our findings, this study showed that selective GR agonists (and hence a low 

MR/GR activation ratio) resulted in impaired working memory performance compared 

to treatment with both MR and GR agonists (cf. our placebo-control condition). Appar-

ently, activation of specific adrenergic receptors (Barch, 2004; Chamberlain et al., 2006; 

Ramos and Arnsten, 2007) as well as MR and GR activation each affect working memory 

in a different way, so that the exact time at which working memory is tested relative 

to stress exposure is important for the outcome. Also, the time of the day, the nature 

of the stressor and the memory tasks, the time spent in the lab before the stressor and 

possible interference with other tasks during the study can influence the direction of 

stress effects on memory. This may explain why some studies reported working memory 

to be decreased by stress (Elzinga and Roelofs, 2005; Oei et al., 2006; Luethi et al., 2008; 

Schoofs et al., 2008, 2009) whereas others observed increased function (Kuhlmann et al., 

2005; Duncko et al., 2009; Oei et al., 2009; Weerda et al., 2010; Cornelisse et al., 2011). The 

current observations clearly indicate that when subjects are tested under conditions of 

MR blockade – which arguably might shift the balance from MR activation towards GR 

activation – working memory is impaired. 

Interpretation of the data on the verbal long-term memory task in terms of recep-

tor activation is multi-faceted. During the learning process, occurring shortly after the 

stressor, both salivary alpha-amylase and cortisol levels were enhanced, the latter particu-

larly in the spironolactone-treated group. In this group, adrenergic activation was cou-

pled to minimal MR activation and presumably extensive GR activation. This reduction of 

MR relative to GR activation most likely persisted during the consolidation phase, while 

adrenergic activation at that time was supposedly low again. Long-term memory was 

improved by the combination of stress and spironolactone treatment, in the absence of 

any effect on learning. This would fit with the notion, based on animal studies, that GRs 

play an important role in memory consolidation (Sandi, 1998; Roozendaal, 2003). Thus, 
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memory-modulating effects of corticosteroids selectively involve GR activation (Oitzl and 

De Kloet, 1992; Sandi and Rose, 1994), requiring DNA binding of GR homodimers (Oitzl 

et al., 2001), and involving interactions with other systems, like noradrenergic activation 

in the amygdala (Roozendaal and McGaugh, 1997; Roozendaal et al., 1999, 2003). To find 

out whether these behavioral effects in animals can be directly related to the observed 

increases in salivary cortisol in humans would require more investigation. Since corticos-

teroids might be locally synthesized and released in the hippocampus and other brain 

regions (McManus et al., 2009), it cannot be excluded that behavioral effects of spironol-

actone are mediated through disruption of central mineralocorticoid circuits.

Notably, stress did not affect long-term memory and working memory under placebo 

conditions. This confirms earlier findings under identical test conditions showing no effect 

of stress on the overall number of words remembered (Smeets et al., 2009). In that study, 

individual arousal ratings were binomially distributed, allowing separate analysis of high- 

versus low-arousing words. Stress was reported to enhance learning and memory of high-

arousing context related words, at the cost of low-arousing context related words, while 

no such difference was observed for context-unrelated words (Smeets et al., 2009). In the 

current study, however, the distribution was not binomial, and ratings varied little within 

subjects. Unfortunately, this precluded further analysis of stress effects on subgroups of 

words. Another limitation of the current study was that we did not address the relevance of 

gender or age. Furthermore, it would be interesting to investigate the effects of stress and 

MR blockade on other hippocampus-dependent tasks like visuo-spatial memory.

Evidence suggests that cortisol resistance and elevated cortisol levels are associated 

with major depression, rendering the HPA axis a plausible target for novel antidepressant 

medication (Holsboer, 2001; Adam et al., 2008). Corticosteroids receptors have also been 

implicated in the pathogenesis of depression (Young et al., 2003; de Kloet et al., 2007). 

Several MR and GR gene variants were found in association with psychopathology and re-

sponsiveness to antidepressants, as well as with altered cognitive performance (Kuningas 

et al., 2007; Derijk and de Kloet, 2008; Spijker and van Rossum, 2009; Klok et al., 2011). 

Furthermore, it has been proposed that reduced functionality of MRs relative to GRs may 

predispose to depression (Reul et al., 2000; de Kloet et al., 2005), while antidepressants 

might restore the balance between the two receptor types (Seckl and Fink, 1992; Reul et 

al., 1993; Bjartmar et al., 2000; Mason and Pariante, 2006). Additional support for a role 

of MR in depression comes from data showing that an MR antagonist inhibits the clinical 

efficacy of antidepressant treatment (Holsboer, 1999), from a study showing acceleration 

of antidepressant effects through MR stimulation (Otte et al., 2010) and indications for 

MR dysfunction in treatment-resistant depression (Juruena et al., 2010). Thus, our cur-

rent observations with spironolactone treatment – which presumably decrease the MR/

GR activation ratio – might help to gain more insight into cognitive processes involved 

in the etiology of major depression. Indeed, n-back deficits were observed in major de-

pression (Harvey et al., 2004; Rose and Ebmeier, 2006), and even proposed as diagnostic 

predictor with highest diagnostic classification at the mid-level of task difficulty (2-back;  

Marquand et al., 2008), very similar to our finding after MR blockade. In case of the  
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patients suffering from depression, though, this deficit may be compensated by a signifi-

cant increase in the load-response activity of cortical regions (Harvey et al., 2005; Rose 

and Ebmeier, 2006; Matsuo et al., 2007; Mannie et al., 2010). The latter illustrates that 

comparison of experimentally induced acute MR blockade with conditions that probably 

developed gradually, as in major depression, should be cautiously interpreted. 
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Time-dependent effects of cortisol on the contextualization of emotional memories

Abstract

The inability to store fearful memories into their original encoding context is consid-

ered to be an important vulnerability factor for the development of anxiety disorders like 

posttraumatic stress disorder (PTSD). Altered memory contextualization most likely in-

volves effects of the stress hormone cortisol, acting via receptors located in the memory 

neurocircuitry. Cortisol via these receptors induces rapid non-genomic effects followed 

by slower genomic effects, which are thought to modulate cognitive function in opposite, 

complementary ways. Here we targeted these time-dependent effects of cortisol during 

memory encoding, and tested subsequent contextualization of emotional versus neutral 

memories. In a double blind, placebo controlled design, 64 men were randomly assigned 

to one of three groups, 1) receiving 10 mg hydrocortisone either 30 minutes (rapid cort ef-

fects) or 2) 210 minutes (slow cort) before a memory encoding task, or 3) receiving placebo 

at both times. During encoding, participants had to vividly imagine neutral and emotional 

words in unique background pictures. Approximately 24 hours later, context dependency 

of their memories was assessed. Recognition data revealed that cortisol’s rapid effects im-

pair emotional memory contextualization, while cortisol’s slow effects enhance it. Neutral 

memory contextualization remained unaltered by cortisol, irrespective of the timing of the 

drug. This study shows distinct time-dependent effects of cortisol on the contextualization 

of specifically emotional memories. The results suggest that directly after stress cortisol 

may reduce the contextualization of emotional memory, while in the aftermath of stress 

cortisol may be necessary to protect against traumatic memory generalization.
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Introduction

Memories are more likely to be remembered when the retrieval context resembles 

the encoding context (Tulving and Thompson, 1973; Goddon and Baddeley, 1975; Smith 

and Vela, 2001). Such contextual dependency of memories is highly adaptive as it can 

help to retrieve memories that are likely to be appropriate in that specific context. Pa-

tients suffering from posttraumatic stress disorder (PTSD) display enhanced memories 

for central cues, along with reduced memory for cues in the traumatic context (Elzinga 

and Bremner, 2002). Therefore, theories of PTSD emphasize impairment in the ability 

to store fearful memories into their original encoding context (Brewin and Holmes, 

2003; Ehlers and Clark, 2008; Liberzon and Sripada, 2008; Acheson et al., 2012). The hip-

pocampus likely subserves context effects on memory (Chun and Phelps, 1999; Davachi, 

2006; Kalisch et al., 2006; Rasch et al., 2007) and is highly sensitive to cortisol (Joëls and 

Baram, 2009). Thus, through its effects on the hippocampus, cortisol may impair the 

contextual dependency of memories. However, despite numerous suggestions in the 

literature, it is as of yet unknown whether cortisol can alter the contextualization of 

memories in healthy humans.

Furthermore, even though cortisol is an important mediator of changes in the 

brain due to (traumatic) stress events, the literature on the potential role of cortisol 

in traumatic memory formation is equivocal. For instance, one recent animal study 

showed that corticosteroids, injected after fear conditioning, reduce context-specific 

fear responses the next day, causing PTSD-like symptoms (Kaouane et al., 2012). In ap-

parent contradiction, another study showed that corticosteroid administration could 

dampen subsequent behavioral and cellular characteristics of PTSD (Rao et al., 2012). 

One possible explanation for such paradoxical effects of corticosteroids is that these 

hormones exert time-dependent effects on neurobiological processes, with disparate 

net effects on behavior (De Kloet et al., 2005; Schwabe et al., 2010c, 2012; Joëls et al., 

2011). After a stressful event, rapid non-genomic corticosteroid actions quickly enhance 

neural activity mediated by the neurotransmitter glutamate (Karst et al., 2005, 2010). 

In interaction with noradrenaline, corticosteroids (via rapid actions) facilitate instinc-

tive, habitual behavior (Schwabe et al., 2010b) and negative response biases (Kukolja et 

al., 2008; Enkel et al., 2010), and enhance attention (Vedhara et al., 2000), at the cost 

of higher order controlled executive processes (Elzinga and Roelofs, 2005). Together, 

these behaviors may promote survival at the short term, helping the organism e.g. to 

select the most appropriate strategy immediately after stress (Anderson et al., 2006; 

Roozendaal et al., 2006a), though at the cost of remembering contextual details. In 

the aftermath of stress, slower genomic corticosteroid actions develop, lasting several 

hours after stress exposure (De Kloet et al., 2005; Wiegert et al., 2005). The available 

data suggest that these slow actions serve to restore homeostasis following stressful 

periods (Diamond et al., 2007; McEwen, 2007; Joëls et al., 2011). In agreement, slow 

corticosteroid effects have been shown to enhance cognitive self-control (Oitzl et al., 

2001), enhance working memory processing involving the dorsolateral PFC (Henckens 
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et al., 2011), promote sustained attentional processing (Henckens et al., 2012b), and 

strengthen connectivity between the PFC and the amygdala (Henckens et al., 2010). As 

such, slower genomic corticosteroid effects may aid in remembering a certain event in 

a more cognitively controlled, contextualized, manner. 

Given these findings, we here probed these two time-domains and tested the hypoth-

esis that rapid cortisol effects - presumably through non-genomic pathways and in in-

teraction with arousal-evoked central adrenergic release caused by the emotional words 

(Kensinger and Corkin, 2004; Roozendaal et al., 2006a) - impair the contextual dependen-

cy specifically of emotional memories; and that delayed and presumably gene-mediated 

effects of cortisol result in enhanced contextual dependency of emotional memories. 

To address this, we randomly assigned healthy young men to one of three groups: 1) a 

group receiving placebo at 210 minutes and 10 mg hydrocortisone at 30 minutes (rapid 

cort) before encoding; 2) a group receiving cortisol 210 minutes and placebo 30 minutes 

before encoding (slow cort); and 3) a group receiving placebo at both times. During en-

coding, participants had to vividly imagine neutral and emotional words in unique back-

ground pictures. Approximately 24 hours later, memory contextualization was assessed: 

half of the emotional and neutral words were tested in intact contexts, while the other 

half of the words were tested in rearranged context combinations (Talamini et al., 2010;  

Tambini et al., 2010). 
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Methods

Participants 

In total 64 male subjects gave written informed consent. Sample size was determined 

by a power analysis (power > 0.80; α = 0.05) for detecting medium (Cohen’s d ranging from  

0.50 to 0.80) interaction effects. The local ethical committee of the University of Amster-

dam approved the study. Inclusion criteria as assessed by self-report were: no past or pre-

sent psychiatric or neurological condition, no diagnosis of dyslexia, and age between 18 

and 35 years. Men having any somatic or endocrine disease (e.g., acute asthma), or taking 

any medication known to influence central nervous system or endocrine systems were 

excluded from participation. A final exclusion criterion constituted non-adherence to the 

encoding instructions on day 1. Further, subjects were asked to refrain from taking any 

drugs three days prior to participation, and to get a night of proper sleep, refrain from 

heavy exercise, alcohol and caffeine intake 12 h prior to participation, and not to eat, 

drink, smoke or brush teeth two hours before participation. Subjects were rewarded for 

their participation with course credits or paid € 65,-.

Drug administration and assessment
Hydrocortisone and placebo (albochin) treatments were administered through iden-

tically appearing pills. A single dose of 10 mg of hydrocortisone was employed to elevate 

endogenous cortisol to a level equivalent to moderate acute stress (Abercrombie et al., 

2003). To assess salivary free cortisol concentrations in each subject, participants were 

asked to lightly chew on Salivette collection devices (Sarstedt, Nümbrecht, Germany) for  

one minute, or until it was completely saturated with saliva. Cortisol levels were as-

sessed at 10 time points spread throughout the experiment (Figure 2). After testing, the 

salivettes were stored at -25°C. Upon completion of the entire study, samples were sent 

out to Dresden (Technische Universität, Dresden, Germany) for biochemical analysis. 

There, salivary free cortisol concentrations were measured using a commercially avail-

able chemiluminescence immuno-assay (CLIA) with high sensitivity of 0.16 ng/ml (IBL, 

Hamburg, Germany).

Design and general procedure
In a between-subjects, placebo-controlled, double blind study design, participants 

were randomly assigned to either the rapid cort, (hydrocortisone 30 min prior to test-

ing) or slow cort (hydrocortisone 210 min prior to testing) or placebo group. Testing 

took place in between 12 pm and 8 pm, when endogenous cortisol levels are stable and  

relatively low (Pruessner et al., 1997). Upon arrival, participants read the information 

brochure, were screened by means of an interview to assess eligibility for participa-

tion and signed the informed consent. Then, participants filled out the trait scale of 

the State-Trait Anxiety Inventory (STAI-T; Spielberger et al., 1970) to control for indi-

vidual differences in processing emotional material. In addition, to assess baseline 

self-reported mood states, the STAI state scale (STAI-S; Spielberger et al., 1970) and the 
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Positive Affect and Negative Affect Schedule (PANAS; Watson et al., 1988) were adminis-

tered. A first baseline saliva sample was given as well. Then, the “Cube and Paper Test”  

(Gilbertson et al., 2007) was administered to assess the ability to mentally manipulate 

allocentric spatial cues, which has been related to hippocampal volume (Gilbertson 

et al., 2007). Directly following a second baseline sample, participants received their 

first pill (cortisol or placebo). To ascertain that 1) in the slow cort group cortisol levels 

would return to baseline and 2) non-genomic effects would be absent during encoding, 

a three-hour waiting period was inserted during which participants either read or stud-

ied. Four more saliva samples were obtained and the participants were allowed to eat 

lunch. Waiting took place in the same room as testing in order to prevent any (unwant-

ed) additional context effects on memory. The second pill (cortisol or placebo) was given 

three hours after the first. In order to reach peak plasma levels (Czock et al., 2005) and 

activate non-genomic effects in the brain for the rapid cort condition, a second resting 

period of 30 min was inserted. Participants gave another saliva sample and again filled 

out the mood questionnaires (PANAS, STAI-S). After waiting, an eighth saliva sample 

was taken, immediately followed by the encoding task. After encoding and at the end of 

the first session, participants gave two more saliva samples. Participants were reminded 

to return to the lab the next day and told that they would perform a similar task, but 

without drug administration. The time in between the two testing sessions was kept 

at 24 hours as much as possible. The session the following day commenced with the 

mood questionnaires (STAI-S, PANAS), and a saliva sample. Then, the surprise retrieval 

and recognition tests took place. A final post-experimental questionnaire assessed 1) 

motivation and concentration to complete the encoding task, 2) whether participants 

expected a memory test, and 3) insight into which substance was received at what time. 

A general experimental outline is depicted in Figure 2.

Memory measurements
Encoding

At the first day of the experiment, participants performed the encoding task, mod-

eled freely after (Talamini et al., 2010; Tambini et al., 2010). To induce emotional versus 

neutral declarative memories, participants were shown 30 neutral and 30 emotional 

words on a small gray rectangle presented against color pictures of natural scenes or 

city landscapes (see Figure 1). We utilized words because these are easier than pictures 

to match on a range of dimensions (e.g., frequency or familiarity) that affect memory 

performance (Kensinger, 2004). Furthermore, memory-enhancing effects for arousing 

words are likely mediated by rapid arousal-evoked central adrenergic release from the 

locus coeruleus (Sara, 2009) mediated by the amygdala (Kensinger and Corkin, 2004; 

Roozendaal et al., 2006a). Subjects were instructed to vividly imagine the meaning and 

content of each word in the background to promote 1) deep encoding (Craik and Lock-

hart, 1972), 2) to create an association of the word with its unique context, and 3) to 

create a complete and rich episodic memory. Each individual word was presented for 

5 seconds together with a unique context. Next, participants evaluated their mental  
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image on arousal and valence dimensions using self-assessment manikins (SAM; Bradley 

and Lang, 1994) in a fixed time window of 4 seconds for each rating. In between trials, 

a fixation cross was presented for 1 second. Words were concrete nouns drawn from a  

validated database (Hermans and De Houwer, 1994), consisted of 5 to 10 letters and con-

tained no more than 3 syllables. All words were balanced, so that the emotional and 

neutral words did no differ in terms of familiarity ratings, length, and/or amount of syl-

lables, but did significantly differ in terms of valence. Words were presented in random 

order. Background pictures contained no distinguishing objects, thus distinctiveness of 

the contexts likely relied on their unique spatial configuration. The task began with 

three practice trials that at the same time functioned as a buffer for possible primacy 

effects on subsequent memory. All memory tasks were presented using E-prime (version 

2.0; Psychology Software Tools, Inc.; Pittsburgh, PA). 

Retrieval (word stem completion)

The second day of the experiment, participants returned to the lab to complete two 

surprise memory tasks. During the first test (word stem completion), participants were 

presented with the first two letters of all the words presented during the memory encod-

ing task from the first session. The word stems were shown in a grey rectangle presented 

against a color picture. Word stems were unique, and subjects were asked to use the stem 

as a memory cue and to complete the word by typing in the remaining letters. In addi-

tion, they were told that the background picture could be the same as the previous day, 

but not necessarily so. Only those items that could be recalled were to be completed. In 

case the participants could not remember the word, they was asked to respond with ‘x’. 

The task was self-paced. Reaction times of the responses were recorded. Crucially, half of 

the words (i.e., 15 emotional and 15 neutral) were presented in the same context as the 

previous day (‘intact context’ condition), while the other half was presented in a context 

that was previously seen, but not in this specific word-context combination (‘rearranged 

context’ condition). 

Recognition

During the recognition test, participants were presented with the 60 old words 

that were presented during memory encoding on day 1, intermixed with 60 foil words 

(30 emotional and 30 neutral) that were not presented before. Crucially, half of the old 

word-context pairs words was presented in the same combination as at the first session, 

while the other half of the word-context pairs was rearranged to form new pairs. All 

of the foil words were combined with old contexts. The test was self-paced. Subjects 

indicated whether they recognized the word as having been seen during the encoding 

task by responding “old” or “new.” Reaction times of the responses were recorded. Apart 

from indicating whether the word was being recognized as new or old, participants un-

derwent a typical ‘Remember/Know’ procedure (Tulving, 1985). When responding “old”, 

subjects then indicated whether they “remembered” seeing the word, or merely “knew” 

that they had previously seen the word. Prior to commencement on the recognition 
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test, the experimenter orally explained the exact distinction between remember and 

know responses, making use of validated instructions (Rajaram, 1993; Geraci et al., 

2009). Shortly, subjects were asked to give a “remember” response when the word 

brought back to mind a specific detail from the episode in which the word had been 

experienced, such as a sensory detail, a thought, or a feeling. They were asked to give 

a “know” response when they knew having encountered the word, but did not con-

sciously recollect anything about its actual occurrence or what happened or what was 

experienced at the time of its occurrence. When subjects judged the presented word 

to be new, they were asked to indicate how confident they were of their response on a 

scale from 1 through 5.

Experimental paradigm. To induce neutral versus emotional declarative memories, subjects were shown 

30 emotional and 30 neutral words on a small gray rectangle (image not to scale), each in combination with unique 

color pictures of natural scenes or city landscapes. During recognition testing the following day, participants were 

presented with the 60 old words that were presented during encoding on day 1, intermixed with 60 foil words (30 

emotional and 30 neutral) that were not presented before. Crucially, to assess context dependency of memories, half 

of the old words were presented in the same word-context combination (intact) as at the first session while the 

other half of the word-context pairs were rearranged (rearranged) to form new pairs. The foil items were presented 

against backgrounds viewed during the first session. Subjects indicated whether they recognized the word as having 

seen during the imagination task by responding “old” or “new.” 

Figure 1 
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Statistical analysis
Statistical analysis was performed using the SPSS statistical software package (SPSS 

Inc., Chicago, Illinois). In order to assess group differences in sample characteristics, 

univariate ANOVAs with the between subject factor Group (rapid cort, slow cort, pla-

cebo) were employed. The effect of hydrocortisone administration on salivary cortisol 

during the first testing day was assessed by means of a mixed ANOVA with the within 

subject factor Sample (S1-S9) and between subjects factor Group. Possible differences be-

tween groups in baseline cortisol at the beginning of the second session were assessed 

by a univariate ANOVA with the between subjects factor Group. Arousal and valence 

ratings of the words obtained during the encoding task from day 1 were analyzed by 

means of a repeated measures ANOVA with the repeated measure Emotion (emotional, 

neutral) as within subject factor and Group as the between subjects factor. To assess par-

ticipants’ recognition memory performance as a function of context and emotion, hit 

rate (i.e., correct classification of previously presented words as “old”) was calculated 

per factor (i.e., neutral intact, neutral rearranged, emotional intact, emotional rear-

ranged). False alarm rates (i.e., misclassification of new words as “old”) were calculated 

as a function of emotion. For statistical analysis, we entered these hit and false alarm 

rates to calculate d-prime as a sensitivity index, according to signal detection theory. A 

perfect hit rate of 1 was set to 0.975. Similarly, if participants made no errors of com-

mission, false alarm rate was set to 0.025 (Stanislaw and Todorov, 1999). To evaluate the 

context dependency of memories, a special contextualization variable was calculated 

by subtracting d-prime values of the rearranged condition from the intact condition, 

for emotional and neutral memories independently. Thus, a larger contextualization 

index reflects greater contextual dependency of memories. Recognition data were ana-

lyzed by means of an ANOVA with the repeated measures factors Emotion and Context 

(intact, rearranged), while Group was the between subjects factor. Follow-up analyses 

included linear contrast across Group, separately for emotional and neutral words, and 

specific planned comparisons. Proportions correct answers were calculated for the re-

trieval data, as a function of context and emotion. Retrieval and recognition data were 

analyzed by means of analyses of variance (ANOVA) with the repeated measures factors 

Emotion (neutral, emotional) and Context (intact, rearranged) and Group (rapid cort, 

slow cort, placebo) as the between-subjects factor. A Greenhouse-Geisser procedure was 

used in case of violation of the sphericity assumption in ANOVAs. Alpha level was set at 

0.05 for all statistical analyses. 
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Results

Participant characteristics
Two participants (one from the rapid cort group and one from the slow cort group) in-

dicated that they did not adhere to the encoding instructions on day 1. They were excluded 

from analysis, based on the a priori exclusion criteria. The final sample consisted of 62 sub-

jects with a mean age of 21.6 years (SD = 2.6 years) and a mean BMI of 22.9 (SD = 3). The rapid 

cort, slow cort and placebo groups did not differ in terms of age, body mass index, trait anxi-

ety, or score on the cube and paper task (all F’s < 2.4, n.s.). In addition, the three groups did 

not differ on subjective mood (STAI-S and PANAS) before memory encoding (all F’s < 1.92, 

n.s.). Participants from all groups had been awake for a comparable amount of time prior to 

testing (F
2,59 

= 0.55, n.s.), and were all as motivated and concentrated to complete the mem-

ory task (all F’s < 1.80, n.s.). None of the participants had expected a surprise memory task. 

Manipulation check hydrocortisone
Figure 2 displays salivary cortisol levels for the three experimental groups. As expected, 

the ANOVA for salivary cortisol levels showed a significant Group x Time interaction (F
7,413 

= 103.89, p < 0.001, η2 = 0.756). Planned comparisons with placebo showed that in the slow 

cort group cortisol levels were increased from 30 min after first pill intake until at least 90 

min later (S3-S5; all ps < 0.001). Right before second pill intake, salivary cortisol levels of the 

slow cort group did not differ anymore from placebo (S6; n.s.). Further planned comparisons 

showed that in the rapid cort group cortisol levels were increased 30 min after second pill 

intake until the end of the first session (S7-S9; p’s < 0.001). On day 2, there were no differ-

ences in cortisol levels between the three groups (S10; F
2,59 

= 0.05, n.s.). The exit interview 

showed that participants were unable to identify the substance received (X2(1) = 0.180, n.s.).

Memory performance 
Subjective ratings during memory encoding

To assess whether the induction of neutral versus emotional mental images was suc-

cessful, we analyzed the neutral and emotional words on ratings of valence and arousal 

obtained during the encoding task. Ratings are depicted in Figure 3. As expected, the emo-

tional words imagined in their respective contexts were rated significantly more negative 

(F
1,59 

= 334.58, p < 0.001, η2 = 0.850) and arousing (F
1,59 

= 175.57, p < 0.001, η2 = 0.748) than the 

neutral words. Importantly, there were no effects of Group on valence (F
2,59 

= 0.26, n.s.) or 

arousal (F
2,59 

= 0.10, n.s.) ratings. Furthermore, ratings did not correlate with memory con-

textualization (n.s.), thus the experienced intensity of the stimuli during encoding did not 

mediate possible effects of cortisol timing on subsequent memory (Baron and Kenny, 1986). 

Cued retrieval

As can be seen in Figure 4, analysis of the cued retrieval data showed that Context exer-

ted a strong influence on whether a memory was retrieved or not (F
1,59

 = 98.31, p < 0.001,  

η2 = 0.625): With intact context, words were easier remembered than with rearranged  
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 Overview of the experimental design and salivary cortisol curves. Participants received a pill 210 minutes 

and 30 minutes prior to memory encoding (t = 0) at day 1 (pill 1 and pill 2) that could contain 10 mg hydrocortisone 

or placebo (albochin). Hydrocortisone administration in both groups significantly elevated salivary cortisol as compared 

to placebo, but did not differ immediately before each pill intake or during baseline at day 2. Throughout the experi-

ment, saliva samples were taken at 240, 210, 180, 150, 120, 30 and 0 minutes before encoding, 30 and 60 minutes 

after encoding, and before the surprise recall and recognition test 24 h later. Error bars represent standard error of 

the mean (S.E.M.). Significant Bonferroni corrected differences with placebo are depicted by *** = p < 0.005.

Figure 2 

Arousal and valence ratings. The graph depicts arousal and valence ratings of the mental images of the 

words in contexts that participants formed during encoding at the first day of the experiment. Significant differences 

between neutral and emotional memories are depicted by *** = p < 0.005. Error bars represent standard error of 

the mean (S.E.M.). 

Figure 3 
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contexts. Furthermore, emotional memories were in general easier retrieved than neutral  

memories (F
1,59 

= 13.06, p = 0.001, η2 = 0.181). However, successful retrieval of emotional ver-

sus neutral memories marginally depended on context (Context x Emotion interaction; 

F
1,59 

= 3.95, p = 0.051, η2 = 0.063). Specific planned comparisons indicated that this interac-

tion was mainly caused by higher retrieval of emotional memories as compared to neu-

tral memories within rearranged contexts (p < 0.001). Within intact contexts, retrieval of 

emotional and neutral memories did not significantly differ (n.s.). Most pertinent to the 

hypothesis at hand, there were no interactions of Context and/or Emotion with Group (all 

F’s < 1.59, n.s.). There was, however, a main effect of Group (F
2,59 

= 3.95, p = 0.025, η2 = 0.118), 

indicating that independent of Context or Emotion, retrieval varied across the groups. Fol-

low up comparisons indicated that overall retrieval of the rapid cort group was relatively 

impaired as compared with both the placebo (p = 0.021) and long cort groups (p = 0.014), 

while the slow cort and placebo groups did not differ from each other (n.s.). Finally, re-

sponses were generally quicker in the intact contexts (F
1,59

 = 37.04, p < 0.001, η2 = 0.386). No 

other effects were significant on reaction times (all F’s < 1.42, n.s.). 

Recognition: d-prime

In line with the retrieval data, analysis of the recognition d-prime data (Figure 5A) 

showed that Context exerted a strong influence on memory recognition: Memory was bet-

ter for words that were presented in their original context vs. a rearranged context (F
1,59 

= 

178.44, p < 0.001, η2 = 0.752). Recognition of emotional versus neutral memories depended 

on context (Context x Emotion interaction; F
1,59 

= 8.54, p = 0.005, η2 = 0.126) as well. Emotion 

did not exert an overall influence on recognition performance (F
1,59 

= 0.07, n.s.). Independ-

ent of Emotion, cortisol timing altered recognition performance depending upon Context 

(Context x Group interaction; F
1,59 

= 5.00, p = 0.010, η2 = 0.145). Furthermore, overall recog-

nition performance was sensitive to the timing of cortisol as well (F
2,59 

= 3.92, p = 0.025,  

η2 = 0.117), with the rapid group performing worse than both the placebo (p = 0.011) and 

slow cort (p = 0.033) groups. Crucial to the hypothesis at hand, contextual dependency of 

emotional and neutral memories varied as a function of Group (Context x Emotion x Group 

interaction; F
1,59 

= 3.26, p = 0.045, η2 = 0.100). 

To further explore this three-way interaction effect in order to examine how exactly 

timing of cortisol intake influenced the contextual dependency of emotional and neu-

tral memories, difference scores for emotional and neutral memories of the rearranged 

condition minus the intact condition (i.e., contextualization) were entered in a follow-up 

analysis. As can be seen in Figure 5B, this analysis revealed that cortisol did not in any 

way affect the contextualization of neutral memories (F
2,59 

= 0.06, n.s.), but pronouncedly 

affected the contextualization of emotional memories (F
2,59 

= 6.88, p = 0.002, η2 = 0.189). 

Specific comparisons showed that compared with placebo, cortisol administration sev-

eral hours prior to encoding -presumably exerting genomic actions only during encoding- 

resulted in significant enhancement of the contextualization of emotional memories  

(p = 0.049), while elevated cortisol levels during encoding resulted in a marginally signifi-

cant impairment of the contextualization of emotional memories (p = 0.069). 
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A. Recognition performance. Graphs depict memory performance indexed by D-prime as a function 

of group (rapid cort, slow cort or placebo), context (intact or rearranged) and emotion (neutral or emotional). 

B. Contextual dependency of neutral and emotional memories. Difference scores between D-prime values for the 

rearranged conditions subtracted from the intact conditions are depicted. A higher difference score reflects greater 

contextual dependency of memories. Cortisol did not in any way affect the contextualization of neutral memories, 

but pronouncedly affected the contextualization of emotional memories. Significant linear relationships across all 

groups are depicted by ** = p < 0.005. Significant difference between the slow cort and placebo group is depicted 

with * = p < 0.05 and significant difference between the rapid cort group and placebo is depicted with # = p < 0.07. 

Figure 5 

Retrieval data. Mean pro-

portion correct responses during 

the cued recall memory task at day 

2. Taken over all groups, emotional 

memories were generally less well 

contextualized. *** = p < 0.005. 

Error bars represent standard error 

of the mean (S.E.M.). 

Figure 4 
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Recognition: hit and false alarm rate 

An analysis comparable to the analysis of d-prime was repeated with hit rate as de-

pendent variable. As can be seen in Figure 6A the pattern of results was comparable with 

those found with d-prime: Context exerted a strong influence on memories (F
1,59 

= 73.580, 

p < 0.001, η2 = 0.555). Recognition of emotional versus neutral memories again depended 

on context (Context x Emotion interaction; F
1,59 

= 15.352, p < 0.001, η2 = 0.206). Generally, 

emotional memories were better remembered (F
2,59 

= 157.119, p < 0.001, η2 = 0.727), as well 

as memories in intact contexts (F
2,59 

= 73.580, p < 0.001, η2 = 0.555). Importantly, contextual 

dependency of emotional and neutral memories tended to vary as a function of cortisol 

timing (Context x Emotion x Group interaction; F
1,59 

= 2.888, p = 0.064, η2 = 0.089; Figure 

6B), though the effect was slightly weaker than the effect observed in de d-prime analysis. 

Highly similar to the results obtained with the analysis of d-prime, specific comparisons 

showed that compared with placebo, cortisol administration several hours prior to en-

coding tended to result in a small enhancement of the contextualization of emotional 

memories (p = 0.068), while elevated cortisol levels during encoding resulted in a small 

impairment of the contextualization of emotional memories (p = 0.065). 

Next, the false alarm rates for neutral and emotional words were analyzed. Emo-

tional words elicited more false memories than neutral words (F
1,59 

= 72.847, p < 0.001, η2 = 

0.553). Depending on Emotion, the timing of cortisol exerted a marginally significant ef-

fect on false alarm rate (Emotion x Group F
2,59 

= 3.056, p < 0.055, η2 = 0.094). As can be seen 

in Figure 6C, this effect was mainly caused by inflated false memories by the rapid cort 

group on emotional words (p = 0.010). This explains the reduces performance on d-prime.

Finally, the altered accuracies due to cortisol were not caused by a speed-accuracy trade-

off due to cortisol, as there were not any effects of Group on reaction times (all F’s < 2.9, 

n.s.), though the responses were faster with intact contexts (F
1,59 

= 21.76, p < 0.001, η2 = 0.269). 

Recognition: subjective quality of memory 

We analyzed whether timing of cortisol during encoding altered the later subjective 

quality of memories (see Figure 7). The subjective sense of remembering was strongly en-

hanced when the testing context was congruent with the encoding context (F
1,59 

= 102.092, 

p < 0.001, η2 = 0.634). Also, emotional memories were associated with an enhanced sense of 

remembering (F
1,59 

= 13.934, p = 0.002, η2 = 0.191). Finally, subjective sense of remembering 

was marginally dependent both on Context and Emotion (Context x Emotion interaction; 

F
1,59 

= 3.911, p < 0.053, η2 = 0.062), which was mainly due to enhanced remember responses 

to emotional words in the shuffled contexts (p < 0.001). Most importantly, however, cor-

tisol timing did not in any way influence the subjective sense of remembering (all F’s < 

0.02, n.s.). For the foil words, emotional words were more likely to elicit a subjective feel-

ing of remembering than the neutral words (F
1,59 

= 29.025, p < 0.001, η2 = 0.330). 

Further, the subjective sense of knowing decreased with intact context-word combina-

tions (F
1,59 

= 12.011, p = 0.001, η2 = 0.169). Emotional words elicited more know responses 

(F
1,59 

= 17.974, p < 0.001, η2 = 0.234), but this did not interact with context (Context x Emotion 

interaction; F
1,59 

= 0.005, n.s.). Again, cortisol did not in any way influence the subjective 
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Hit and false alarm rates during recognition testing. A. Graph depicts memory performance indexed by 

mean hits, as a function of group (rapid cort, slow cort or placebo), context (intact or rearranged) and emotion 

(neutral or emotional). B. Contextual dependency of neutral and emotional memories. Differences scores are depicted 

between hit rate values for the rearranged conditions subtracted from the intact conditions. A larger difference score 

reflects greater contextual dependency of memories. As can be seen in the figure, cortisol did not in any way affect 

the contextualization of neutral memories, but pronouncedly affected the contextualization of emotional memories. 

Significant linear relationships across all groups are depicted by ** = p < 0.005. Differences between groups are depict-

ed with # = p < 0.07. C. False alarm rate, as a function of condition (rapid cort, slow cort or placebo), context (intact or 

rearranged) and emotion (emotional or neutral). The rapid cort group displayed significantly more false alarms on the 

emotional words as compared to both other groups.

Figure 6 
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Time-dependent effects of cortisol on the contextualization of emotional memories

sense of knowing (all F’s < 1.794; n.s.). For the foil words, emotional words were more likely 

to elicit a subjective feeling of knowing than the neutral words (F
1,59 

= 35.016, p < 0.001, η2 = 

0.372). There was a marginally significant main effect of Group on foil words (F
1,59

 = 2.945, p 

< 0.060, η2 = 0.091), that was mostly attributable to enhanced sense of knowing in the rapid 

cort group as compared to placebo (p = 0.035) and the long group (p = 0.042). 

In sum, there were no pronounced time-dependent effects of cortisol on the subjec-

tive quality of memories, though the enhanced sense of knowing on the foil words in 

the rapid cort group perhaps relates to the inflated false alarm rate observed in that 

same group. Furthermore, we provide a substantive replication of one study showing that 

negative memories are associated with an enhanced sense of subjective remembering 

(Rimmele et al., 2011) and another study showing that context congruency enhances the 

subjective sense of remembering as well (Gruppuso et al., 2007). Such replications under-

score the validity of the utilized memory paradigm.

Subjective quality of memories. A. Mean proportion hit rate as a function of memory parameter and emo-

tion. Cortisol did not affect the subjective feeling of memories, but overall, emotional memories elicited an enhanced 

feeling of remembering in the rearranged context. B. Mean proportion false alarm rate as a function of memory 

parameter, emotion and condition. Participants in the rapid cortisol condition generally gave more know responses 

to the foil words, while the remember responses did not differ across groups. 

Figure 7 
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Discussion

A key question is under what circumstances cortisol may exert protecting as opposed 

to detrimental effects on memory contextualization. We tested the hypothesis that rapid 

cortisol effects impair the contextual dependency specifically of emotional memories 

and that delayed - presumably genomic - effects of cortisol enhance the contextual depend-

ency of emotional memories. To probe these two time-domains, cortisol elevations were 

induced directly, or some hours prior to memory encoding. Overall, emotional memories 

were generally less context-bound than neutral memories. In agreement with our hy-

pothesis, cortisol’s rapid effects impaired emotional memory contextualization, while 

cortisol’s slow effects enhanced the contextualization of emotional memory. In contrast, 

the contextualization of neutral memory remained unaltered by cortisol irrespective of 

the timing of the drug. 

Many theories of emotional memory formation incorporate the view that acute stress 

can narrow attention to central aspects of the experience at the cost of contextual details 

(Payne et al., 2002, 2006; Brown, 2003; Adolphs et al., 2005). Findings of rapid, presumably 

non-genomic, effects by cortisol in the present study substantiate this view, as we found 

that acute cortisol during encoding exacerbated the context-independence of emotional 

memories. Also, we found that acute cortisol during encoding enhanced the false alarm 

rate for the emotional words. Together, these findings corroborate previous studies, all 

suggesting that stress may enhance consolidation of the gist of an experience at the cost 

of detailed information (Payne et al., 2002, 2006; Brown, 2003; Adolphs et al., 2005). 

Theories of delayed effects of cortisol on the brain suggest that these serve an adap-

tive function by promoting a variety of higher order cognitive functions (Oitzl et al., 2001; 

Henckens et al., 2010, 2011, 2012b), thus restoring homeostasis (Diamond et al., 2007;  

McEwen, 2007; Joëls et al., 2011). Our results are in line with this notion and demonstrate 

how slow corticosteroid effects can drastically alter the way experiences are processed, 

stored and subsequently remembered. Overall, this suggests that delayed effects of corti-

sol not merely restore baseline cognitive functioning, but rather lead to a redistribution 

of neural resources towards superior executive functioning. 

At this moment we can only speculate about the mechanism by which corticoster-

oids achieve these time-dependent actions. The hippocampus has been suggested to 

underlie context effects on memory (Chun and Phelps, 1999; O’Reilly and Rudy, 2000; 

Brown, 2003; Meeter et al., 2005; Davachi, 2006; Rasch et al., 2007; Schwabe et al., 2009; 

Talamini et al., 2010), as it binds together multiple elements of an experience into a 

novel conjunctive representation (O’Reilly and Rudy, 2000; Brown, 2003; Eichenbaum, 

2004; Matus-Amat et al., 2004). Acutely elevated cortisol levels reduce hippocampal 

activity (Henckens et al., 2012a), perhaps in concert with adrenergic activation (Van 

Stegeren et al., 2007; van Stegeren et al., 2010). Stress two days before contextual fear 

conditioning on the other hand has been shown to enhance subsequent memory of con-

textual fear conditioning (Cordero et al., 2003), an ability known to depend upon the 

hippocampus. Similarly, in our experiment, the rapid and slow effects of cortisol may 
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have affected contextual processing in opposite directions. If our cortisol manipula-

tion, however, would have solely affected general contextualization processes, memory 

contextualization of neutral information should have been equally affected, which was 

clearly not the case. Thus, apart from the hippocampus, our cortisol manipulations are 

likely to have acted on other brain areas as well. 

The basolateral amygdala (BLA) is believed to be a site of storage for memories of 

fearful or stressful experiences (Schafe et al., 2001). In this region, a single acute dose of 

corticosterone was sufficient to enhance glutamatergic transmission through MRs (Karst 

et al., 2010) and facilitate noradrenergic actions on synaptic plasticity (Pu et al., 2009). 

Conversely, > 1 hour after corticosterone administration noradrenergic actions were 

gradually suppressed (Liebmann et al., 2009; Pu et al., 2009). In agreement, corticosterone 

administered to the BLA hours prior to acute stress prevented subsequent increases in 

anxiety (Rao et al., 2012). Perhaps, our cortisol manipulations affected the amygdala in a 

similar vein. This is possible, since the encoding of emotional arousing words was shown 

to depend on an amygdala-hippocampal network (Kensinger and Corkin, 2004) that can 

be amplified by stress (Qin et al., 2012). Remembrance of non-arousing words is support-

ed by more controlled processes mediated by a prefrontal cortex–hippocampal network 

(Kensinger and Corkin, 2004). Taken together, in the present study, rapid corticosteroid 

effects presumably activated the hippocampal-amygdalar network. As a consequence, 

emotional memories may have been consolidated in an isolated, context-independent 

and generalized manner. Slower corticosteroid effects may on the other hand have caused 

a shift in the brain towards more cognitively controlled processes supported by a prefron-

tal cortex–hippocampal network, dealing with the emotional, arousing memories in a 

similar vein as the neutral ones. 

From a clinical perspective, our current findings may also shed light on the question 

how cortisol can sometimes contribute to traumatic memory formation (Cohen et al., 

2009; Kaouane et al., 2012) but in other cases can exert protective effects (Rao et al., 2012). 

Here we show that one and the same hormone can induce disparate effects on behavior: 

not only the absolute levels of cortisol may play an important role in modulating certain 

memory processes, but also the delay between elevation in cortisol levels and encoding. 

More generally, our findings underline that both basic experimental research into the 

mechanisms of emotional memory modulation as well as pharmacological treatments 

for anxiety disorders employing corticosteroids actions should take the timing of corticos-

teroid administration relative to the memory task into account. Clinically, this is very rel-

evant for the development of pharmacological treatments. Findings of the present study 

suggest that corticosteroids may serve a protective function against traumatic memory 

formation when administered way ahead of exposure to possible traumatic experiences. 

Perhaps easier to accomplish, cortisol has been suggested as a facilitating agent in expo-

sure therapy (Soravia et al., 2006; de Quervain and Margraf, 2008). If genomic effects of 

cortisol indeed enhance the contextual dependency of memories, clinicians should take 

care to administer cortisol in close proximity of exposure/extinction learning, in order to 

realize maximum generalizability of extinction learning.
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The present study has several limitations. First, we used exogenous administration 

of hydrocortisone to probe the two time-domains of hormonal action. While this has the 

great advantage that it allows investigation of corticosteroid actions in isolation, it clear-

ly differs from the situation after stress. Real-life stress is typically accompanied by a wide 

range of psychological and psychophysiological reactivity, which cannot be mimicked by 

a single hydrocortisone administration. It remains to be seen if disparate effects on con-

textualization of emotional memory are also seen with short versus long delays between 

encoding and stress exposure, a situation where many hormones other than cortisol are 

being released. Second, we only tested men, to exclude unwanted effects of the menstrual 

cycle; for instance, women are known to display different HPA axis reactivity than men 

(Kajantie and Phillips, 2006) that may depend on the phase of menstrual cycle and oral 

contraceptive use (Kirschbaum et al., 1999). Third, time-dependent effects of cortisol were 

most apparent in the recognition data. Retrieval data showed a similar pattern, albeit not 

significantly so. Finally, it must be noted that the relationship between cortisol, impaired 

memory contextualization and PTSD is by far not unequivocal; besides cortisol timing, 

many other factors may moderate this highly complex relationship. These include for 

instance hippocampal volume (Gilbertson et al., 2002, 2007), the experience of previous 

trauma (Resnick et al., 1995), chronic stress (McEwen, 2003), amygdala reactivity (Admon 

et al., 2009), or genetic make-up (De Kloet et al., 2005). Further experimental research into 

these modulatory mechanisms in healthy and clinical populations is warranted. 

In conclusion, this study shows distinct time-dependent effects of cortisol on the 

contextualization of emotional memories. On a broader level, these results suggest that 

rapid effects of cortisol may lead to impaired memory contextualization, while slow ef-

fects of cortisol may confer protection against traumatic fear memory generalization. 
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Delayed effects of cortisol enhance fear memory of trace conditioning

Abstract

Corticosteroids induce rapid non-genomic effects followed by slower genomic effects 

that are thought to modulate cognitive function in opposite and complementary ways. It 

is presently unknown how these time-dependent effects of cortisol affect fear memory 

of delay and trace conditioning. This distinction is of special interest because the neural 

substrates underlying these types of conditioning may be differently affected by time-de-

pendent cortisol effects; Delay conditioning is predominantly amygdala-dependent, while 

trace conditioning additionally requires the hippocampus. Here, we manipulated the timing 

of cortisol action during acquisition of delay and trace fear conditioning, by randomly as-

signing 63 men to one of three possible groups, i.e. either receiving 10 mg hydrocortisone 

60 minutes (rapid cort) or 240 minutes (slow cort) before delay and trace acquisition, or 

placebo at both times, in a double-blind design. The next day, we tested memory for trace 

and delay conditioning. Fear potentiated startle responses, skin conductance responses 

and unconditioned stimulus expectancy scores were measured throughout the experiment. 

The fear potentiated startle data show that cortisol intake 240 minutes before actual fear 

acquisition uniquely strengthened subsequent trace conditioned memory. No effects of 

cortisol delivery 60 minutes prior to fear acquisition were found on any measure of fear 

memory. Our findings emphasize that slow, presumably genomic, but not rapid effects of 

corticosteroids enhance hippocampal-dependent fear memories. On a broader level, our 

findings underline that basic experimental research and clinically relevant pharmacologi-

cal treatments employing corticosteroids should acknowledge the timing of corticosteroid 

administration relative to the memory task, or therapeutic intervention. 



88  |  89

C
H

A
P

T
E

R
 5

Introduction

Corticosteroids are released after stress and modulate learning and memory process-

es via mineralocorticoid and glucocorticoid receptors. These receptors are abundantly 

expressed in limbic brain areas, like the hippocampus (Reul and De Kloet, 1985). In hu-

mans, effects of cortisol on memory have typically been investigated for non-associative 

and distinct emotional stimuli (De Quervain et al., 2009).

Stress is considered to be an important vulnerability factor for anxiety disorders  

(Korte, 2001). It is generally assumed that anxiety disorders originate from a learned asso-

ciation between a previously neutral event (conditioned stimulus; CS) and an anticipated 

aversive event (unconditioned stimulus; US; Mineka and Oehlberg, 2008). Thus, classical 

conditioning seems a suitable experimental model to delineate the mechanism by which 

corticosteroids contribute to the development of anxiety disorders.

Earlier animal and human studies have shown that stress and/or corticosteroids can 

indeed alter associative fear learning (Rodrigues et al., 2009; Wolf et al., 2012). Most hu-

man studies, though, only focused on fear acquisition, that is, they did not examine long-

term memory aspects that are exquisitely sensitive to corticosteroids. Moreover, previ-

ous findings on the effects of stress hormones on fear acquisition are equivocal (Stark  

et al., 2006; Vythilingam et al., 2006; Nees et al., 2008; Kuehl et al., 2010; Merz et al., 2010;  

Tabbert et al., 2010). One explanation might be that the studies differed in the paradigms 

used (i.e. delay- or trace conditioning) or dependent measurements (i.e. skin conduct-

ance responses vs. startle responses), precluding valid comparisons. Moreover, corticos-

teroids are known to affect neurobiological processes in a time-dependent manner (Joëls 

et al., 2006; Diamond et al., 2007). Shortly after stress, corticosteroid actions interact with 

noradrenaline to synergistically promote rapid increases in neuronal activity (Karst et 

al., 2005, 2010). Those rapid corticosteroid effects have been described for emotion- and 

arousal-related brain areas, such as the amygdala (Van Marle et al., 2010). They promote 

habitual, reflex-like behavior (Schwabe et al., 2010a) and attention (Vedhara et al., 2000), 

at the expense of goal-directed behavior (Schwabe et al., 2010a, 2010b) and cognitive func-

tioning (Elzinga and Roelofs, 2005). This may help the organism to focus and subsequent-

ly remember the most significant, habitual aspects of an event (Anderson et al., 2006; 

Roozendaal et al., 2006a), at the cost of the more complex, cognitive aspects. 

By contrast, delayed effects of cortisol on the brain are supposed to restore homeostasis 

following stressful periods (Joëls et al., 2006; Diamond et al., 2007). Slower genomic effects 

have been found to promote consolidation (Barsegyan et al., 2010), cognitive self-control 

(Oitzl et al., 2001), enhance working memory (Henckens et al., 2011), promote sustained 

attentional processing (Henckens et al., 2012b), and strengthen connectivity between the 

PFC and amygdala (Henckens et al., 2010). As such, slower genomic corticosteroid effects 

may facilitate remembering a certain event in a more cognitively controlled manner. 

Here, we focused on the potential role of these time-domains in corticosteroid effects 

on classical fear conditioning. Hereto, we designed a within-subjects delay- and trace-

conditioning paradigm, concurrently measuring fear potentiated startle responses (FPS), 
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skin conductance responses (SCR) and subjective shock expectancies (EXP) during fear 

acquisition and, importantly, a fear memory retention phase. In delay conditioning, the 

US and the CS co-terminate, whereas in trace conditioning a stimulus free period (the 

trace interval) passes between the offset of the CS and the US delivery. This distinction is 

of special interest because different neural substrates are believed to underlie delay and 

trace conditioning. Both animal and human research has identified the amygdala as pre-

dominantly involved in delay conditioning, while trace conditioning requires the dorsal 

hippocampus and the prefrontal cortex in addition to the amygdala (McEchron et al., 

1998; Knight et al., 2004; Burman et al., 2006; Cheng et al., 2008). By including delay and 

trace conditioning in a within-subjects paradigm, we modeled simple, amygdala-depend-

ent features and more complex, hippocampal- and prefrontal cortex-dependent features 

of learning and memory, respectively. 

We targeted time-dependent cortisol effects by randomizing participants into one 

of three experimental groups, receiving 10 mg hydrocortisone either 60 minutes (rapid 

cort) or 240 minutes (slow cort) before delay- and trace acquisition, or placebo at both 

times. Approximately 24 hours later, memory (extinction and reinstatement) was test-

ed. We hypothesized that cortisol administration 60 minutes before acquisition might 

enhance more simple, amygdala-dependent memory of delay conditioning, whereas 

cortisol administration 240 minutes before acquisition might enhance memory of trace 

conditioning, in line with the idea that slow genomic corticosteroid actions promote 

consolidation of more complex, hippocampal- and prefrontal cortex-dependent stress-

related memories for future use.
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Methods

Participants 

Sixty-three male participants (mean age 21.4 years (SD = 2.8 years); mean body mass 

index 22.9 (SD = 3.1)) gave written informed consent. The local ethical committee of the 

University of Amsterdam approved the study. Inclusion was conditional on having no 

past or present psychiatric or neurological condition, assessed by self-report. In addi-

tion, participants having any somatic or endocrine disease (e.g. acute asthma), or tak-

ing medication known to influence central nervous system or endocrine systems were 

excluded from participation. Participants were asked not to eat, drink or smoke two 

hours before participation. Participants were rewarded for participation with either 

course credits or a monetary reward of € 65,-. Due to technical errors, extinction and 

reinstatement data from one participant were missing, as well as reinstatement data 

from another. 

Physiological measures 
Drug administration and assessment 

A single dose of 10 mg hydrocortisone was employed to elevate cortisol to a level 

equivalent to acute stress. Hydrocortisone and placebo (albochin) pills looked identical. 

To assess salivary free cortisol concentrations for each participant, Salivette collection de-

vices (Sarstedt, Nümbrecht, Germany) were employed. After testing, salivettes were stored 

at -25°C. Upon completion of the study, samples were sent to Dresden (Technische Univer-

sität, Dresden, Germany) for biochemical analysis. 

US-expectancy ratings 

US-expectancies were measured continuously throughout all experimental phases 

(i.e., acquisition, extinction, reinstatement), thus enabling us to collect ratings dur-

ing the CS and CS traces. Ratings were given by sliding a lever on a box (custom made 

from a joystick) that in turn operated a cursor on a scale that showed at the bottom 

of the computer screen. The scale was continuous, ranging from ‘certainly no electri-

cal stimulus’ through ‘certainly an electrical stimulus’. Expectancy data were sam-

pled at 1000 S/s. Startle responses, electrodermal activity and US-expectancy ratings 

were recorded with the software program VSSRP98 v6.0 (Versatile Stimulus Response  

Registration Program, 1998; Technical Support Group of the Department of Psychology, 

University of Amsterdam). 

Fear-potentiated startle

Startle probes to induce fear-potentiated startle reflexes were 104 dB, 40 ms bursts 

of white noise with a near instant rise time and delivered binaurally through head-

phones (Sennheiser, model HD25-1II). Sound pressure and dB level were calibrated us-

ing a sound level meter (Rion, NA-27, Japan). Startle reflexes were measured through 

electromyography (EMG) of the left orbicularis oculi muscle. Hereto, two 6 mm Ag/AgCl  
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electrodes filled with a conductive gel (Signa, Parker) were placed approximately 1 cm 

under the pupil and 1 cm below the lateral canthus (Fridlund and Cacioppo, 1986).  

A ground electrode was placed on the forehead, 1 cm below the hairline (Blumenthal et 

al., 2005). The EMG amplifier consisted of two stages. The input stage or pre-amplifier had 

an input resistance of 10.000 Ω. The EMG signal was set at a frequency response of DC-1500 

Hz and was then amplified by 200. A 50 Hz notch filter was used to reduce interference 

from the mains noise. For the second stage, the signal was amplified with a variable am-

plification factor of 0-100 times. Finally, the EMG signal was digitized at a rate of 1000 S/s. 

Skin conductance responses 

Electrodermal activity was measured by two curved Ag/AgCl electrodes of 20 by 

16 mm that were attached with adhesive tape to the medial phalanges of the first 

and third fingers of the left hand. The in-house built amplifier applied a sine-shaped 

excitation voltage (1 V peak-peak) of 50 Hz derived from the mains frequency to the 

electrodes in order to detect changes in the electrodermal activity. The signal from the 

input device was led through a signal-conditioning amplifier. The analogue output 

was digitized at 1000 S/s by a 16-bit AD-converter (National Instruments, NI-6224).

Subjective measures 
Participants filled out the Trait and State Anxiety Inventory (STAI; Spielberger et al.,  

1970) and the Positive Affect and Negative Affect Schedule (PANAS; Watson et al., 1988). 

In a post experimental questionnaire Unpleasantness ratings of the US and startle probes 

were assessed on 9-point scales ranging from “not unpleasant” (1) to “extremely unpleas-

ant” (9). We also probed knowledge of which substance (placebo or hydrocortisone) was 

administered at the two time points. To assess contingency awareness, participants in-

dicated which CSs were followed by the US. Participants were classified as “aware” if 

they correctly recognized that the CS+ and the CStr+ were followed by a shock, while the 

CS- was not followed by a shock. 

Experimental task
Three pictures (Langner et al., 2010) of male neutral faces served as conditioned 

stimuli. Assignment of the three faces as CS+, CStr+ and CS- was counterbalanced across 

the three experimental groups. During the preconditioning phase, participants were 

presented a habituation phase consisting of 8 startle probes (“noise alone” trials, NA) 

with an inter-probe interval of 20 ± 5 s. Then, the CS+, CStr+ and CS-, were presented (un-

reinforced) once in random order, along with one NA trial. The acquisition phase com-

menced with a NA habituation phase. The four stimulus types (CS+, CStr+, CS-, NA) were 

randomized within blocks. Each block was presented 10 times in total. During acquisi-

tion, the CS+ and the CStr+ were followed by the US at all times, except for the first trial 

(90% reinforcement rate). During extinction, all stimulus types were again presented 10 

times, but CSs were never followed by the US. Fifteen seconds after the last extinction 

trial, three unsignaled USs (respectively intermitted by 40 and 30 s time lag) were pre-
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sented. The reinstatement test phase started 30 s after the last US, during which each 

stimulus type was again presented four times. Trial timing was similar for all experi-

mental phases (see Figure 1).

Design and Procedure
In a between-subjects, placebo-controlled, double blind study design, participants 

were randomly assigned to either the rapid cort group (placebo 240 and hydrocortisone 

60 min prior to acquisition), slow cort (hydrocortisone 240 and placebo 60 min prior to 

acquisition) or placebo group (placebo at both 240 and 60 min), resulting in 21 partici-

pants per group. Testing took place in between 12 am and 8 pm, when endogenous cor-

tisol levels are stable and relatively low (Pruessner et al., 1997). A schematic overview 

of the experiment is depicted in Figure 2. Participants filled out the STAI-T, PANAS and 

STAI-S to assess baseline self-reported mood states and a first saliva sample (S1) was taken. 

To acquire physiological baseline responding to the startle probes and the different CS 

stimuli, a preconditioning phase followed. A shock workup procedure was completed to 

establish a shock level that was ‘‘unpleasant, but not painful’’. Participants were told that 

this phase involved baseline response assessment to the stimuli, and no shocks would be 

Trace and delay conditioning procedure. CSs were presented for 10 seconds. Startle probes during CSs 

(denoted with: ‘CS probe’) were presented 9 s after CS onset. In case of the CS+, the CS probe was followed by the US 

after 0.5 s. Startle probes during traces (denoted with: ‘trace probe’) were presented 9 s after CS offset. In case of 

the CStr+, the trace probe was followed by the US after 0.5 s. Inter trial intervals (ITI) were 30 (± 5) s. In case a noise 

alone (NA) probe was presented during an ITI, it followed the trace probe after 10 (± 5) s.

Figure 1 
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administered. Then, directly following sample S2, participants received their first pill (hy-

drocortisone or placebo). The second pill (hydrocortisone or placebo) was given 180 min 

later. While waiting, participants read or studied, and they were allowed to eat lunch. 

During this period, samples S3 - S6 were taken. After Pill 2, participants gave sample S7 

and again filled out the PANAS and STAI-S. Prior to conditioning, participants were told 

they would see three faces, one of which would never be followed by the US, while the 

other two could be followed by the US at different time points. They were told to learn 

to predict whether and when they would receive an electrical stimulus. These explicit 

instructions were given because awareness is a necessary condition to acquire condi-

tioned responses in hippocampus dependent tasks such as trace conditioning (Weike et 

al., 2007). Sixty minutes after second pill intake, sample S8 was taken and conditioning 

started. At the end of the first experimental day, participants gave a final saliva sample 

(S9). Time between the two testing sessions was kept at 24 h, in order to substantiate con-

solidation of fear memories. The following day, participants were told that they would 

see the same faces again and remember tested for memory of what was learned the day 

before. A final set of mood questionnaires (STAI-S, PANAS) was filled out and sample S10 

was taken, followed by extinction and reinstatement phases. The experiment was com-

pleted by the post-experimental questionnaire. The experiment described here was part 

of a larger study into time-dependent cortisol effects on cognitive function. Results on the 

other task will be reported elsewhere.

Data reduction
Raw EMG data were conditioned to a band-pass between 28-500 Hz (Blumenthal et 

al., 2005). Relative to startle probe onset the latency window for the blink reflex was 

0-120 ms and maximum peak amplitude was determined within a window of 20-150 ms. 

Electrodermal responses to the CSs were obtained by subtracting the baseline (1s aver-

age before CS onset) from the maximum absolute SCR score obtained from a window of 

1-9 s following CS onset. Electrodermal responses for the traces were obtained by sub-

tracting the baseline from the maximum absolute SCR score obtained from a window 

of 1-9 s following trace onset. Raw SCR and FPS scores were standardized across all ex-

perimental phases and converted to T-scores (T = (z × 10) + 50). To obtain US-expectancy 

ratings for the CSs and the traces, 1 s averages were calculated immediately before each 

startle probe onset.

Statistical analysis
In order to assess group differences in sample characteristics, univariate ANOVAs with  

the between subject factor Condition (rapid cort, slow cort, placebo) were employed. Cor-

tisol levels showed a skewed distribution with the Shapiro-Wilk test of normality and 

were log transformed. The effect of hydrocortisone administration on salivary cortisol 

during the first session was assessed by means of a mixed ANOVA with the within subject 

factor Time (S1-S9) and between subjects factor Condition. Bonferroni-corrected post-hoc 

comparisons were used to detect significant group differences at all sample points. 
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To assess whether the trace and delay conditioning paradigm was successful, US-

expectancy, FPS, and GSR data of the acquisition, extinction and reinstatement phases 

were subjected to repeated measures ANOVAs with the within-subjects factors Condition-

ing type (trace vs. delay), CS type (CS+, CStr+, CS-) and Trial. If this overall analysis revealed 

an interaction between those three within-subject factors or an interaction between  

Conditioning type and CS type, we further disentangled this effect by performing sepa-

rate analyses for data obtained during CS presentation and trace presentation. In these 

analyses, within-subject factors are the CS type (CS+, CStr+, CS-) and Trial. Only for analy-

sis of GSR data the trace of the CStr+ was omitted, since this point of measurement was 

still high due to occurrence the US. A repeated measures ANOVA with the factor Block 

(average first two trials, versus average last two trials) and CS type assessed successful 

acquisition or extinction learning. Further, specific planned contrasts were used to assess 

whether conditioned responses to each individual CS significantly evolved from the first 

to the last block. Finally, reinstatement effects were tested by running an ANOVA with 

Block (last block of extinction, first block of reinstatement) and CS type as within-subject 

factors. Planned contrasts revealed which individual CSs significantly increased from the 

last extinction block after the reinstating shocks. 

To assess rapid and slow corticosteroid effects on acquisition, extinction and rein-

statement, FPS, GSR and EXP data were entered into mixed ANOVAs with Conditioning 

type (trace vs. delay conditioning), CS type (CS+, CStr+, CS-) and Trial as within subject 

factors and Condition as between subject factor. If this overall analysis revealed an inter-

action effect between Conditioning type, CS type and Condition, trace and delay condi-

tioning were further analyzed separately. Thus, for analysis of delay conditioning, data 

obtained during presentation of the CS+ and CS- were entered into mixed ANOVAs with CS 

type (CS+, CS-) and Trial as within subject factors and Condition as between subject factor. 

To assess time-dependent corticosteroid effects on trace conditioning, data obtained from 

the traces of the CStr+ and CS- were entered in a similar analysis. Planned comparisons 

were performed on difference scores of the relevant CSs. A Greenhouse-Geisser procedure 

was used in case of violation of the sphericity assumption in ANOVAs. Alpha level was set 

at 0.05 for all statistical analyses. 
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Results

Participant characteristics
The rapid cort, slow cort and placebo groups did not differ in terms of age, body mass 

index, trait anxiety and anxiety sensitivity (all F’s < 1.94, n.s.). Shock intensity ranged from 6 

to 56 mA (M = 22.11, SD = 11.54), and did not differ between the three experimental groups 

(F = 1.16, n.s.). The subjective evaluation of the US and the startle probe did not differ either 

(all F’s < 2.37, n.s.). Furthermore, groups did not differ on subjective mood (STAI-S, PANAS; 

all F’s < 2.77, n.s.). Three participants were classified as unaware of the CS-US contingencies 

(one participant in each group). Exclusion of these three led to comparable results. 

Manipulation check hydrocortisone
Figure 2 displays salivary cortisol levels for all groups. As expected, the ANOVA for 

salivary cortisol levels showed a significant Time x Condition interaction (F
16,480 

= 126.77,  

p < 0.001, η2 = 0.809). In addition, a significant main effect of Time (F
8,480 

= 27.16, p < 0.001, 

η2 = 0.312) and Condition (F
2,60 

= 29.01, p < 0.001, η2 = 0.492) emerged. Bonferroni-corrected  

post-hoc comparisons showed that in the slow cort condition cortisol levels were in-

creased from 30 min after pill intake until 180 min later (S3-S6; p’s < 0.002) but had re-

turned back to baseline before and during the acquisition phase (S7-S9). In the rapid cort 

condition, cortisol levels were increased from 30min after pill intake until the end of the 

first session (S7-S9; p’s < 0.001). On day 2, cortisol levels did not differ between the three 

groups (S10; F = 0.238, n.s.). Participants were unable to identify the substance received 

during the exit interview (X2(1) = 0.298, n.s.).

Delay and trace conditioning paradigm
US-expectancy ratings 

In Figure 3A and 3B US-expectancies during the acquisition, extinction and re-

instatement phases of conditioned responses during the CSs (1A) and traces (1B) are 

shown for all subjects.

· Acquisition The overall analysis for acquisition of US-expectancies revealed a Con-

ditioning type x CS type x Trial interaction (F
18,1116 

= 46.80, p < 0.001, η2 = 0.430). For con-

ditioned responses during the CSs, we observed differential evolvement of the three CS 

types over the course of acquisition (CS type x Trial interaction, F
18,1116 

= 38.08, p < 0.001, η2 

= 0.381). Follow-up analyses confirmed differential evolvement of the three CS types from 

the first 2 trials to the last 2 trials of acquisition (CS type x Block interaction, F
2,124 

= 91.47, 

p < 0.001, η2 = 0.596). Planned contrasts revealed significant acquisition for both the CS+ 

(increases vs. CS- from first to last block; p < 0.001) and the CStr+ (increases vs. CS- from 

first to last block; p < 0.001). Notably, acquisition was stronger for the CS+ compared to the 

CStr+ (increases from first to last block; p < 0.001).

We also observed differential evolvement of the three CS types over the course of ac-

quisition during the traces (CS type x Trial interaction, F
18,1116 

= 45.15, p < 0.001, η2 = 0.421). 

Follow-up analyses confirmed differential evolvement of the three CS types from the first 
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2 trials to the last 2 trials of acquisition (CS type x Block interaction, F
2,124 

= 159.92, p < 

0.001, η2 = 0.721). Planned contrasts revealed significant acquisition only for the CStr+ 

(increases vs. CS- from first to last block; p < 0.001), but not for the CS+ (increases vs. CS- 

from first to last block; n.s.). 

· Extinction The overall analysis for extinction of US-expectancies revealed a Con-

ditioning type x CS type x Trial interaction (F
18,1098 

= 8.07, p < 0.001, η2 = 0.117). For con-

ditioned responses during the CSs, we observed a differential evolvement of the three 

CS types over the course of extinction (CS type x Trial interaction, F
18,1098 

= 16.78, p < 

0.001, η2 = 0.216). Follow-up analyses confirmed differential evolvement of the three CS 

types from the first 2 trials to the last 2 trials of extinction (CS type x Block interaction,  

F
2,122 

= 36.72, p < 0.001, η2 = 0.376). Planned contrasts revealed significant extinction  

for both the CS+ (decreases vs. CS- from first to last block; p < 0.001) and the CStr+  

24 h Lunch Acquisition 
Extinct &  

Reinst Pill 1 Pill 2 

** 

*** 

*** 

*** 

*** 

*** 
*** 

S1 S2 
S3 S4 S5 S6 S7 S8 S9 

S10 

STAI-T/S & PANAS STAI-S & PANAS 

Overview of the experimental design and salivary cortisol levels during the experiment. Participants 

received a pill 240 and 60 minutes prior to delay- and trace fear acquisition on day 1 (Pill 1 and Pill 2). The pills con-

tained either hydrocortisone (10 mg) or placebo (albochin). Two baseline saliva samples were taken at the beginning 

of the experiment (t = -270 and t = -240), six more before acquisition (t = -210, -180, -150, -60, -30, 0), one directly 

after acquisition (t = 30) and a last sample was taken before the extinction procedure on day 2. In the slow cort 

condition cortisol levels were increased from 30 minutes after pill intake until 180 minutes later and in the rapid 

cort condition cortisol levels were increased from 30 minutes after pill intake until the end of the first session. 

Error bars represent standard error of the mean (S.E.M.). Significant Bonferroni corrected differences with placebo 

are depicted by ** = p < 0.01; *** = p < 0.001.

Figure 2 
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(decreases vs. CS- from first to last block; p < 0.001). Notably, extinction was stronger for 

the CS+ compared to the CStr+ (decreases from first to last block; p = 0.001).

Furthermore, for conditioned responses during the traces we observed a differen-

tial evolvement of the three CS types over the course of extinction (CS type x Trial in-

teraction, F
18,1098 

= 15.36, p < 0.001, η2 = 0.201). Follow-up analyses confirmed differential 

evolvement of the three CS types from the first 2 trials to the last 2 trials of extinction  

(CS type x Block interaction, F
2,122 

= 36.05, p < 0.001, η2 = 0.371). Planned contrasts re-

vealed significant extinction for both the CStr+ (decreases vs. CS- from first to last block; 

p < 0.001) and the CS+ (decreases vs. CS- from first to last block; p < 0.001). Notably, 

extinction was stronger for the CStr+ compared to the CS+ (decreases from first to last 

block; p = 0.019).

· Reinstatement The overall analysis for reinstatement of US-expectancies revealed a 

Conditioning type x CS type x Trial interaction (F
6,360 

= 9.88, p < 0.001, η2 = 0.141). Reinstate-

ment for conditioned responses during the CSs was successful, as indicated by differen-

tial increases in US-expectancies from the last 2 trials of extinction to the first 2 trials of 

testing after reinstatement (CS type x Block interaction, F
2,120 

= 2.44, p < 0.001, η2 = 0.172). 

Planned contrasts revealed significant reinstatement for both the CS+ (increases vs. CS- 

from first to last block; p < 0.001) and the CStr+ (increases vs. CS- from first to last block; 

p = 0.001). Notably, there was a trend for stronger reinstatement for the CS+ compared to 

the CStr+ (decreases from first to last block; p = 0.060).

Reinstatement for conditioned responses during the traces was successful as well, 

indicated by differential increases in US-expectancies from the last 2 trials of extinction 

to the first 2 trials of testing after reinstatement (CS type x Block interaction, F
2,120 

= 5.15,  

p = 0.009, η2 = 0.079). Planned contrasts revealed significant reinstatement for both the 

CStr+ (increases vs. CS- from first to last block; p = 0.015) and the CS+ (increases vs. CS- 

from first to last block; p = 0.002). However, there was no difference in reinstatement for 

the CStr+ and the CS+ (n.s.).

Fear-potentiated startle 
In Figure 3C and 3D fear potentiated startle responses during the acquisition, extinc-

tion and reinstatement phases of conditioned responses during the CSs (1C) and traces 

(1D) are shown for all subjects.

· Acquisition The overall analysis for acquisition of fear potentiated startle responses 

revealed a Conditioning type x CS type x Trial interaction (F
18,1116 

= 2.75, p < 0.001, η2 = 0.043).  

For conditioned responses during the CSs, we observed a differential evolvement of the  

three CS types over the course of acquisition (CS type x Trial interaction, F
18,1116 

= 3.40,  

p < 0.001, η2 = 0.052). Follow-up analyses confirmed differential evolvement of the three  

CS types from the first 2 trials to the last 2 trials of acquisition (CS type x Block inter- 

action, F
2,124 

= 15.57, p < 0.001, η2 = 0.201). Planned contrasts revealed significant ac-

quisition for both the CS+ (increases vs. CS- from first to last block; p < 0.001) and the  

CStr+ (increases vs. CS- from first to last block; p = 0.003). Notably, there was stronger ac-

quisition for the CS+ compared to the CStr+ (increases from first to last block; p = 0.028).
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For conditioned responses during the traces, we also observed a differential evolve-

ment of the three CS types over the course of acquisition (CS type x Trial interaction, 

F
18,1116 

= 3.95, p < 0.001, η2 = 0.060). Follow-up analyses confirmed differential evolvement 

of the three CS types from the first 2 trials to the last 2 trials of acquisition (CS type x 

Block interaction, F
2,124 

= 16.96, p < 0.001, η2 = 0.215). Planned contrasts revealed significant 

acquisition only for the CStr+ (increases vs. CS- from first to last block; p < 0.001), but not 

for the CS+ (increases vs. CS- from first to last block; n.s.). 

· Extinction The overall analysis for extinction of fear potentiated startle respons-

es revealed a Conditioning type x CS type x Trial interaction (F
18,1098 

= 1.97, p = 0.009,  

η2 = 0.031). For conditioned responses during the CSs, no CS type x Trial interaction  

was found (F = 1.05, n.s.). In analyses on the first 2 trials and last 2 trials however, a  

marginally significant CS type x Block interaction was found (F = 2.41; p = 0.094). 

Planned contrasts did reveal significant extinction only for the CS+ (decreases vs. CS- 

from first to last block; p = 0.017), but not for the CStr+ (decreases vs. CS- from first to 

last block; n.s.).

For conditioned responses during the traces, differential evolvement of the three  

CS types over the course of extinction was found (CS type x Trial interaction, F
18,1098 

= 1.92,  

p = 0.031, η2 = 0.031). Follow-up analyses on the first 2 trials and the last 2 trials also 

showed a CS type x Block interaction (F
2,122 

= 2.72, p = 0.034, η2 = 0.054). Planned contrasts 

revealed significant extinction only for the CStr+ (decreases vs. CS- from first to last block; 

p = 0.048), but not for the CS+ (decreases vs. CS- from first to last block; n.s.).

· Reinstatement The overall analysis for reinstatement of fear potentiated startle  

responses revealed a Conditioning type x CS type x Trial interaction (F
6,360 

= 0.20, p = 

0.003, η2 = 0.003). For conditioned responses during the CSs, analysis of reinstate-

ment (first 2 trials of reinstatement test vs. last 2 trials of extinction) did not show a  

CS type x Block interaction (F = 0.45, n.s.), but overall startle responses increased af-

ter the reinstatement procedure, as evidenced by a main effect of Block (F
1,60 

= 32.59,  

p < 0.001, η2 = 0.342). 

 For conditioned responses during the traces, no CS type x Block interaction (F = 1.18, 

n.s.) was found, but overall startle responses increased after the reinstatement procedure, 

as evidenced by a main effect of Block (F
1,60 

= 41.21, p < 0.001, η2 = 0.407). 

Skin-conductance responses 
In Figure 3E and 3F skin conductance responses during the acquisition, extinction 

and reinstatement phases of conditioned responses during the CSs (1E) and traces (1F) are 

shown for all subjects.

· Acquisition The overall analysis for acquisition of skin conductance responses re-

vealed a Conditioning type x CS type x Trial interaction (F
18,1116 

= 10.76, p < 0.001, η2 = 0.148). 

For conditioned responses during CSs, we observed a differential evolvement of the  

three CS types over the course of acquisition (CS type x Trial interaction, F
18,1116 

= 4.04,  

p < 0.001, η2 = 0.061). Follow-up analyses confirmed differential evolvement of the three CS  

types from the first 2 trials to the last 2 trials of acquisition (CS type x Block interaction,  
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EXP, FPS and SCR data for the delay and trace conditioning paradigm. EXP scores showed successful 

acquisition, extinction and reinstatement for the CS+ during the CS (delay conditioning; A. and for the CStr+ during 

the trace (trace conditioning; B. On FPS responses, differential acquisition and extinction, but no differential rein-

statement was found for both the CS+ during the CS (delay conditioning; C. and for the CStr+ during the trace (trace 

conditioning; D. Also on SCR successful acquisition and extinction, but no differential reinstatement were observed 

for the CS+ during the CS (delay conditioning; E. and for the CStr+ during the trace (trace conditioning; F. Error bars 

represent standard error of the mean (S.E.M.).

Figure 3 
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F
2,124 

= 10.65, p < 0.001, η2 = 0.147). Planned contrasts revealed significant acquisition only 

for the CS+ (increases vs. CS- from first to last block; p < 0.001), but not for the CStr+ (in-

creases vs. CS- from first to last block; n.s.).

For conditioned responses during the traces, we observed a differential evolvement of 

the CStr+ and the CS- over the course of acquisition (CS type x Trial interaction, F
9,558 

= 7.49,  

p < 0.001, η2 = 0.108). Follow-up analyses revealed significant acquisition for the CStr+  

(increases vs. CS- from first 2 trials to the last 2 trials; CS type x Block interaction, F
1,62 

= 9.18, 

p = 0.004, η2 = 0.129).

· Extinction The overall analysis for extinction of skin conductance responses re-

vealed no Conditioning type x CS type x Trial interaction (F
18,1098 

= 1.09, n.s.). However, a 

Conditioning type x CS type interaction was found (F
2,122 

= 10.04, p < 0.001, η2 = 0.141). For 

conditioned responses during the CSs, no CS type x Trial interaction was found (F = 1.09, 

n.s.). In follow-up analyses on the first and last block however, we did find a CS type x 

Block interaction (F
2,122 

= 5.62, p = 0.005, η2 = 0.084), indicating differential evolvement of 

the three CS types from the first 2 trials to the last 2 trials of extinction. Planned revealed 

significant extinction only for the CS+ (decreases vs. CS- from first to last block; p = 0.003), 

but not for the CStr+ (decreases vs. CS- from first to last block; n.s.).

For conditioned responses during the traces, no CS type x Trial interaction was found 

(F = 1.45; n.s.). In analyses on the first 2 trials and last 2 trials however, significant extinc-

tion of the CStr+ was found (decreases vs. CS- from first 2 trials to the last 2 trials; CS type 

x Block interaction, F
1,61 

= 5.43, p = 0.023, η2 = 0.082).

· Reinstatement The overall analysis for reinstatement of skin conductance respons-

es revealed no Conditioning type x CS type x Trial interaction (F
6,366 

= 0.58, n.s.). However, a  

Conditioning type x CS type interaction was found (F
2,366 

= 8.23, p < 0.001, η2 = 0.119). For con-

ditioned responses during the CSs, analysis of reinstatement (first 2 trials of reinstatement 

test vs. last 2 trials of extinction) did not show a CS type x Block interaction (F = 0.55, n.s.),  

but overall startle responses increased after the reinstatement procedure, as evidenced by 

a main effect of Block (F
1,60 

= 5.66, p = 0.021, η2 = 0.086). 

For conditioned responses during the traces, a trend was shown for reinstatement of 

the CStr+ (increases vs. CS- from first 2 trials of reinstatement test vs. last 2 trials of extinc-

tion; CS type x Block interaction, F
1,60 

= 3.13, p = 0.082, η2 = 0.050).

Rapid and slow corticosteroid actions
US-expectancy ratings

· Acquisition Analysis of delay and trace acquisition data did not show any interac-

tion effects involving Condition, CS type and Conditioning type (F’s < 0.87, n.s.), nor a 

main effect of Condition (F = 0.46, n.s.). Together, this suggests that the cortisol manipula-

tion did not affect delay- and trace acquisition of US-expectancies.

· Extinction Analysis of delay and trace extinction data did not show any interaction 

effects involving Condition, CS type and Conditioning type (F’s < 0.90, n.s.), nor a main  

effect of Condition (F = 0.33, n.s.). Together, this suggests that the cortisol manipulation 

did not affect delay- and trace extinction of US-expectancies.
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· Reinstatement Regarding reinstatement, analysis of delay and trace data did also 

not show any interaction effects involving Condition, CS type and Conditioning type (F’s 

< 0.87, n.s.), nor a main effect of Condition (F = 1.27, n.s.). Together, this suggests that the 

cortisol manipulation did not affect delay- and trace reinstatement of US-expectancies.

Fear-potentiated startle

Figure 4 displays the fear potentiated startle responses during acquisition, extinction 

and reinstatement in delay- and trace conditioning for the three experimental groups.

· Acquisition Analysis of acquisition data did not show any interaction effects involv-

ing Condition, CS type and Conditioning type (F’s < 1.23, n.s.), nor a main effect of Condi-

tion (F = 0.892, n.s.). This suggests that the cortisol manipulation did not affect delay- and 

trace acquisition.

· Extinction For extinction, we did observe a significant interaction effect between 

Conditioning type, Condition and CS type (F
4,1062 

= 1.92, p = 0.012, η2 = 0.032). To further 

disentangle this effect, we analyzed delay and trace conditioning separately. For delay 

conditioning, the cortisol manipulation did not affect extinction (F’s < 1.24, n.s.). For 

trace conditioning however, we did observe a significant CS type x Condition interaction  

(F
2,59 

= 3.52, p = 0.036, η2 = 0.107). If this concerned a memory effect, we expected it to  

originate mainly from the first part of extinction. Indeed, we found a significant CS Type 

x Condition interaction during the first part (F
2,59 

= 4.10, p = 0.022, η2 = 0.122), but not 

the second part of extinction (F = 1.07, n.s.). Planned comparisons revealed that the slow 

cort group showed more differentiation of the CStr+ vs. the CS-, compared to both the  

placebo and rapid cort groups (Slow Cort vs. Placebo: p = 0.011; Slow Cort vs. Rapid Cort: p 

= 0.024; Rapid Cort vs. Placebo n.s.). This group difference was also present when the end 

of acquisition was taken into account. That is, analysis of the last half of acquisition vs. 

the first half of extinction indeed revealed a Phase (last half acquisition versus first half 

of extinction) x CS type x Condition effect (F
2,59 

= 5.519, p = 0.006, η2 = 0.158). Follow-up 

analyses showed that the difference between the differential responding from the end 

of acquisition to the beginning of extinction was enhanced in the slow cortisol group as 

compared to the placebo group (F
1,39 

= 3.26, p = 0.004, η2 = 0.189), while the rapid and pla-

cebo group did not differ (F = 2.68, n.s.). This effect was not caused by altered baseline (NA) 

FPS responses during extinction (F = 0.55, n.s.). Together, this suggests that cortisol, given 

4 hours before acquisition, enhanced fear memory of the trace stimulus 24 hours later.

· Reinstatement There were neither any interaction effects involving Condition, CS 

type and Conditioning type (F’s < 0.33, n.s.), nor a main effect of Condition (F = 0.037, n.s.) 

suggesting that the cortisol manipulation did not affect delay- and trace reinstatement.

Skin conductance responses

· Acquisition Analysis of delay and trace acquisition data did not show any interac-

tion effects involving Condition, CS type and Conditioning type (F’s < 1.07, n.s.), nor a 

main effect of Condition (F = 0.84, n.s.). Together, this suggests that the cortisol manipula-

tion did not affect delay- and trace acquisition of SCR.



Delayed effects of cortisol enhance fear memory of trace conditioning

Fear potentiated startle data for delay (A, C, E) and trace (B, D, F) conditioning trials for the placebo (A, 

B), rapid cort (C, D) and slow cort (E, F) groups. Participants in the slow cort group uniquely demonstrate enhanced 

startle responses during early extinction, suggesting that cortisol, given 4 hours before acquisition, enhances fear 

memory of the trace stimulus 24 hours later. Error bars represent standard error of the mean (S.E.M.). Significant 

post-hoc differences with placebo are depicted by * = p < 0.05. Error bars represent standard error of the mean (S.E.M.).

Figure 4 
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Delayed effects of cortisol enhance fear memory of trace conditioning

· Extinction Analysis of delay and trace extinction data did not show any interaction 

effects involving Condition, CS type and Conditioning type (F’s < 1.79, n.s.), nor a main  

effect of Condition (F = 2.86, n.s.). Together, this suggests that the cortisol manipulation 

did not affect delay- and trace extinction of SCR.

· Reinstatement Regarding reinstatement, analysis of delay and trace data did also 

not show any interaction effects involving Condition, CS type and Conditioning type  

(F’s < 0.39, n.s.), nor a main effect of Condition (F = 2.01, n.s.). Together, this suggests that 

the cortisol manipulation did not affect delay- and trace reinstatement of SCR.
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Discussion

A first aim of the present study was to develop a paradigm in which delay and trace 

conditioning can be tested within subjects, concurrently measuring FPS, SCR and EXP. We 

show that participants acquire delay and trace conditioning simultaneously, and retain the 

same pattern of conditioned responses the following day on all dependent measures. The 

present paradigm adds in important ways to current test models of associative fear memo-

ry, as this is the first human trace conditioning study including FPS, and a memory reten-

tion test. The FPS measure is considered to be a reliable and specific index of fear, while SCR 

and US-expectancy ratings may be less so (Hamm and Weike, 2005). On a broader level, the 

inclusion of FPS and a retention test renders this paradigm more relevant to understand 

the root and maintenance of fear-related disorders in humans (Mineka and Oehlberg, 2008). 

Further, we tested time-domain effects of cortisol action during acquisition on subse-

quent memory. FPS data showed that cortisol intake 240 minutes before fear acquisition 

- focusing on genomic actions - uniquely bolstered trace, but not delay, fear memory. The 

hippocampus plays an additional role in trace versus delay conditioning (McEchron et 

al., 1998; Knight et al., 2004; Burman et al., 2006; Cheng et al., 2008) and successful trace 

conditioning relies to a large extent on working memory (Carter et al., 2003) and selective 

attention (Clark and Squire, 1998; Lovibond and Shanks, 2002; Han et al., 2003). These pro-

cesses were recently found to be enhanced by slow corticosteroid actions (Henckens et al., 

2011, 2012b). Thus, perhaps by means of boosted executive processing during acquisition, 

we here provide the first evidence that slow (presumably gene-mediated) corticosteroid 

effects during fear acquisition can strengthen subsequent fear memory in humans. One 

earlier study showed a relationship between post-learning endogenous cortisol levels and 

delay fear memory in humans (Zorawski et al., 2006), but we are not aware of any stud-

ies in humans investigating exogenous cortisol effects on the retention of fear memory 

(as opposed to fear acquisition). Our findings suggest that slow effects of cortisol do not 

merely restore baseline functioning, but may actually lead to a redistribution of neural 

resources towards superior executive functioning (Henckens et al., 2011, 2012b) that can 

enhance subsequent fear memory as well. 

Since cortisol levels during fear acquisition in the slow cort group already had gone 

back to baseline, not only the absolute levels of cortisol per se may play an important role 

in modulating certain memory processes, but also the time lag that exists between cor-

tisol level enhancement and encoding. This is in line with the temporal dynamics model 

(Diamond et al., 2007), the emotional tagging hypothesis (Richter-Levin and Akirav, 2003) 

and theories by Joëls and colleagues (Joëls et al., 2006), which all predict differential ef-

fects by corticosteroids in the time-domain shortly after stress as opposed to several hours 

later. At the cellular level, rapid activation, followed by inhibition of neuroplasticity has 

been observed in the hippocampus in response to several types of stress manipulations 

(Richter-Levin and Akirav, 2003), threat (Diamond et al., 2007), or cortisol administration 

(Joëls et al., 2011)). How exactly these cellular effects relate to the overall efficiency of  

network function and concomitant behavioral performance is not easy to predict. 
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We did not observe any rapid effects of cortisol on either delay or trace memory.  

Possibly, the 60 minutes delay was too long to exclusively examine non-genomic corticos-

teroid actions; we cannot exclude that by that time genomic actions may start to develop. 

Alternatively, we may not have had enough power to find this effect, or the hydrocorti-

sone level that we utilized could have been too low (i.e. 10mg). Finally, cortisol by itself 

may not be sufficient to strengthen cued fear memory but this process may require cat-

echolamines; e.g. manipulations targeting the adrenergic system affect cued fear memo-

ry to a great extent (Soeter and Kindt, 2011).

Earlier studies into effects of cortisol on acquisition of delay or trace acquisition have 

been equivocal, with enhancing effects (Kuehl et al., 2010; Tabbert et al., 2010) impairing 

effects (Stark et al., 2006; Nees et al., 2008), or no effects at all (Vythilingam et al., 2006). 

Here we did not observe altered fear expression on day 1 in either delay or trace condi-

tioning, irrespective of timing of corticosteroid treatment. For the slow cort group this 

seems in apparent contrast with the enhancing memory effects on trace conditioning the 

next day. This corroborates the idea of a dissociation between fear expression during ac-

quisition learning and subsequent long term fear memory. Such a dissociation has been 

convincingly illustrated by studies in which pharmacological manipulations, adminis-

tered before acquisition, affected the extinction process several days later while leaving 

the acquisition process intact (Soeter and Kindt, 2011, 2012). Post-learning processes may 

account for this dissociation, as they induce the structural changes underlying the stabi-

lization of a memory trace after its acquisition (i.e., consolidation; McGaugh, 1966). Thus, 

the implementation of a test phase of associative fear memory after consolidation is most 

appropriate to assess long-term fear memory.

Some considerations regarding our results should be mentioned. First, effects of the 

experimental manipulation only were apparent on the startle measure, suggesting that 

our manipulation targeted a specific fear related process (Hamm and Weike, 2005). This 

corroborates the idea that SCR and FPS variables reflect rather distinct aspects of condi-

tioned responses, and can sometimes even display diametrically opposite effects after cer-

tain experimental manipulations (Hamm and Weike, 2005; Soeter and Kindt, 2011, 2012). 

Second, this study used a discrimination procedure that likely recruited abilities over and 

beyond those that are needed for delay or trace conditioning alone (Knight et al., 2004; 

Cheng et al., 2008). Finally, a dose of 10 mg hydrocortisone was used. Several studies have 

shown that experimental effects can alter (or even flip over to the opposite side) depend-

ing on the dose (Buchanan et al., 2001). Hence, dose-response studies may be necessary to 

get a more complete view on the effects of cortisol on fear memory.

In summary, we show that slow, presumably genomic, effects of cortisol enhance 

memory for more complex, hippocampus-mediated fear learning, but not for simple fear 

learning dependent on the amygdala. The present findings emphasize that corticoster-

oids can affect associative fear memory in a time-dependent manner, adding to ear-

lier studies finding time-dependent cortisol effects on other neurobiological processes 

(Henckens et al., 2010, 2011, 2012b). The insight that cortisol time-dependently affects 

fear memories has far-stretching implications for experimental human research into cor-
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ticosteroid effects on cognition, a field often characterized by disparate findings. The 

majority of studies have typically tested cognitive function 30-120 minutes after cortisol 

administration. Since gene-mediated transcriptional changes are discernible already one 

hour after cortisol exposure (Morsink et al., 2006), the majority of current human ex-

perimental research has tested in a time window where both genomic and non-genomic 

processes are active, complicating a straightforward interpretation of results. Clinically, 

this is very relevant for the development of pharmacological treatments, especially since 

cortisol has been suggested as a pharmacological add on to cognitive-behavioral interven-

tion in anxiety disorders (De Quervain and Margraf, 2008). 
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No effects of psychosocial stress on intertemporal choice

Abstract

Intertemporal choices - involving decisions which trade off instant and delayed out-

comes - are often made under stress. It remains unknown, however, whether and how stress  

affects intertemporal choice. We subjected 142 healthy male subjects to a laboratory stress 

protocol, and asked them to make a series of intertemporal choices either directly after stress, 

or 20 minutes later. Based on theory and evidence from behavioral economics and cellular 

neuroscience, we predicted a bidirectional effect of stress on intertemporal choice, with 

increases in impatience or present bias immediately after stress, but decreases in present  

bias or impatience when subjects are tested 20 minutes later. However, our results show no 

effects of stress on intertemporal choice at either time point, and individual differences in 

stress reactivity are not related to individual differences in intertemporal choice. Together, 

we did not find support for the hypothesis that laboratory stressors may affect intertem-

poral choice. 
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Introduction

Many everyday decisions entail trading off immediate and delayed outcomes. For 

instance, we routinely choose between spending money today, or saving it for later con-

sumption. In such intertemporal choices, both humans and animals tend to attach special 

significance to short-term rewards, a phenomenon known as “present bias” (Benzion et 

al., 1989; Laibson, 1997; Frederick et al., 2002; Kalenscher and Pennartz, 2008). As a conse-

quence of present bias, people frequently find it difficult to act in accordance with their  

own long-term interest (Laibson, 1997; Haynes, 2009). 

Intertemporal choices in private or professional contexts are often made under stress; 

managers, politicians, investment bankers, medical doctors and other professionals make 

vital decisions under a considerable amount of pressure. This applies, for instance, to a 

corporate executive who needs to trade-off the usefulness of long-term business strategies 

with succumbing to the pressure of reporting short-term profits, or a medical doctor who 

needs to decide on the spot between quick fixes relieving the symptoms of his patients, or 

slower but potentially more effective therapies. How stress affects intertemporal choice, 

though, is unknown. Here we combine theory and evidence from behavioral economics 

and cellular neuroscience to answer this question. 

In behavioral economics, both models and evidence on intertemporal choice now 

distinguish between present bias on the one hand, and impatience on the other (Laibson, 

1997). While impatience is simply the subject’s preference about consumption at differ-

ent times (i.e. as soon as possible in case of high impatience), present bias is normatively 

irrational because it leads subjects to fail executing the future plans that they make to-

day. Here we econometrically and experimentally distinguish between these two motives, 

and can thus ask whether stress differentially affects present bias or impatience.

In cellular and behavioral neuroscience, it has become evident in recent years that 

stress affects neurobiological processes and cognitive function in two distinct temporal 

domains (De Kloet et al., 2005; Schwabe et al., 2010c; Joëls et al., 2011). Broadly, the pic-

ture that emerges from this research is that immediately after stress, the stress-induced 

changes in hormone and neurotransmitter levels facilitate short-term solutions to the 

stressful situation; in contrast, beginning approximately 1 h after stress onset, slower 

physiological changes promote restoration and long-term protection after stress. More 

specifically, shortly after stress, corticosteroid hormones and noradrenaline synergisti-

cally promote rapid increases in neuronal activity, such as activity caused by the neu-

rotransmitter glutamate (Karst et al., 2005, 2010), the main excitatory neurotransmitter 

in the nervous system. Rapid effects of corticosteroids have been described for several 

emotion- and arousal-related brain regions such as the hippocampus, amygdala, and 

medial prefrontal cortex (Van Marle et al., 2010). These early physiological responses to 

stress likely facilitate the rapid focused attention, hypervigilance and choice of strategy 

required to implement the organism’s fight-or-flight response (De Kloet et al., 2005); in 

particular, they promote habitual, reflex-like behavior at the expense of goal-directed 

behavior (Schwabe et al., 2010b). 
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In contrast, the slow actions of cortisol focus on long-term restoration and future per-

spective after stress. Through changes in gene transcription that require 55 - 65 minutes 

to develop and last for several hours (Datson et al., 2008), stress-induced corticosteroid 

actions shut down the effects of noradrenaline (Joëls and De Kloet, 1989; Pu et al., 2007, 

2009) and change neuronal activity in frontal brain regions such that the stress-induced 

release of hormones from the pituitary is terminated (Yuen et al., 2009; Hill et al., 2011). 

Behaviorally, these delayed effects of stress promote consolidation of stress-related memo-

ries for future use (Oitzl et al., 2001; de Kloet et al., 2005) and stimulate restoration of 

cognitive self-control (Henckens et al., 2010, 2011; Joëls et al., 2011). Although these slow 

corticosteroid actions develop within an hour, their implications stretch well beyond this 

time-domain (Van Stegeren et al., 2010; Cornelisse et al., 2011). 

Based on these previous findings, we hypothesized that this bidirectional pattern is 

also apparent in more complex behavioral responses carried out after stress, such as inter-

temporal choice. Because the early physiological responses facilitate habitual, reflex-like 

behaviors, we predicted a shift towards more immediate payoffs in intertemporal choice 

immediately after stress. By contrast, because the slower actions of stress hormones 

engage dorsolateral prefrontal networks and facilitate the restoration of self-control  

(McClure et al., 2004; Hare et al., 2009; Figner et al., 2010), we expected a shift towards 

larger, but more delayed payoffs when tested at a later time point after stress.
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Methods

Participants
142 male undergraduate students from the University of Zurich ranging in age from 

19 to 66 (M = 21.97 ± 4.23) participated in the study. We restricted our experiment to men 

since controlling for ovarian cycle in women is logistically difficult. Subjects were tested 

in two batches, spread out by a year. Because all procedures were comparable between the 

batches, all results were pooled. Before admission to the study, all subjects were screened in 

a telephone interview to exclude medication intake, somatic diseases, or any neurological or 

psychiatric disorders. Furthermore, psychology and economics students, self-reported heavy 

smokers (consumption of > 5 cigarettes per day), heavy alcohol consumers (consumption 

of > 60 g alcohol per day) and drug users were excluded. Participants were German native 

speakers, had not participated in a Trier Social Stress Test (TSST) before and would stay in 

Zurich at least for the next 12 months (for payment of their reward). The study was approved 

by the ethics committee of the Department of Economics at the University of Zurich and all 

participants provided written informed consent. Participants received a variable reimburse-

ment for their participation, depending on the choices they made during the experiment.

Stress manipulation
Psychosocial stress was induced with a grouped version of the Trier Social Stress Test 

(Kirschbaum et al., 1993; von Dawans et al., 2011) and involved a preparation period of 5 

min, followed by a video- and audio- taped public speaking task of 12 min (a fictional job 

interview, see below), and a mental arithmetic task of 8 min, both in front of an evaluation 

committee (one man and one woman wearing white laboratory coats). A maximum of 4 and 

a minimum of 2 subjects were tested at the same time. In the job interview component of 

the task, participants had 3 minutes to describe why their personal qualities qualified them 

for a job. The committee repeatedly interrupted the presentation with questions, following 

a pre-prepared script. In the arithmetic task, participants were asked to count backwards in 

steps of 16, starting at a random 4-digit number. When a mistake was made the panel told 

the participant to start over. Subjects all delivered their speech and after that performed the 

arithmetic task. Each subject was called at least twice and in random order for every task, to 

induce a feeling of unpredictability. Speaking time for every participant was kept constant. 

To keep the cognitive load and circumstances of the control condition as comparable 

as possible, only lacking the component of social control, subjects in the control condi-

tion underwent the same conditions, with three important differences. First, subjects 

were not video- or audio- taped and there was no panel in laboratory coats, just a passive 

observer in a corner of the room. Second, the public speech was replaced by an account 

of what would qualify a good friend for a job. The purpose of this task was to require a 

similar amount of creativity and cognitive resources as the personal job interview, while 

not containing the same stressful element of social evaluation and having to “talk oneself 

up”. Finally, all subjects performed their tasks simultaneously with the other partici-

pants; this made the individual contributions unintelligible to the passive observer and 
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the other participants, thus further reducing the social evaluative element. Total dura-

tion of the task and speaking time for each participant were matched to the parameters 

of the stress condition, when the speaking time for each part of the control task was fin-

ished (3 minutes for the speech and 2 minutes for the arithmetic task), participants were 

asked to keep a standing position and read neutral magazines for the remaining time. 

Salivary sampling and biochemical analysis
Salivary samples were obtained using Salivette sampling devices (Sarstedt, Nümbre-

cht, Germany) at 7 time points during the experiments (see Figure 1). Salivary samples 

were stored at -20°C until further analysis. Free cortisol levels were measured using a 

commercially available immunoassay (IBL, Hamburg, Germany). Salivary alpha-amylase 

(sAA) levels were measured by a quantitative enzyme kinetic essay as described elsewhere 

(Van Stegeren et al., 2006).

Questionnaires
Mood measurements and stress ratings were assessed shortly before and directly af-

ter the TSST-G or control task (at t = 15 and t = 50 min, see Figure 1). Subjects filled out 

the 10 negative affect items (rated on a 5-point scale) of the Positive and Negative Affect 

Scale (PANAS; (Watson et al., 1988)), resulting in a score of negative affect before and after 

the TSST-G or control task. At the same time points they rated how stressed they felt at 

that moment on a Visual Analogue Scale (later coded as ranging from 1 to 100). To assess 

impulsivity as a personality trait, subjects filled out the 30-item Barratt Impulsivity Scale 

(BIS; (Patton et al., 1995)) after the experimental tasks.

Intertemporal choice task
Participants performed 6 blocks of an intertemporal choice task with varying delays, 

where decisions between a sooner smaller reward and a later larger reward were offered. In 

the first four blocks subjects had the choice between a smaller reward tomorrow, and a larger 

reward in a) 3 months and 1 day, b) 6 months and 1 day, c) 9 months and 1 day, and d) 12 months 

and 1 day. The short delay was set to “tomorrow” rather than “today” to keep transaction  

costs the same for sooner and later payments (see below for details on transaction costs). In 

the last two blocks, subjects chose between a smaller reward in 6 months and 1 day, and a 

larger reward in e) 9 months and 1 day, and f) 12 months and 1 day. Each block consisted of 

7 binary choice trials, resulting in a total of 42 trials. The larger reward was kept constant 

at an amount of 40 Swiss Francs (CHF), while the sooner smaller reward started at CHF 20 

and was then adjusted with a titration method according to the choices the subject made.

Titration is a standard method for identifying time preferences in the discounting lit-

erature (Mazur, 1984; Rachlin et al., 1991; Green and Myerson, 1996; Kable and Glimcher, 

2007). The titration worked as follows: for each choice of the later reward, the sooner re-

ward was increased by half the difference between it and 40 CHF; for instance, if a subject 

chose CHF 40 in 12 months and 1 day over CHF 20 tomorrow, the next trial would offer 

the subject a choice between CHF 40 in 12 months and 1 day and CHF 30 tomorrow; if the 
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subject still chose CHF 40 in 12 months and 1 day, the next offer would be CHF 40 in 12 

months and 1 day vs. CHF 35 tomorrow, and so on. For each choice of the sooner reward, 

the sooner reward was decreased by half of the difference between it and the previously 

offered soon reward. For instance, if a subject chose CHF 20 tomorrow over CHF 40 in 12 

months and 1 day, the next trial would offer the subject a choice between CHF 10 tomor-

row and CHF 40 in 12 months and 1 day; if the subject chose CHF 10 tomorrow, the next 

offer would be CHF 5 tomorrow vs. CHF 40 in 12 months and 1 day, and so on. The titra-

tion procedure lasted for 7 trials at each combination of delays; this means that each 

indifference point was identified to a precision of CHF 0.156 (CHF 20 * 0.5^7, i.e. the initial 

difference between CHF 20 and CHF 40/CHF 0 was halved seven times). The amount of the 

sooner reward at the end of this titration procedure was taken as the indifference point 

for the particular delay combination, i.e. the amount of the sooner smaller reward where 

participants switched between the smaller sooner and the later larger reward. 

This procedure resulted in an individual discount function for each subject, which 

was used as the basis for fitting parameters of several models of intertemporal choice. In 

addition, we obtained a model-free measure of present bias. Possible serial correlation 

and order effects in subjects’ responses were controlled for by randomizing the order 

of trials across blocks, i.e. the order in which the various indifference points were deter-

mined. In addition, the side of the screen (left or right) on which the “late” and “soon” 

options were presented on each trial was randomized across trials. 

Note that the soonest option subjects could choose in the intertemporal choice task was 

“tomorrow”. One may ask whether this delay can be considered small enough to be useful 

in identifying present bias. We chose this design for the following reasons: First, we found it 

difficult to include an earlier reward in the design without confounding transaction costs: 

the chosen option on one of the trials in the intertemporal choice task was paid out for real, 

i.e., participants could pick up the chosen amount on the chosen day of delivery, using a 

voucher valid at the University cashier’s office. If the smallest delay was “today”, choosing 

this option would result in lower transaction costs compared to choosing a more delayed op-

tion, because subjects are already at the University, while at any other delay than today (i.e. 

“tomorrow”, but also in several months) subjects may have to travel to the University specifi-

cally to pick up their payment. Therefore, in this case we would have been unable to dissoci-

ate transaction costs from present bias. Second, other forms of payment than cash vouchers 

proved more problematic: we judged that getting a check or cash on the day vs. receiving 

a check or cash in the mail later did not equate the perceived risk of the transaction; bank 

transfers cannot be effected on the same day and also have to be picked up at the bank before 

they can be consumed; Amazon vouchers cannot be turned into consumption immediately 

because of the delays associated with mail orders; mobile phone money transfers and pre-

paid debit cards are not available in Switzerland. Thus, the “tomorrow” option seemed to 

us the cleanest way of eliciting time preference without risk of transaction cost confounds. 

Final reimbursement consisted of a variable payment depending on participants’ 

choices. In particular, as was explained to the participants at the beginning of the study,  

one of all the choices made was randomly selected at the end of the study, and the 
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chosen option on this trial was paid out for real, i.e., participants could pick up the 

chosen amount on the chosen day of delivery, using a voucher valid at the University 

cashier’s office. 

Procedure
Subjects were randomly assigned to one of four conditions: control-early (N = 36), 

control-late (N = 35), stress-early (N = 35), or stress-late (N = 36). The study was conducted 

between 14:00 and 20:00 in the (late) afternoon, when plasma cortisol levels are close 

to the circadian trough. Participants were instructed to refrain from smoking, eating, 

or drinking caffeine containing beverages at least 2h before the study, and were asked 

not to consume alcohol 24h before participating. An overview of the study timeline 

is displayed in Figure 1. Subjects were instructed not to talk to each other during the 

whole experiment. 

Twenty minutes after subjects arrived in the laboratory, a first saliva sample was 

taken. Subjects were guided to a room where they received instructions and practice ques-

tions for the intertemporal choice task, to be able to administer the task directly after 

the stress situation without delay. Notably, subjects only received general instructions, 

but were not provided with any information about the actual rewards and delays dur-

ing the intertemporal choice task. It is therefore unlikely that they would have decided 

on their choices already at this time point. When all subjects had understood the task 

and answered the practice questions correctly, a second saliva sample was taken and a 

PANAS/VAS questionnaire was filled out. Next, subjects received instructions for the TSST-

G or the control task, and after the 5 min preparation period participants were guided 

to another room, where they gave their speech. Before subjects were instructed to per-

form the arithmetic task, a third saliva sample was taken. Directly after the whole TSST-G 

or control procedure, a fourth saliva sample was taken and a further PANAS/VAS ques-

tionnaire was filled out. Next, participants were asked to sit at the chair placed behind 

them and, depending on the experimental condition, directly perform the intertemporal 

choice task on a laptop placed before them on a table (the early groups), or fill out the 

Barratt and a socioeconomic questionnaire and read neutral magazines (the late groups). 

The total delay between the start of the TSST-G and testing of intertemporal choice in 

the early groups including transportation time from one room to another, biological 

measurements and filling out forms was 35 minutes. 10 min and 20 min after the end 

of the TSST-G or control task, the fifth and sixth saliva samples were taken, after which 

subjects in the late groups performed the intertemporal choice task (20 minutes after 

the early groups), and subjects in the early groups filled out the questionnaires and read 

magazines. After they finished, participants waited until the last saliva sample was taken 

50 min after the end of the TSST-G or control task, after which they were debriefed and 

got their payment results (depending on the choices they made during the intertemporal 

decision making task), and instructions for picking up their payment.

The choice of timing of the behavioral tasks after the stress task was based on the 

following reasoning. The first time point was selected to target non-genomic actions of 
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corticosteroid hormones and other rapidly acting stress hormones like noradrenaline, i.e. 

immediately after the TSST. At this point in time, levels of the stress hormones (including 

of (nor)adrenaline) are still high, so that they can evoke non-genomic actions (Karst et 

al., 2005, 2010); however, the time-frame is too short to allow the development of gene-

mediated events. The second time point was selected such that it would just allow the 

development of genomic actions. Specifically, earlier findings in neurobiology show that 

genomic corticosteroid actions are apparent after one hour, both in the hippocampus 

(Joëls and De Kloet, 1990) and the prefrontal cortex (Hill et al., 2011). However, we wished 

to not test later than approximately one hour after stress onset in order to be as close as 

possible to the earlier time point, to avoid unwanted influences that cannot be controlled 

for, such as circadian variations in hormone level. For this reason we tested individuals 

between 55 and 65 minutes after onset of the TSST. 

Model fits
For every subject and every delay level, we determined the amount at which a subject 

was indifferent between the sooner and the more delayed option, based on the individ-

ual indifference points (see above). This allowed us to express the subjective value of the 

delayed reward as a fraction of the subjective value of the immediate reward. We then 

plotted the relative values of the delayed rewards as a function of time. Next, for every 

subject, we fitted three different models to the obtained indifference points. 

· Hyperbolic discounting model

We first fitted a standard hyperbolic model (Chung and Herrnstein, 1967; Ainslie, 

1975; Mazur, 1984; Kirby and Herrnstein, 1995; Green and Myerson, 1996) of the follow-

ing shape:

V
t
 = A / (1 + kt)       (1) 

where V
t
 indicates the discounted value at time t, A is the amount of reward, t the delay 

until reward delivery, and k is a single parameter describing the shape of the hyperbola. 

Because we expressed the value of the delayed rewards as a fraction of the value of the 

immediate reward, A = 1. 

· Exponential discounting model

Second, we fit a standard exponential discount function of the following shape: 

V
t
 = A * exp (-δt)       (2)

where V_t indicates the discounted value at time t, A is the amount of reward, t is the 

delay until reward delivery, and rho is the parameter describing the steepness of the ex-

ponential discount function. Because we expressed the value of the delayed rewards as a 

fraction of the value of the immediate reward, A = 1. 
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· Beta-delta quasi-hyperbolic discount model

Laibson’s beta-delta model (Laibson, 1997) was fitted to the indifference points to 

obtain an estimate of the degree of impatience and present bias:

        (3)

where V
t
 indicates the discounted value at time t of a stream of rewards r with subjective 

values v as a function of time τ. This equation contains a constant, exponential discount 

function whose discount rate is log (1/δ), thus whose steepness can be characterized by 

δ. The β parameter reflects the exponential discount curve and its inverse can be inter-

preted as the extra weight added to immediate rewards. Hence, δ can be interpreted as 

measuring impatience and β as measuring present bias. 

The data were better described by Laibson’s quasi-hyperbolic model than the stand-

ard hyperbolic discounting model or the standard exponential model (Akaike Informa-

tion Criteria, adjusting for the number of parameters: Laibson model, -11.22; hyperbolic 

model, -9.57; exponential model, -8.86). 

· Model-free measure of present bias. 

Finally, to obtain a model-free measure of present bias, we proceeded as follows: 

present-biased subjects are those whose discounting over a given period is greater when 

that period is in the near future compared to when it is in the more distant future. In 

our design, a present-biased subject would discount more between tomorrow and 3 

months and 1 day than between 3 months and 1 day and 6 months and 1 day; similarly, 

they would discount more between tomorrow and 6 months and 1 day than between 6 

months and 1 day and 12 months and 1 day. We used this feature of our experimental 

design to obtain a model-free measure of present bias, without assumptions about the 

shape of the discount function, but computing the difference between their “tomorrow 

vs. 3 months and 1 days” indifference point and the “6 months and 1 day vs. 9 months 

and 1 day” indifference points from the intertemporal choice task; similarly, we com-

puted the difference between their “tomorrow vs. 6 months and 1 days” indifference 

point and the “6 months and 1 day vs. 12 months and 1 day” indifference points. The 

average of these two differences is a model-free measure of present bias. 

Statistical analysis
All measures that showed a skewed distribution with the Shapiro-Wilk test of 

normality (cortisol, sAA, PANAS and VAS measurements) were log-transformed and  

further Analysis of Variance (ANOVAs) were performed on the transformed data.  

Hormone measurements were analyzed using a 7 (Sample Period: t0 vs. t15 vs. t40  

vs. t50 vs. t60 vs. t70 vs. t100) x 2 (Stress: TSST-G vs. Control) x 2 (Delay: Early vs.  

Late) General Linear Model (GLM) repeated measures ANOVA with Sample Period  

as a repeated measure. Subjective affect and stress measures were analyzed using a 2 

(Sample Period: pre vs. post) x 2 (Stress: TSST-G vs. Control) x 2 (Delay: Early vs. Late)  
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General Linear Model (GLM) repeated measures ANOVA with Sample Period as a re-

peated measure. 

For our main analysis, effects of stress and timing on the indifference points of the 

intertemporal choice task were analyzed by a 6 (Indifference Point) x 2 (Stress: TSST-G vs. 

Control) x 2 (Delay: Early vs. Late) General Linear Model (GLM) repeated measures ANOVA 

with Indifference Points as a repeated measure. Next, effects of stress and timing were 

analyzed on each indifference point separately and on the model parameters with a 2 

(Stress: TSST-G vs. Control) x 2 (Delay: Early vs. Late) ANOVA. 

The relationship between hormone increases and stress-induced changes in discount 

parameters was assessed by OLS regression of model parameters on area-under-the-curve 

for cortisol and sAA using heteroskedasticity-robust standard errors. Specifically, we used 

the following specification:

where y
i
 is any model fit parameter from the intertemporal choice task, cort

i
 and aa

i
 are the 

area-under-the-curve measures for cortisol and alpha-amylase, respectively, and the remain-

ing variables are as above. This regression was run only on subjects in the stress groups. 



No effects of psychosocial stress on intertemporal choice

Results

Stress induction 
The experimental groups did not differ on any of the measured baseline variables 

(cortisol, PANAS and VAS; all p’s > 0.40). As expected, the ANOVA for cortisol showed a 

significant Sample Period x Stress interaction (Figure 1a, F
6,816 

= 68.23, p < 0.001). Further-

more, a main effect of Sample Period (F
6,816 

= 68.23, p < 0.001) and a main effect of Stress 

(F
1,136 

= 2925.19, p < 0.001) were found. Planned simple contrasts related to baseline showed 

that subjects in the stress condition had increased cortisol levels from the sample taken 

during the TSST-G (t40) until t90, i.e. at the end of the session (all p’s < 0.001). 

For sAA, a significant Sample Period x Stress interaction (Figure 1b, F
6,804 

= 18.36,  

p < 0.001) and a significant main effect of Sample Period (F
6,804 

= 35.00, p < 0.001) were 

found. Planned simple contrasts compared to baseline showed that sAA levels were in-

creased in the stress condition from t40, i.e. during the TSST-G, until after the TSST-G at 

t50 (p’s < 0.05). Thus, the stress manipulation worked as intended, significantly raising 

both cortisol and alpha-amylase levels over time. Negative affect (PANAS; F
1,137 

= 15.60,  

p < 0.001) as well as subjective stress ratings (VAS; F
1,137 

= 15.82, p < 0.001) both increased 

in the stress group compared to the control group immediately after the stress task com-

pared to baseline. As expected, no effects of Delay (Early vs. Late groups) were found on 

the stress induction measurements.

Intertemporal choice performance
To assess the effect of stress on intertemporal choice, we first obtained indifference 

points for each of the six delay combinations used. We then fit the discounting data with 

three standard models, as described above: the standard hyperbolic model, the stand-

ard exponential model, and Laibson’s quasi-hyperbolic model. In the standard hyperbolic 

Experimental timeline and cortisol and effects of psychosocial stress on salivary cortisol (A) and alpha-

amylase (B) levels. Subjects were subjected to a group-wise Trier Social Stress Test (TSST-G) or a control task, which 

lasted 20 minutes (light gray region). Subsequently, they performed an intertemporal choice task lasting approxi-

mately 10 min, either immediately following the TSST-G/Control task (medium gray region), or 20 min later i.e. 55 min 

after onset of the stressful situation (dark grey region). The conducted ANOVAs revealed a significant Sample Period 

x Stress interaction for both cortisol (A) and alpha-amylase (B). *p < 0.05 in post-hoc tests.

Figure 1 

A B
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model, higher k implies greater discounting, and in the exponential model, larger rho im- 

plies greater discounting. Laibsons’ model distinguishes present bias from impatience: 

whereas the latter refers to the degree of discounting of future outcomes as a function of 

time, the former refers to extra value placed on short-term outcomes (Laibson, 1997). Pre-

sent bias is characterized by the beta parameter, and impatience by the delta parameter. 

Strong present bias and strong impatience are associated with low betas and high deltas, 

respectively (see Materials and Methods).

The overall ANOVA on the 6 indifference points did not show a Stress x Delay interac-

tion effect (F
1,138 

= 0.090, n.s.), nor a main effect of either Stress (F
1,138 

= 0.402, n.s.) or Delay 

(F
1,138 

= 0.011, n.s.) or any interaction effects with Indifference Point (all F’s < 0.55, n.s.). 

ANOVAs on each indifference point individually also revealed that neither Stress, Delay 

nor the interaction between Stress and Delay influenced the indifference points in the 

intertemporal choice task (all F’s < 0.71, n.s.), nor discounting model fit parameters (all  

F’s < 1.11, n.s.). Table 1 reports the descriptives and summary statistics for the indifference 

points and the time preference model parameters that were assessed. Thus, we found no 

evidence that stress affects intertemporal choice in our study.

Null-results are difficult to interpret since the lack of significance can be due to a lack  

of effect, or due to an insufficiently small sample size and thus insufficient power. To this 

end, we conducted a power analysis using G-Power (Faul et al., 2007). The power analysis 

revealed that a group size of 142 subjects should have been sufficient to detect even small 

effects sizes of 0.2 standard deviations with a power of 0.8. Thus, although our results pro-

vide no ultimate evidence of absence of effect, it is unlikely that the lack of significance 

is due to insufficient statistical power. 

    

Tom. 
vs. 3m 

Tom. 
vs. 6m 

Tom. 
vs. 9m 

Tom. 
vs. 12m 

6m vs. 
9m 

6m vs. 
12m 

Hyperbolic 
(k) 

Exponential 
(rho) 

Quasi-
hyperbolic 
(delta) 

Quasi-
hyperbolic 
(beta) 

Present 
bias 

 

Mean 29.01 26.72 25.31 22.97 34.96 32.41 0.12 0.07 0.96 0.82 5.82 
Control, Early S.E.M. 1.43 1.63 1.49 1.71 0.85 1.20 0.03 0.01 0.01 0.03 1.21 
  N 36 36 36 36 36 36 36 36 36 36 36 

 

Mean 29.22 26.65 25.86 24.46 35.26 32.57 0.14 0.08 0.96 0.83 5.98 
Stress, Early S.E.M. 1.42 1.76 1.91 1.95 1.10 1.56 0.05 0.02 0.01 0.03 1.35 
  N 35 35 35 35 35 35 35 35 35 35 35 

 

Mean 27.85 25.95 24.05 23.04 34.83 32.47 0.18 0.09 0.96 0.80 6.75 
Control, Late S.E.M. 1.62 1.94 2.10 2.19 1.12 1.19 0.04 0.02 0.01 0.04 1.16 
  N 35 35 35 35 35 35 35 35 35 35 35 

 Mean 29.37 27.11 25.53 23.70 36.17 33.69 0.11 0.07 0.97 0.82 6.70 
Stress, Late S.E.M. 1.57 1.65 1.68 1.79 0.80 1.01 0.02 0.01 0.01 0.04 1.31 
  N 36 36 36 36 36 36 36 36 36 36 36 

Statistics F 0.328 0.096 0.315 0.316 0.715 0.301 0.429 0.526 0.106 0.287 0.002 
Stress p 0.568 0.757 0.575 0.575 0.399 0.584 0.514 0.470 0.745 0.293 0.967 

Statistics F 0.112 0.008 0.195 0.033 0.161 0.224 0.116 0.229 0.004 0.276 0.428 
Delay p 0.739 0.927 0.660 0.857 0.689 0.636 0.734 0.633 0.951 0.600 0.514 

Statistics F 0.184 0.125 0.066 0.048 0.287 0.181 1.112 0.604 0.627 0.004 0.007 
Stress x Delay p 0.669 0.724 0.798 0.828 0.593 0.671 0.293 0.438 0.430 0.953 0.934 

 
Table 1. Descriptives and summary statistics for indifference points in intertemporal choice task and discounting model fit parameters. 
Individual rows report mean, standard errors, and number of participants for each variable, separately for each of the four experimental 
conditions. The F and p values of the Stress x Timing interaction effects are reported. Tom. =Tomorrow; m = months and one day. 

Descriptives and summary statistics for indifference points in intertemporal choice task and discounting 

model fit parameters. Individual rows report mean, standard errors, and number of participants for each variable, 

separately for each of the four experimental conditions. The F and p values of the Stress x Timing interaction effects 

are reported. Tom. = Tomorrow; m = months and one day.

Table 1 
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We next asked whether individual differences in stress responsivity might obscure 

any effects of our stress manipulation on discounting behavior. To answer this question, 

we regressed the model parameters on individual cortisol and alpha-amylase stress reac-

tivity, for the stress group only, interacted with delay (see Table 2). We found a weakly sig-

nificant positive relationship between stress-induced alpha-amylase increases and beta.  

Thus, in strong alpha-amylase stress responders, stress may decrease present bias some-

what; conversely, people with blunted stress responses would exhibit stress-induced in-

creases in present bias. Overall, however, we observed no significant effects of stress and 

timing of stress on intertemporal choice. 

A possible confound to our results is that subjects’ responses to the time preference 

questions may be inconsistent, and that this inconsistency may be affected by stress. This 

is an important concern, since it has been shown that e.g. the effect of working memory 

load on discounting can be explained by increased randomness in responses under higher 

working memory load, rather than truly different time preferences (Hinson et al., 2003; 

Franco-Watkins et al., 2006). In principle, this mechanism could underlie our results as 

well, in that it might obscure any effects of stress on intertemporal choice. 

To assess whether our subjects showed inconsistent responses in the time preference  

task, and whether these responses were affected by stress, we analyzed whether our sub-

jects showed non-monotonic discount functions, i.e. whether any indifference point iden-

tified by our titration algorithm at a particular delay was lower than any indifference 

point at a later delay (e.g., we identified indifference points as inconsistent if a subject 

was indifferent between 20 CHF in one day and 40 CHF in 6 months, and 30 CHF in one 

day and 40 CHF in 9 months). Note that our experimental design did not make it possible 

 
 Hyperbolic (k) Exponential (rho) Quasi-hyperbolic 

(delta) 
Quasi-hyperbolic 
(beta) 

Present-bias 

Delay 0.291# 
(0.151) 

0.106* 
(0.0529) 

-0.0440 
(0.0386) 

-0.169 
(0.133) 

3.654 
(5.519) 

Cortisol AUC 103.3 
(84.37) 

28.34 
(27.96) 

-6.394 
(19.25) 

-35.22 
(53.56) 

-665.8 
(1712.8) 

Delay x  
Cortisol AUC 

-147.2# 
(86.44) 

-51.56# 
(29.29) 

12.54 
(20.10) 

117.2# 
(59.12) 

-1123.4 
(1990.3) 

Alpha-Amylase AUC 3.943 
(4.882) 

1.346 
(1.888) 

-2.474 
(1.871) 

6.493* 
(3.209) 

-196.1 
(140.1) 

Delay x  
Alpha-Amylase AUC 

-3.612 
(5.679) 

-1.136 
(2.381) 

2.424 
(2.181) 

-7.524 
(4.806) 

-7.752 
(204.0) 

Observations 70 70 70 70 70 
 
Table 2. Effect of hormonal reactivity to stress on time preference model parameters in the Stress groups. Each column represents an OLS 
regression; the dependent variable is the column title, and the independent variables are shown rows. They include i. an indicator variable for 
the delay condition (“Delay”), ii. Cortisol area-under-the-curve for each individual subject in the Stress groups (minutes x nmol/L, divided by 
1,000,000 for ease of readability), and iii. Alpha-amylase area-under-the-curve for each individual subject in the Stress groups. The cells show 
the OLS regression coefficients, betas, which are to be interpreted such that a one-unit change in the independent variable is associated with a 
beta change in the dependent variable. Heteroskedasticity-robust standard errors are shown in parentheses below the coefficients. Asterisks 
denote statistical significance of the individual coefficients: # p < 0.10, * p < 0.05 
 

Effect of hormonal reactivity to stress on time preference model parameters in the Stress groups. Each 

column represents an OLS regression; the dependent variable is the column title, and the independent variables are 

shown rows. They include i. an indicator variable for the delay condition (“Delay”), ii. Cortisol area-under-the-curve for 

each individual subject in the Stress groups (minutes x nmol/L, divided by 1,000,000 for ease of readability), and iii. 

Alpha-amylase area-under-the-curve for each individual subject in the Stress groups. The cells show the OLS regres-

sion coefficients, betas, which are to be interpreted such that a one-unit change in the independent variable is associ-

ated with a beta change in the dependent variable. Heteroskedasticity-robust standard errors are shown in parentheses 

below the coefficients. Asterisks denote statistical significance of the individual coefficients: # p < 0.10, * p < 0.05.

Table 2 
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for subjects to give inconsistent responses when identifying any particular indifference 

point, since the indifference points were approximated by a titration algorithm. Thus, 

any given indifference point, by the nature of the algorithm, was obtained through choic-

es that were “consistent” by definition. However, mistakes that subject made during the 

titration would manifest themselves in inconsistencies between indifference points; this 

is what we analyzed in the following.

Overall, 20.77% of indifference points showed evidence of inconsistency. However, 

the proportion of inconsistent responses for a particular subject was not dependent on 

whether this subject was in the stress or control, or early or late conditions. In an OLS 

regression with the percentage of inconsistent indifference points as the dependent vari-

able, and stress and delay, and their interaction, as the independent variables, no coef-

ficient was significant (beta ± heteroskedasticity-robust standard errors: Stress, 0.0764 ± 

0.0571; Delay, 0.0407 ± 0.0504; Stress x Delay, -0.0962 ± 0.0744). Thus, stress does not ap-

pear to have affected response consistency in the intertemporal choice task. 



No effects of psychosocial stress on intertemporal choice

Discussion

We here investigated the effect of stress on intertemporal choice. We had hypoth-

esized, based on theory and evidence from behavioral economics and cellular neurosci-

ence, that immediately after stress subjects would exhibit an increased propensity to 

choose smaller-sooner over larger-later payoffs, whereas we predicted the opposite result 

when subjects were tested 20 minutes after the end of the stress test. Recent evidence 

from cellular and behavioral neuroscience suggests that shortly after stress, individu-

als turn to simple behavioral strategies. For instance, humans exposed to a psychosocial 

stressor use a simpler (striatal) stimulus-response rather than a more complex spatial 

learning strategy (Schwabe et al., 2007). Individuals also shift from goal-directed to ha-

bitual control in instrumental behavior shortly after stress (Schwabe et al., 2010b). Un-

derlying biological mechanisms of these rapid stress effects are thought to involve both 

catecholamines and corticosteroid hormones (Joëls et al., 2006, 2011; Schwabe et al., 2007, 

2010b, 2010c), the latter probably accomplishing non-genomic actions (Karst et al., 2005). 

Conversely, recent evidence suggests that the later effects of stress may serve the function 

of normalizing the stress response and preparing the organism for the future (Henckens 

et al., 2010, 2011; Joëls et al., 2011); consistent with this view is the finding that slow 

genomic corticosteroid effects induced by stress improve spatial memory formation in 

mice (Oitzl et al., 2001). 

However, our results show no evidence for an effect of stress on intertemporal choice 

at either time point, suggesting that intertemporal choice may in general not be affected 

by laboratory-induced stress. We also found no evidence that stress-induced changes in 

hormone levels (cortisol and alpha-amylase) correlate with individual differences in inter-

temporal choice, suggesting that these stress responses may not substantially contribute 

to the observed intertemporal choice behavior. 

Our findings contrast sharply with a growing body of recent evidence suggesting that 

stress may affect decision-making. Keinan (Keinan, 1987) found that subjects were im-

paired in a verbal analogy task when they were threatened with uncontrollable compared 

to controllable electric shocks. Gray (Gray, 1999) found that subjects made suboptimal 

decisions in a temporally extended choice task when the task was presented in a nega-

tive emotional compared to a neutral context. Van den Bos et al. (Van den Bos et al., 2009) 

and Preston et al. (Preston et al., 2007) reported that performance on the Iowa Gambling 

Task was impaired under stress, particularly in men. Finally, Porcelli & Delgado (Porcelli 

and Delgado, 2009) induced stress using the cold-pressor task, in which subjects immerse 

their hand in ice-cold water, and found that this stress induction increased the reflection 

effect in risky decision-making: stressed subjects showed stronger risk aversion in the 

domain of gains, and stronger risk seeking in the loss domain. Although timing was not 

specifically addressed in any of these studies, the design was such that rapid rather than 

delayed effects of stress were targeted. Our study sought to extend these previous find-

ings on risky choice into the intertemporal domain; to our knowledge, our experiment 

is the first to test the effect of stress on intertemporal choice, and its dependency on the 
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timing of choice relative to stress onset. However, we found no effects of stress at all on 

intertemporal choice. This finding does not support the view that stress strongly affects 

all domains of decision-making; instead it suggests that some aspects of decision-making 

may be susceptible to the effects of stress, while others may not. 

It remains possible that particular aspects of our experimental design were the 

source of the lack of an effect of stress on choices. In particular, in the current study 

the different delays of reward choices were limited, with the soonest reward delay being 

tomorrow rather than today. Future studies may need to explore different time scales, 

varying the delay between stress onset and the task, as well as reward delays within the 

intertemporal choice task, to fully understand the complexity of the effects of stress and 

stress hormones on intertemporal choice. 

In conclusion, while previous studies have shown that decision-making is strongly 

susceptible to environmental and somatic factors, such as individuals’ responses to stress 

and variations in hormonal balance, the present study suggests instead that some aspects 

of decision-making may be more stable than suggested by this literature. 
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General discussion

1. Background and aims of this thesis 

As outlined in the General Introduction, in response to a stressful situation the 

autonomic nervous system (ANS) and hypothalamic-pituitary-adrenal (HPA) axis are ac-

tivated, eventually leading to the release of catecholamines and corticosteroids. These 

stress hormones bind to different receptors (in case of corticosteroids, mineralocorti-

coid and glucocorticoid receptors) in the brain and thereby affect many brain areas that 

play an essential role in cognitive functioning, such as the hippocampus, amygdala 

and prefrontal cortex (PFC). Accordingly, stress and stress hormones can influence a 

wide range of cognitive processes, like memory (De Kloet et al., 1999; McGaugh and 

Roozendaal, 2002; Sauro et al., 2003; Het et al., 2005; Sandi and Pinelo-Nava, 2007; de 

Quervain et al., 2009; Wolf, 2009; Schwabe et al., 2012) and decision making (Janis and 

Mann, 1977; Mather and Lighthall, 2012). However, stress effects reported for these cog-

nitive domains are complex and often contradictory, sometimes impairing and some-

times enhancing cognitive functioning. A possible explanation for these contradictory 

results may be that the effects of stress and cortisol on cognition are modulated by 

several factors, such as timing, emotional arousal, context and sex differences.

The overall objective of the present thesis was to further investigate the effects of 

stress and cortisol on cognitive processes. More specifically, we aimed to examine the rel-

evance of timing, steroid receptors and sex differences in determining stress and cortisol 

effects on several cognitive domains, including declarative memory, working memory, 

fear memory and decision making. In this final chapter, the findings and conclusions of 

our studies as described in chapter 2 to 6 will be summarized and discussed. This over-

view will be followed by a discussion of possible clinical and experimental implications of 

our findings and I will conclude this chapter with some suggestions for future research. 

2. Overview and discussion of main findings

2.1 The relevance of sex differences in stress effects on memory
In chapter 2, we addressed the potential differential effects of stress on working 

memory and declarative long-term memory in male versus female subjects. In this study, 

young men and women were exposed to a psychosocial stress task (the Trier Social Stress 

Task or TSST) or a control task, after which they viewed neutral and emotional pictures 

and performed a working memory task. One week later, subjects returned to the lab for 

a surprise free recall and recognition task. Our results showed that stress enhanced rec-

ognition memory for emotional versus neutral information only in male subjects. Stress  

also improved working memory in men, but only with a moderate, not high, working  

memory load. In contrast, stress did not affect memory performance in women.

A likely explanation for these clear sex differences in stress effects on memory is 

that the overall gonadal hormone status differs between men and women, and this 

can affect corticosteroid responses to stress. In agreement, we showed that cortisol re-
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sponses to stress are smaller in women compared to men, especially in women using 

oral contraceptives, replicating previous findings (Kirschbaum et al., 1999; Kudielka 

and Kirschbaum, 2005; Childs et al., 2010). Interestingly, we found a positive correlation 

between cortisol responses to stress and the difference between emotional and neutral 

recognition performance in all subjects, suggesting that, independent of sex, cortisol 

does modulate stress effects on memory. Possibly, cortisol responses in women might 

not have been robust enough to find behavioral differences between the control and 

stress groups. Further, in agreement with previous research (Van Stegeren et al., 2008), 

we reported that men tended to show increased overall alpha-amylase levels compared 

to women, and men also tended to show increased alpha-amylase responses to stress. In 

contrast, subjective responses to stress did not differ between men and women.

Our results complement and extend several previous studies indicating that men 

show larger stress-induced memory effects compared to women, such as enhancement of 

fear conditioning (Zorawski et al., 2005; Jackson et al., 2006), impairment of memory re-

trieval (Buchanan and Tranel, 2008; Schoofs and Wolf, 2009) and enhancement of consol-

idation (Andreano and Cahill, 2006). Our study extends those previous findings by dem-

onstrating that stress affects both long-term memory and working memory in men, but 

not in women. In conclusion, our results support the idea that sex is an important mod-

ulator of stress effects on different memory processes. Further, it seems very likely that 

sex differences in stress reactivity and overall hormonal status, which are influenced by 

the use of hormonal contraceptives and menstrual cycle phase in women, contributed 

substantially to the observed sex differences in stress effects on memory performance.  

To test this idea, future studies should examine interactions between sex- and stress 

hormones and cognition, for example by investigating the effects of pharmacological 

manipulation of cortisol levels on cognition in women during different phases of the 

menstrual cycle and compare this with the effects of cortisol in men.

Evidently, one drawback of studying sex differences is that many subjects are need-

ed for such studies. Menstrual cycle and hormonal contraceptive use should be con-

trolled for in women. Therefore, we decided on investigating additional modulating 

factors only in male subjects, which poses an important limitation of the further chap-

ters in this thesis. As a consequence, it remains to be investigated if the other factors 

determining stress effects on memory will show similar results in female subjects, or 

possibly interact with sex differences.

2.2 Stress effects on memory: Contradictions and limitations
In both chapter 2 and chapter 3, we addressed the effects of psychosocial stress on de-

clarative memory and working memory.  For this comparison, we leave the experimental 

groups that received spironolactone in chapter 3 out of consideration, and focus on the 

participants that were tested under placebo conditions. In chapter 3, male participants 

received the pill 1.5 hour before being exposed to the TSST or a control task. Subsequently, 

they were presented with words for three successive learning trials, followed by a work-

ing memory task. One day later, subjects returned to the lab for a surprise free recall and 
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recognition task. In sharp contrast to the results in male subjects from chapter 2, showing  

that stress enhanced long-term memory for emotional versus neutral information as 

well as working memory, stress did not affect long-term memory and working memory 

under placebo conditions in chapter 3. Even though this study was not set up to repli-

cate the findings in chapter 2 and there are several methodological differences between 

the studies, the comparison provides an opportunity to discuss possible factors that 

might play a role in determining stress effects on memory.

Therefore, I will discuss several important methodological differences between 

these two studies that may have contributed to the contrasting results regarding stress 

effects on memory performance. First, in chapter 2 all subjects were tested in the after-

noon, while in chapter 3 all subjects were tested in the morning. There is some evidence 

indicating that stress or cortisol might affect memory processes differently when ad-

ministered in the morning compared to the afternoon, inclining to memory impair-

ments in the morning, and enhancements in the afternoon (Het et al., 2005; Maheu et 

al., 2005). This is at least partly consistent with our finding of enhanced memory for 

emotional versus neutral information and working memory when subjects were tested 

in the afternoon. Second, the TSST and control tasks used in the two studies differed. 

In chapter 2 control subjects were instructed to read magazines, which did not match 

the stress condition in terms of physical and cognitive demands. In chapter 3, the con-

trol task matched the TSST more closely, since subjects were instructed to perform a 

comparable free speech and a simple arithmetic task in an empty room, so without the 

stressful social component. However, this is not reflected in changes in cortisol levels, 

which slightly decline in the control groups in both studies. Also in the stress groups, 

cortisol concentrations reached comparable levels in response to the TSST. Third, it 

should be mentioned that although the working memory task used in both studies was 

exactly the same, the long-term memory task differed substantially. While in chapter 2 

the learned material consisted of pictures of neutral and emotional value, and the en-

coding phase involved viewing those pictures, in chapter 3 subjects consciously learned 

and recalled words that were either related or non-related to the TSST during encoding. 

Both studies however did involve a surprise memory task, but in chapter 2 this was 

one week after encoding while in chapter 3 memory tasks were given the next day. 

Although it remains to be determined how these methodological factors exactly con-

tribute to differential effects of stress on memory, this discussion once more empha-

sizes the complexity of stress effects on memory, and the many factors that should 

be taken into account when investigating stress effects on memory in future studies. 

In chapter 3, subjects were intentionally tested in the morning and subjected to 

different TSST and learning paradigms to allow comparison with an earlier study us-

ing the same set-up (Smeets et al., 2009). Like in the previous study, we did not show 

a stress effect on the overall number of words remembered. In that study however, 

stress was reported to enhance learning and memory of high-arousing context-related 

words, at the cost of low-arousing context-related words, while no such difference was 

observed for context-unrelated words (Smeets et al., 2009). In our study, unfortunately 
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the distribution of arousal ratings was not binominal, and ratings varied little within 

subjects, which precluded further analysis of stress effects on subgroups of words. The 

only notable difference in the set-up between these two studies is that subjects were 

longer present in the lab in the study in chapter 3, because pill intake took place 1.5 

hours before the start of the actual tasks. One study provides preliminary evidence 

that a non-arousing test situation can abolish cortisol effects on memory, albeit on 

memory retrieval in women (Kuhlmann and Wolf, 2006a). Likewise, the presence of the 

participants in our study in the lab, and the contact with the experimenter during this 

period (receiving instructions collecting saliva samples) might have reduced arousal in 

our participants compared to those tested in the earlier study of Smeets and colleagues 

(Smeets et al., 2009).

2.3 The relevance of corticosteroid receptors in stress effects on memory
As outlined in the General Introduction, corticosteroids exert their effects by bind-

ing to two receptors: the glucocorticoid receptor (GR) and the mineralocorticoid recep-

tor (MR). At the start of my project, virtually nothing was known about the role of the two 

corticosteroid receptors in stress effects on memory processes in humans. Therefore, we 

examined how a shift in the balance from MR to GR activation by administering an MR  

antagonist affects stress responses and memory processes, as described in chapter 3.  

Male participants received either spironolactone, an MR antagonist, or placebo before  

being subjected to a TSST, followed by a long-term memory and a working memory task, 

as described in the previous section. Although we did not find any effects of stress alone  

on memory function under placebo conditions, the stress group that received spirono-

lactone showed enhanced long-term memory, in the absence of direct effects on learn-

ing, and impaired working memory.

These behavioral effects can be explained by a shift in the balance from MR towards GR 

activation. In all spironolactone-treated groups, presumably less cortisol was bound to MRs, 

which was reflected by elevated basal cortisol levels after drug intake compared to placebo-

treated subjects. Moreover, the stress task caused additional elevations of cortisol levels, 

which in combination with spironolactone treatment resulted in very high circulating cor-

tisol levels during the behavioral tasks. Elevated cortisol levels presumably enhanced GR 

binding. Thus, the shift from MR towards GR activation was assumed to be most prominent 

in the experimental group with both stress and spironolactone treatment.

Up until now, not many studies have investigated the specific role of the two cor-

tisol receptors in humans. However, our finding of impaired working memory under 

MR blockade is in line with a study in which patients with Addison’s disease, a chronic 

endocrine disorder in which the adrenal glands do not produce sufficient steroid hor-

mones, were selectively treated with MR and/or GR agonists (Tytherleigh et al., 2004). 

Comparable to our results, they report that the administration of selective GR agonist 

in Addison’s patients (resulting in a low MR/GR ratio) resulted in impaired working 

memory performance compared to patients treated with both MR and GR agonists (re-

sulting in a baseline MR/GR ratio). In agreement, one rodent study reported working 
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memory impairments following both corticosterone and GR agonist infusion into the 

medial PFC (Roozendaal et al., 2004), suggesting that this working memory impair-

ment is mediated by the PFC. Our finding that long-term memory was improved by 

the combination of stress and spironolactone treatment, in the absence of any effects 

on learning, fits with the notion that GRs (presumably extensively occupied in this ex-

perimental group) play an important role in memory consolidation. This idea has been 

supported by several animal studies (Oitzl and De Kloet, 1992; Sandi, 1998; Roozendaal 

et al., 2003). In conclusion, when subjects were tested under conditions of MR blockade, 

which presumably shifts the balance from MR towards GR activation, working memory 

was impaired, while the consolidation of long-term memory was enhanced. We cannot 

exclude that our findings are dependent on the time of the day (morning) at which sub-

jects were tested. One other limitation of our study is that we only studied MR blockade, 

presumably resulting in increased GR binding and thus in a shift of the MR/GR activa-

tion balance. Therefore we can only speculate if our effects on memory are triggered by 

a blockade of MRs, increased activation of GRs, the shift in MR/GR activation balance or 

a combination of those. Clearly, more studies with selective MR and GR agonists and 

antagonists will be necessary to further unravel the specific roles of MRs, GRs and 

the MR/GR activation balance.

2.4 The relevance of timing in stress and cortisol effects on cognition
The remaining chapters of my thesis mainly focus on the relevance of the delay 

between the rise of corticosteroid levels and behavioral testing. This factor has recently 

been pointed out as eminently important in determining stress and cortisol effects on 

cognition (Joëls et al., 2006, 2011; Diamond et al., 2007). As described in the General 

Introduction (see 7. Timing as a modulator of stress’ effects on cognition), there are several 

theories on the time-dependent effects of stress on memory and cognitive processes 

in general (Richter-Levin and Akirav, 2003; de Kloet et al., 2005; Joëls et al., 2006, 2011; 

Diamond et al., 2007). In essence, the emotional tagging hypothesis (Richter-Levin and 

Akirav, 2003) and the temporal dynamics model (Joëls et al., 2006; Diamond et al., 2007) 

predict that the time window between amygdala activation or an emotional or stressful 

experience, and hippocampal activation or hippocampus-dependent learning, is crucial 

for the behavioral outcome. Hippocampal functioning or memory is hypothesized to 

be enhanced when these two processes coincide in time, while it is supposed to be sup-

pressed when there is a substantial delay between these processes. Theories by Joëls and 

colleagues (De Kloet et al., 2005; Joëls et al., 2006, 2011) propose that immediately after 

stress rapid non-genomic actions of corticosteroids interact with noradrenergic activa-

tion to produce a hypervigilant state and promote immediate reflex-like responses to 

the stressor. In contrast, delayed gene-mediated effects of corticosteroids are thought 

to promote restoration and long-term protection after stress. Here, I will first discuss 

the findings in this thesis with respect to the timing of cortisol administration and 

memory processes. Subsequently, I will discuss the findings of the last chapter on the 

timing between psychosocial stress and decision making.
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2.4.1 Time-dependent effects of cortisol on memory formation
In both chapter 4 and chapter 5, we investigated time-dependent effects on memory 

formation, focusing on the contextualization of declarative memories and classical fear 

conditioning, respectively. This was done by administering cortisol or placebo either 

several hours or shortly before memory acquisition of both tasks. In the experimental 

group receiving cortisol several hours before memory acquisition, cortisol levels were 

elevated before the behavioral task but were back at baseline levels during testing, thus 

enabling us to assess delayed effects of cortisol in isolation. Rapid cortisol effects were 

assessed in the experimental group receiving cortisol shortly before memory acquisi-

tion, resulting in elevated cortisol levels during testing. One day later, participants were 

tested on their memory for both tasks.

We implemented the current experimental design to test the theory of Joëls and 

colleagues (De Kloet et al., 2005; Joëls et al., 2006, 2011), predicting differential out-

comes of rapid non-genomic effects of corticosteroids versus delayed genomic effects 

of corticosteroids on cognitive processes. Specifically, with regard to memory function 

this theory predicts that rapid non-genomic corticosteroid actions interact with nor-

adrenaline to help the organism focus and subsequently remember the most signifi-

cant, habitual aspects of an event (Anderson et al., 2006; Roozendaal et al., 2006a), at 

the cost of more complex, cognitive aspects like remembering contextual details. On 

the other hand, slower genomic corticosteroid actions may facilitate remembering a 

certain event in a more cognitive controlled, contextualized, manner, a process pre-

sumably dependent on the hippocampus and PFC.

Notably, cortisol administration, as applied in those chapters, is less appropriate for 

testing predictions by the temporal dynamics model (Diamond et al., 2007). This theory 

makes predictions about a situation in which an emotional or stressful experience is 

followed by hippocampus-dependent learning. Although we do assess hippocampal-de-

pendent learning in both chapter 4 and chapter 5, cortisol administration is not com-

parable to an emotional or stressful experience (see 3.1. Manipulating stress). Cortisol is 

administered in a non-arousing situation, and is therefore unlikely to be accompanied 

by activation of the noradrenergic system and the amygdala, which is crucial for the pre-

dictions of the temporal dynamics model. To test the predictions of this theory in the 

current memory paradigms, studies should employ a stress task, thereby activating 

both the HPA axis and the ANS, before assessing hippocampus-dependent learning.

Therefore, we will interpret our results mainly in the context of rapid non-genomic 

versus delayed genomic effects. In chapter 4, the encoding task consisted of vividly im-

agining neutral and emotional words in unique background pictures. One day later, the 

context-dependency of memories was tested by a recall and recognition task in which half 

of the original words were combined with the same context as during encoding, while the 

other half were rearranged with a different context. In line with the predictions based on 

the theory by Joëls and colleagues, results show that 30 minutes after cortisol ingestion 

contextualization of emotional memories was impaired, while slow effects of cortisol en-

hanced the contextualization of emotional memories. The finding of impaired contextual-
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ization of emotional memories after acutely elevated cortisol levels during encoding nicely 

complements several previous studies suggesting that stress may enhance the consolida-

tion of central aspects of an emotional experience at the cost of contextual details (Payne 

et al., 2002; Brown, 2003; Adolphs et al., 2005). Further, our finding supports the idea that 

delayed cortisol effects promote higher cognitive functions (Henckens et al., 2010, 2011, 

2012b), and thereby aids in remembering events in a more contextualized manner.  Inter-

estingly, the contextualization of neutral memories remained unaltered by cortisol irre-

spective of the timing. One possible explanation for this finding is that negative words are  

arousing, and their encoding depends on an amygdala-hippocampal network (Kensinger 

and Corkin, 2004). Since noradrenergic actions in general are facilitated by acute cortico-

steroid elevations (Pu et al., 2009), and the amygdala-hippocampal network can be ampli-

fied by acute stress (Qin et al., 2012), it is likely that rapid corticosteroid actions in our 

study activated this network. As a consequence, emotional memories might have been 

consolidated in an isolated, context-independent and generalized matter. The encoding 

of non-arousing or neutral words is supported by a more controlled process mediated 

by a PFC-hippocampal network (Kensinger and Corkin, 2004), thought to be activated by 

slower corticosteroid actions. In general, emotional memories were less context-bound 

than neutral memories. A shift from amygdala activation towards a PFC-hippocampal 

network in the slow cortisol group might have caused emotional information to be pro-

cessed in a similar manner as neutral information, thereby enhancing contextualization 

of emotional memories compared to baseline conditions.

In chapter 5, we investigated time-dependent cortisol effects on different aspects of 

classical fear conditioning. For this goal, we developed a paradigm in which delay and 

trace conditioning could be tested within subjects, concurrently measuring fear-poten-

tiated startle responses, skin conductance responses and subjective shock expectancies. 

The distinction between delay and trace conditioning is of special interest because dif-

ferent neural substrates are involved in these two types of conditioning: delay condition-

ing is predominantly dependent on the amygdala, while trace conditioning additionally 

requires the dorsal hippocampus and the PFC (McEchron et al., 1998; Knight et al., 2004; 

Fanselow and Poulos, 2005; Burman et al., 2006; Rogers et al., 2006; Cheng et al., 2008). 

Further, it has additional value to measure startle responses in addition to skin conduct-

ance, because startle responses are thought to be a more specific measure for actual 

fear responses (Hamm and Weike, 2005). On the first day, after the contextual encoding 

task, participants were subjected to our newly developed delay and trace fear acquisi-

tion paradigm. One day later, we tested memory for trace and delay conditioning before 

subjects participated in the contextual memory test. The fear potentiated startle data 

show that slow effects of cortisol uniquely strengthened subsequent trace, but not de-

lay conditioned memory. Importantly, successful trace conditioning is largely dependent 

on working memory (Carter et al., 2003) and selective attention (Clark and Squire, 1998; 

Lovibond and Shanks, 2002; Han et al., 2003), processes that were recently found to be 

enhanced by slow corticosteroid actions (Henckens et al., 2011, 2012b). This enhanced ex-

ecutive processing might underlie our finding that slow corticosteroid effects during fear 
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acquisition can strengthen subsequent fear memory of the trace stimulus. This is also in 

line with the idea that the transition from rapid to delayed corticosteroid effects is ac-

companied by a shift from amygdala activation towards a PFC-hippocampal network. By 

activation of a PFC-hippocampal dependent network, slow corticosteroid actions might 

exclusively have enhanced the consolidation of trace conditioning. In contrast to the pre-

diction that amygdala-dependent delay conditioning would be affected by rapid cortisol, 

we did not observe rapid effects of cortisol on any measure of fear memory. One possible 

explanation for this lack of effect is that participants were subjected to fear acquisition 

60 minutes after cortisol administration. This delay of one hour might have been too long 

to exclusively examine non-genomic corticosteroid actions (Sapolsky et al., 2000), and 

genomic actions might have started to develop during testing. 

Taken together, we showed that rapid corticosteroid actions impaired the contextu-

alization of emotional memories, but fear conditioning acquired slightly later was not 

influenced. Further, our findings of enhanced contextualization of emotional memo-

ries and strengthened trace conditioning memory several hours after cortisol ingestion 

suggest that slow effects of cortisol do not merely restore baseline functioning (McEw-

en, 2007), but may actually lead to a redistribution of neural resources towards superior 

executive functioning (Henckens et al., 2010, 2011, 2012b) that can enhance subsequent 

fear memory and contextualization. Importantly, in the latter condition cortisol levels 

during the acquisition tasks had already gone back to baseline when we assessed de-

layed corticosteroid actions. Therefore, not only the absolute levels of cortisol per se 

may play an important role in modulating certain memory processes, but also the time 

lag that exists between cortisol level enhancement and encoding. One limitation of our 

studies is that both tasks were performed by the same subjects, and thus we cannot ex-

clude that the possibly aversive fear acquisition procedure might have interfered with 

the encoding of contextual information, or that the consolidation processes of the two 

different tasks might have interfered with each other.

2.4.2 Time-dependent effects of psychosocial stress on decision making 
In chapter 6, we set out to study time-dependent effects of psychosocial stress on 

decision making, or more specifically on intertemporal choice. In this study, we sub-

jected 142 male participants to a TSST or a control task, and subsequently asked them 

to perform an intertemporal choice task. Crucially, half of the subjects performed this 

task immediately after the stressor, while the other half performed the same task 20 

minutes later. The intertemporal choice task encompassed choices between different 

amounts of money to be paid at different points in time. From the responses on this 

task, two interesting measures can be obtained that may be influences by stress: impa-

tience and present bias. Impatience indicates a preference for smaller sooner over larg-

er later rewards, while present bias reflects time-inconsistent preferences. For example, 

subjects might make the choice for a smaller amount today versus a larger amount 

tomorrow, while if one year is added to the payoff times present-biased subjects will 

gladly wait one more day for the larger amount. 
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Although the emotional tagging hypothesis (Richter-Levin and Akirav, 2003) and 

the temporal dynamics model (Diamond et al., 2007) focus on stress effects on hip-

pocampal activity or hippocampus-dependent cognitive tasks, and thus do not make 

any prediction about stress effects on decision making, the theory of Joëls and col-

leagues (De Kloet et al., 2005; Joëls et al., 2011) can be interpreted in a broader context. 

Because this theory predicts that early physiological responses after stress facilitate ha-

bitual, reflex-like behaviors, in terms of intertemporal choice this might be reflected in 

preferences for more immediate payoffs, thus increased impatience or present bias. In 

contrast, slower cortisol actions engage prefrontal networks and facilitate restoration 

of self-control (Oitzl et al., 2001; Yuen et al., 2009; Henckens et al., 2011), which might 

be reflected in more future-oriented decision making, and thus a preference for larger, 

but more delayed payoffs. 

Our results provide no evidence for an effect of stress on impatience or present bias 

in intertemporal choice either directly after stress or 20 minutes later, suggesting that 

intertemporal choices at these time points may not be affected by laboratory-induced 

stress. Our results are in contrast with recent evidence that other decision making pro-

cesses, like risk taking, are affected by stress (Preston et al., 2007; Starcke et al., 2008; 

Porcelli and Delgado, 2009; van den Bos et al., 2009). Notably, at the start of my PhD 

project no studies reported on time-dependent effects of stress or cortisol on decision 

making. However, two recent studies from our lab investigated exactly this in other do-

mains of decision making. First, I collaborated in a study investigating time-dependent 

effects of psychosocial stress on social decision making (Vinkers et al., in press). In this 

study, a similar set-up was used as in chapter 6, although the delayed condition was 

tested 75 minutes after stress, at a time point that cortisol levels were back to baseline 

(based on a limitation of the current study, as discussed below). Results show that par-

ticipants acted more consistent with their own self-interest when delayed effects of 

stress were tested compared to subjects that were tested immediately after stress, as 

reflected by decreased rejection rates in response to ambiguous offers in the ultimatum 

game. Further, independent of timing, stressed subjects were less generous compared 

to controls in the dictator game. Another study in rodents investigated time-dependent 

effects of corticosteroid administration on decision making in a rodent Iowa Gambling 

task (Koot et al., submitted). Results show that corticosteroids given 30 minutes before 

testing impaired reward-based decision making, but decision making was unaltered 

when rats were tested 180 minutes after corticosteroid administration. These findings 

support the idea that stress and corticosteroid affect at least multiple areas of decision 

making, and that the effects depend on the timing between stress or corticosteroids 

and the behavioral task.

Apparently, not all domains of decision making are susceptible to stress. In contrast 

to risk taking and social decision making, intertemporal decision making may be more 

stable and less susceptible to stress. However, another possibility is that particular as-

pects of our experimental design caused the lack of stress effects on intertemporal deci-

sions. Importantly, the design differed in several crucial aspects compared to the design 
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in chapter 4 and chapter 5. First, in chapter 6 the experimental manipulation involved 

a psychosocial stressor, as opposed to corticosteroid administration. As a consequence, 

multiple stress systems are activated, and the psychological state also changes. Further, 

there was a crucial difference in the timing of the “delayed” groups between the stud-

ies. In contrast to the studies in chapter 4 and chapter 5, where rapid non-genomic and 

delayed genomic effects of cortisol were targeted, this distinction was less easy to make 

in chapter 6. In the rapid stress group, both the ANS and the HPA axis were active at 

the moment of the cognitive task, as reflected by increased cortisol and alpha-amylase 

levels. In the group that was tested at a later time point, the alpha-amylase levels were 

back to baseline (although this does not preclude lingering effects), but cortisol levels 

were still elevated. Thus, although presumably not interacting with noradrenaline, cor-

tisol might still have been able to exert non-genomic effects in this condition next to 

possible delayed genomic effects. Another limitation of the design in chapter 6 is that 

the different delays of reward choices in the intertemporal choice task were limited, 

with the soonest reward being tomorrow rather than today. Future studies may need 

to explore different time scales, varying the delay between stress onset and the task, 

as well as reward delays within the intertemporal choice task, to fully understand 

the complexity of the effects of stress and stress hormones on intertemporal choice.

3. Methodological considerations

The aim of the present thesis was to further investigate the effects of stress on cog-

nitive processes. To accomplish this, we had to make choices for specific experimental 

manipulations and dependent measurements. Some considerations on the possibilities 

of manipulating stress and measuring cognition are discussed below.

3.1 Manipulating stress
The independent variable stated in the aim of this thesis is stress. As mentioned in 

the General Introduction, stress is a broad term that involves many different processes, 

including the activation of the HPA axis and the ANS. Generally, the effect of HPA-axis 

hormones can be investigated by either inducing stress or pharmacologically manipu-

lating stress hormone levels. In chapter 2, 3 and 6 of this thesis we employed the TSST 

to induce psychosocial stress, whereas in chapter 4 and 5 cortisol was directly adminis-

tered. Since both behavioral and pharmacological methods come with advantages and 

limitations (see General Introduction 5.1. Stress induction versus corticosteroid administration), 

it is important to consider which method is most appropriate to answer different re-

search questions. 

In chapter 2, we set out to investigate the relevance of sex differences. Here, the 

most appropriate protocol to use was a stress paradigm, since we were interested in 

interactions between sex hormones and the stress system, as it is activated in real-life 

situations. In chapter 3, we used the stress manipulation in combination with pharma-



General discussion

cological blockade of mineralocorticoid receptors. Here, our goal was to investigate the 

role of the MR in modulating stress effects on memory. There were two reasons to use a 

psychosocial stressor in this study. First, by using a stress manipulation versus cortisol 

administration we could make sure that cortisol levels would not reach supra-physio-

logical levels. Second, the combination of cortisol and spironolactone administration 

has never been used in human research, and thus we could not exclude possible side 

effects caused by the combination of these two drugs. 

In chapter 4, 5 and 6 we set out to investigate the role of timing in determining 

stress effects on cognition. As mentioned before, different theories on the time-depend-

ent effects of stress on cognitive processes exist (Richter-Levin and Akirav, 2003; de Kloet 

et al., 2005; Joëls et al., 2006, 2011; Diamond et al., 2007). Importantly, the temporal 

dynamics model (Diamond et al., 2007) makes predictions about the effects of an emo-

tional or stressful experience, which can be modeled by a behavioral stress task, but 

not by corticosteroid administration. Theories by Joëls and colleagues (De Kloet et al., 

2005; Joëls et al., 2011), however, make a distinction between the early phase of stress, in 

which rapid corticosteroid actions interact with noradrenergic activation, and the de-

layed aftermath of stress, in which slow genomic actions of corticosteroids exert their 

actions. To test this theory, both stress and cortisol can be used as experimental manip-

ulation. When we set up chapter 6, we were the first to study time-dependent effects of 

stress on decision making, and since intertemporal choices are often made under stress 

in real life, we decided to use a stress manipulation. In chapter 4 and 5, we studied time-

dependent effects on memory mechanisms that are thought to be very relevant for the 

development of PTSD. Since cortisol has been implicated in this disorder, we decided to 

specifically target rapid and delayed cortisol effects in those studies. Thereby, we were 

able to point more directly to cortisol as the cause of possible effects, and we could pos-

sibly draw implications for the use of cortisol as a drug for the treatment of this disor-

der (see 4.2. The relevance of timing and cortisol for posttraumatic stress disorder).

In this context, it is important to mention that cortisol is not directly correlated to 

other stress measures, like noradrenergic activation or subjective stress (as observed in 

chapter 2, 3 and 6). Thus, an individual with a high cortisol response to stress does not 

necessarily feel more stressed on a subjective level. This is nicely illustrated in chapter 

2, where we show that women have a blunted cortisol response compared to men, but 

men and women do not differ in their subjective negative effect in response to stress. 

Moreover, cortisol administration did not affect subjective feelings of negative affect or 

state anxiety (chapter 4 and 5). Thus, although many studies implicate that cortisol is 

the most important moderator of stress effects on behavior, there are many other pro-

cesses going on during stress that should be taken into account when explaining the 

effects of a stressful situation versus cortisol administration. One step closer towards 

explaining the many-faceted effects of stress would be by pharmacologically manipu-

lating more hormones than only cortisol. Future studies should more systematically 

explore the interactions between the HPA axis and ANS, by administering multiple 

drugs, e.g. cortisol and yohimbine, in a controlled fashion.
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3.2 Assessing cognition
The dependent variable stated in the aim of this thesis is cognition. By affecting 

different brain areas, like the hippocampus, amygdala and prefrontal cortex, stress can 

influence a wide range of cognitive processes. In this thesis, the focus was mainly on 

memory processes, with one chapter investigating decision making. This reflects the 

existing literature. The most extensively studied cognitive field in stress research is 

memory. Much is known about the underlying mechanisms of different memory pro-

cesses, and because we were interested in the relevance of different modulatory factors 

determining stress effects on cognition it was a logical step to study memory process-

es. Further, corticosteroid receptors had been implicated in several different memory 

processes. We started out by assessing stress effects on declarative long-term memory 

and working memory, with special interest for the role of sex differences (chapter 2) 

and corticosteroid receptors (chapter 3). Next, we shifted the focus towards more fear-

relevant memory processes, which possibly may play a role in the etiology of anxiety 

disorders. Specifically, we investigated how cortisol might affect the contextualization 

of memories (chapter 4) and the acquisition and memory of fear in delay- and trace fear 

conditioning (chapter 5). In the final chapter, we made a shift from more hippocampus 

and amygdala related tasks towards prefrontal cortex functioning, a less well-studied 

area in terms of stress research (chapter 6).

Of course, it should be mentioned that the cognitive processes studied in this the-

sis only address a small fraction of the large scale of cognitive processes one can study. 

In this thesis I investigated several different cognitive processes and several different 

modulators, to be able to give a broad picture about stress effects on cognition. How-

ever, a drawback of this broad approach is that every experiment gives rise to additional 

questions and follow-up studies, which I was not able to answer and perform in the 

context of this thesis.  

4. Clinical implications

Ultimately, the goal of studying the actions of stress and stress hormones is to de-

rive knowledge about the etiology and possible therapeutic interventions in stress-re-

lated psychopathology. A first step in achieving this, is reaching a better understanding 

of the actions of stress, stress hormones and factors modulating these actions, by study-

ing animal models or healthy human participants. In this section, I will discuss some 

relevant insights that can be derived from the findings described in this thesis for the 

understanding and treatment of major depressive disorder (MDD) and posttraumatic 

stress disorder (PTSD). However, it should be mentioned that no attempt was made to 

directly assess psychopathology (not even at the subclinical level), and possible implica-

tions should be interpreted with caution. A next step for future research would be to 

establish such insights, by conducting studies in a clinical setting.
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4.1 The relevance of corticosteroid receptor balance in depression
As mentioned in the General Introduction (see 3.1. Major depressive disorder), HPA 

axis disturbances are associated with MDD, rendering the HPA axis a plausible target 

for antidepressants (Holsboer, 2001; Adam et al., 2008). The corticosteroid receptor hy-

pothesis of depression (Holsboer, 1999; de Kloet et al., 2007) proposes that a decreased 

MR/GR activation balance may be a key mechanisms in the pathogenesis of MDD. In 

line with this idea, administration of the GR antagonist mifepristone appeared to be 

able to re-regulate the HPA axis in patients with a psychotic major depression (Flores 

et al., 2006), and has been suggested as an add-on treatment for this disorder (Belanoff 

et al., 2001a; DeBattista and Belanoff, 2006). In support for the clinical relevance of MR 

function in depression, use of the MR antagonist spironolactone worsened the clini-

cal outcome of antidepressant treatment (Holsboer, 2001), MR stimulation accelerated 

antidepressant effects (Otte et al., 2010), and MR dysfunction has been implicated in 

treatment-resistant depression (Juruena et al., 2010). 

In chapter 3, we manipulated the MR/GR activation ratio by administering the MR 

antagonist spironolactone, thereby mimicking some aspects of the decreased MR/GR 

activation in patients with MDD. Mimicking this situation in healthy subjects might 

help to gain more insight in the etiology of MDD. In the experimental group that re-

ceived spironolactone treatment and stress, presumably causing a decreased MR/GR 

ratio, working memory was impaired. Indeed, this finding is in line with studies ob-

serving working memory deficits in MDD (Harvey et al., 2004; Rose and Ebmeier, 2006). 

Possibly the working memory deficits found in depressed patients might thus be the 

result of a decreased MR/GR activation ratio. If so, normalization of HPA axis function 

might reverse cognitive deficits. In line with this, in MDD patients working memory 

improvement was correlated with HPA axis normalization during antidepressant treat-

ment (Zobel et al., 2004). 

4.2 The relevance of timing and cortisol for anxiety disorders
As I pointed out in the General Introduction (see 3.2. Posttraumatic stress disorder), es-

sential components in anxiety disorders like PTSD are alterations in the stress response 

and the disturbance of memory. Therefore, basic knowledge on how stress and stress 

hormones affect memory processes might have implications for the understanding and 

treatment of anxiety disorders. Interestingly, PTSD has been associated with increased 

amygdala activation (Liberzon et al., 1999; Rauch et al., 2000; Shin et al., 2004; Pro-

topopescu et al., 2005), in combination with reduced hippocampal and PFC volumes 

(Gurvits et al., 1996; Bremner et al., 1997b; Kühn and Gallinat, 2012) and a failure to 

activate the PFC (Bremner et al., 1999; Shin et al., 2004; Phan et al., 2006; Kim et al., 

2008). Those areas also have key functions in memory processes, and have been shown 

to be very sensitive to stress and corticosteroids.

In this thesis, time-dependent cortisol effects were studied on two different mem-

ory mechanisms that are important for the development of anxiety disorders: the 

contextualization of emotional memories (chapter 4) and the formation of fear memo-
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ries (chapter 5). Anxiety disorders are thought to originate from a learned association  

between a previously neutral event (a CS) and an anticipated aversive event (a US). There-

fore, classical fear conditioning has been proposed as a model for the formation of fear 

memories in anxiety disorders (Mineka and Oehlberg, 2008). Further, it has been pro-

posed that the development of PTSD involves an impairment in the ability to store fear-

ful memories into their original encoding context (Ehlers and Clark, 2008; Liberzon and 

Sripada, 2008), a process that is mediated by the hippocampus and prefrontal network 

(Chun and Phelps, 1999; Kalisch et al., 2006). Our results from chapter 4 and chapter 

5 show that rapid corticosteroid actions impaired the contextualization of emotional 

memories, but did not influence fear conditioning processes, while delayed effects wof 

cortisol enhanced contextualization of emotional memories and strengthened trace, 

but not delay conditioning. Interestingly, cortisol only affected those processes that 

are dependent on all three discussed brain areas implicated in PTSD: the hippocampus, 

the amygdala and the PFC. In chapter 5, trace conditioning (involvement of the hip-

pocampus and PFC in addition to the amygdala) was affected while delay conditioning 

was unaffected, and in chapter 4 the contextualization of emotional memories were 

affected (involvement of the amygdala in addition to the hippocampus and PFC), but 

not neutral memories.

Our findings that cortisol time-dependently affects the formation of fear memo-

ry and the contextualization of emotional memories may shed light on the question 

how cortisol can sometimes have detrimental and sometimes protective effects on 

the formation of traumatic memories (Kaouane et al., 2012; Rao et al., 2012). In terms 

of contextualization, cortisol may serve a protective function against the generaliza-

tion across contexts, a feature that contributes to traumatic memory formation when 

administered several hours before a traumatic experience, while it may serve a detri-

mental function of decontextualizing memories when administered shortly before the 

experience. The same principle would be true for using cortisol in combination with 

exposure therapy. Extinction processes have been found to be sensitive to the context in 

which memories were learned and extinguished (Bouton et al., 2006). If genomic effects 

of cortisol indeed enhance the contextual dependency of memories, clinicians should 

take care to administer cortisol in close proximity of exposure or extinction learning, 

in order to realize maximum generalizability of extinction learning. This, of course, 

would need to be tested experimentally.   

There are several indications that cortisol might be a useful agent in PTSD treat-

ment. One study showed that the number of traumatic memories from the intensive 

care unit correlated positively with the amount of cortisol administered to patients 

that underwent cardiac surgery (Schelling et al., 2003). This suggests that blocking 

glucocorticoid signaling right before or immediately after a traumatic event might be 

useful, in line with our predictions in terms of contextualization. However, this is prac-

tically often impossible. On the other hand, reduced cortisol excretion in response to 

a traumatic event has been associated with an increased risk of developing PTSD (Mc-

Farlane et al., 1997; Delahanty et al., 2000), and prolonged administration of cortisol 
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during and after intensive care treatment seems to reduce later development of PTSD 

(Schelling et al., 2004, 2006). Perhaps easier to accomplish, cortisol has been suggested 

as a facilitating agent in exposure therapy (Soravia et al., 2006; de Quervain and Mar-

graf, 2008). Our results emphasize that it is crucial to carefully consider the time lag 

between cortisol administration and an aversive event or a therapeutic session when 

considering cortisol as a prevention or treatment for anxiety disorders. It should be 

mentioned here that in our studies we only tested male subjects, while especially anxi-

ety disorders and depression are more prevalent in women than in men (Maier et al., 

1999; McLean et al., 2011). Therefore, it is important to extend our findings to women 

in future studies, and in general investigate gender differences in cortisol effects on 

memory processes.

5. Future directions

Research often provokes new questions, and as can be seen in the previous chapters 

there are still many questions to be resolved. In addition to the suggestions for future 

research I already embedded in the previous sections of this discussion, I would like to 

end with suggesting several future directions that are of specific interest in the study 

of stress and cognition.

First, in the present thesis we focused on the effects of psychosocial stress and the 

stress hormone cortisol. However, as mentioned before, cortisol is certainly not the only 

stress hormone influencing cognition. Is has become increasingly clear that interac-

tions between hormones are crucial in determining effects on cognition. A first step 

forward would be to investigate the individual role and interactions between cortisol 

and noradrenaline by pharmacologically administering hydrocortisone and yohimbine. 

Since it has been proposed that these hormones might have time-dependent effects and 

interact with each other in a time-dependent manner, it would be especially interest-

ing to administer the two hormones at different time points relative to each other and 

the behavioral task. Also dose-dependent responses need to be better specified, since it 

has been suggested that corticosteroids affect the brain and cognitive processes in a U-

shaped manner (De Kloet et al., 1998; Joëls, 2006). In addition, to study the effects of the 

hormones themselves, future studies should further unravel the role of different recep-

tors in stress effects on cognition. This can be accomplished by administering specific 

antagonists, like spironolactone, mifepristone and propranolol in combination with 

stress, or by investigating the role of specific agonists. Furthermore, other hormones 

mediating cortisol outcomes, like CRH, vasopressin, ACTH and oxytocin (Croiset et al., 

2000) might be directly involved in cognitive processes and it would be useful to meas-

ure those and correlate their levels to behavioral outcomes. 

An important message of this thesis is: Timing matters! At least in determining 

the effects of corticosteroids on fear memory and the contextualization of emotion-

al memories. This opens possibilities for future research to further disentangle the 
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contribution of timing in the relationship between acute stress and cognitive perfor-

mance. Important questions to be answered are what the role of timing is in stress 

effects on different cognitive processes and what mechanisms might underlie these 

processes. The results from this thesis support the idea that cortisol time-dependently 

affects memory processes, but we did not find evidence for time-dependent effects of 

psychosocial stress on intertemporal choice. Several other studies provide evidence for 

time-dependent effects of cortisol and stress on selective attention and emotional in-

terference (Henckens et al., 2012b), prefrontal working memory processing (Henckens 

et al., 2011), amygdala processing (Henckens et al., 2010) and social decision making 

(Vinkers et al., in press). However, it remains to be determined which processes are 

exactly affected and what the underlying mechanisms of these time-dependent effects 

are. Therefore, it would be useful to study time-dependent effects of stress and cor-

ticosteroids in animals, providing better opportunities to investigate the underlying 

mechanisms. With our current state of knowledge, it is not yet possible to draw de-

finitive conclusions about the predictions of the discussed models on time-dependent 

stress effects. To directly test the predictions of the temporal dynamics model (Dia-

mond et al., 2007) in humans, future experiments should subject participants to a 

stressful task with an emotional component, such as psychosocial stress, and test hip-

pocampal functioning either directly after the stressful situation or after a substantial 

delay. Hippocampal function can be tested in several ways, for example by using a 

declarative long-term memory task or a trace fear conditioning paradigm. To provide 

additional evidence for the theory of Joëls and colleagues (De Kloet et al., 2005; Joëls 

et al., 2011), cortisol can be administered at several time points before any cognitive 

task, possibly in combination with activation of the noradrenergic system by yohim-

bine or an emotional component of the behavioral task. Also, a stressful task can be 

used, thereby mimicking a more real-life situation. Especially, time-dependent effects 

should be tested on different cognitive tasks, ranging from simple reflex-like behavior 

predominantly dependent on the amygdala to complex cognitive tasks that require 

the prefrontal cortex.

A relevant aspect that has not been discussed so far is that individual differences 

can play an important role in stress and cognitive processes, and can modulate stress 

effects on cognition. The genetic makeup, personality and early life experiences of an 

individual can largely influence how someone will cope with certain situations, and 

are important vulnerability factors for the development of psychopathology. For ex-

ample, there are several well-characterized variations in the GR gene that have been 

related to emotional memory processing (Hauer et al., 2011; Ackermann et al., 2012) as 

well as susceptibility for developing traumatic memories and PTSD symptoms (Bach-

mann et al., 2005; Hauer et al., 2011) and the development and treatment response in 

major depression (Van Rossum et al., 2006). Further, genetic variations in both GR and 

MR genes modulate cortisol responsiveness to stress (Wüst et al., 2004b; DeRijk et al., 

2006), potentially serving as a vulnerability factor for the development of psychiatric 

disorders and cognitive problems (McCleery and Harvey, 2004; Wüst et al., 2004a). Also, 
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personality traits like neuroticism and extraversion have been related to individual dif-

ferences in brain activation in specific brain regions like the amygdala, in response 

to emotional stimuli (Canli et al., 2001). Self-esteem was related to cortisol levels in 

response to the dexamethasone suppression test (Pruessner et al., 1999). Moreover, one 

study demonstrated that women with higher levels of trait negative affect were more 

sensitive to the effects of cortisol on memory (Abercrombie et al., 2012a). In rodents, 

past experiences of the organism dramatically alter the effects of corticosteroids on 

learning and hippocampal plasticity. For example, the levels of maternal care in in-

fancy seem to modulate corticosteroid effects on long-term potentiation and cognitive 

functioning (Kaffman and Meaney, 2007; Champagne et al., 2008; Bagot et al., 2009; 

van Hasselt et al., 2012). Preliminary findings in humans suggest that childhood loss 

due to parental divorce moderated the effects of cortisol on negative memory bias (Ab-

ercrombie et al., 2012b). Furthermore, it has been shown that previous trauma may at-

tenuate acute cortisol responses to future trauma (Resnick et al., 1995), possibly leading 

to increased changes of developing anxiety disorders (Yehuda et al., 1998). Thus, on top 

of the possible modulating factors investigated in this thesis, individual differences in 

genetics, personality and earlier experiences can account for variations in stress effects 

on cognition. Ideally, this will be incorporated in future psychological and pharmaco-

logical treatments of stress-related disorders, resulting in customized treatment based 

on individual differences. 

It becomes increasingly clear that stress effects on cognition are not easy to predict, 

and depend on many different factors including sex differences, corticosteroid receptor 

activation and timing. Moreover, these effects can be modulated by genetics, personal-

ity factors and earlier experiences in life. There is a clear need for future studies to 

clarify the role of each of these factors, but especially of the interactions between those 

possible modulators. In particular, gene-environment interactions should be taken into 

account in studies investigating stress effects on cognition. To investigate such complex 

interactions, future research may profit from analysis techniques that can take into ac-

count several levels of variables, instead of focusing on one or two possible factors. For 

instance, multilevel approaches provide a powerful way to find different predictors of 

stress effects on cognitive processes. Moreover, we should aim for a shift from testing 

young homogeneous male populations towards testing more heterogeneous popula-

tions, especially including women, at various ages and relevant clinical populations, 

like PTSD or depressed patients.
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6. General conclusion

In sum, the work described in this thesis represents an attempt to gain more in-

sight in the relevance of sex differences, steroid receptors and timing in the effects 

of stress on cognition. It indeed demonstrates the importance of these and additional 

factors, like emotional arousal and context, thereby emphasizing the complexity of 

this research field. Most importantly, we showed that the timing of cortisol elevations 

with respect to the acquisition or encoding of memory critically influences the out-

come of those effects. Specifically, rapid corticosteroid actions impaired the contextu-

alization of emotional memories, but did not influence fear conditioning processes, 

while delayed effects of cortisol enhanced contextualization of emotional memories 

and strengthened trace, but not delay conditioning. This can form the starting point for 

more extensive studies in the future, aimed at unraveling the underlying mechanisms 

in the human brain.  
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Iedereen heeft wel eens last van stress: of het nu is omdat we een presentatie moeten 

geven, een examen moeten afleggen, een huis willen kopen of een vakantie aan het plan-

nen zijn. Als we het over stress hebben is het meestal in een negatieve context, maar eigen-

lijk is stress een heel nuttig mechanisme: op het moment dat er een bedreigende situatie 

plaatsvindt worden hormonen aangemaakt die zorgen dat het lichaam in evenwicht blijft 

of weer in evenwicht komt zodat we adequaat kunnen reageren op een stressvolle situatie. 

Er zijn verschillende belangrijke systemen die helpen het evenwicht te handhaven of te 

herstellen tijdens en na een stressvolle gebeurtenis. Twee van deze systemen zijn het auto-

nome zenuwstelsel en de hypothalamus-hypofyse-bijnier-as.

Wanneer een stressvolle situatie plaatsvindt komt het autonome zenuwstelsel onmid-

dellijk in actie. Als gevolg komen adrenaline en noradrenaline vrij, waardoor het lichaam 

in een staat van verhoogde paraatheid en alertheid wordt gesteld: de hartslag neemt toe, de 

ademhaling versnelt en de bloeddruk gaat omhoog. De hypothalamus-hypofyse-bijnier-as 

reageert iets langzamer, en zorg ervoor dat via de hypothalamus en de hypofyse de bijnier-

schors wordt aangezet tot de productie van cortisol. Het vrijkomen van cortisol leidt tot 

een verhoging van de bloedsuikerspiegel en verhoogt het metabolisme. Ten slotte remt cor-

tisol zijn eigen afgifte via negatieve terugkoppeling naar de cellen in de hypothalamus en 

de hypofyse. Ook is bekend dat cortisol invloed kan uitoefenen op stemming en cognitieve 

functies. De effecten van cortisol komen tot stand door binding aan twee verschillende ei-

witten: de zogenaamde glucocorticoïdreceptor (GR) en de mineralocorticoïdreceptor (MR). 

Deze receptoren komen voor in het hele lichaam (inclusief de hersenen), en beïnvloeden 

onder andere hersengebieden die een belangrijke rol spelen bij gedrag en emoties, zoals de 

hippocampus, amygdala en prefrontale cortex.

Meerdere onderzoeken hebben uitgewezen dat stress en stresshormonen inderdaad 

invloed hebben op verschillende cognitieve functies, zoals leren en geheugen en het ma-

ken van beslissingen. De effecten van stress op gedrag zijn echter complex en lijken vaak 

tegengesteld: soms wordt gevonden dat stress cognitief functioneren verbetert, terwijl an-

dere onderzoeken uitwijzen dat stress een negatief effect heeft op cognitie. Een mogelijke 

verklaring is dat de effecten van stress en cortisol op cognitie afhankelijk zijn van verschil-

lende factoren. Het is natuurlijk van belang welk soort taak gebruikt wordt om gedrag te 

onderzoeken en wat de intensiteit van de stress is, maar er zijn nog andere, meer subtiele 

factoren die een rol kunnen spelen.

Het doel van dit proefschrift was om de effecten van stress en cortisol op cognitief 

gedrag verder te onderzoeken, en daarbij te kijken naar de invloed van een aantal speci-

fieke factoren die van belang kunnen zijn bij het verklaren van deze effecten. De belang-

rijkste factoren die we onderzocht hebben zijn: 1) het tijdsverloop tussen de verhoging 
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van stresshormonen en de cognitieve taak, 2) de rol van de verschillende receptoren voor 

cortisol (GR en MR), en 3) sekseverschillen. 

Er zijn twee manieren om de effecten van stress bij mensen te onderzoeken, die beide in 

dit proefschrift zijn gebruikt. Ten eerste kan stress geïnduceerd worden door middel van een 

taak of manipulatie. Een veel gebruikte manier om proefpersonen stress te laten ervaren is 

de Trier Social Stress Taak (TSST). Deze taak combineert verschillende stressvolle onderdelen, 

waaronder anticipatie, sociale evaluatie, onvoorspelbaarheid en het verlies van controle. De 

TSST begint met een korte voorbereidingsfase, waarin de proefpersonen wordt gevraagd een 

presentatie voor te bereiden. Vervolgens geven ze de presentatie voor een strenge commissie 

die niet reageert, waarna ze een moeilijke rekentaak uit moeten voeren. Dit alles wordt op-

genomen op video. Deze taak wordt over het algemeen als zeer stressvol ervaren en leidt tot 

duidelijke verhogingen in niveaus van stresshormonen, die gemeten kunnen worden in het 

speeksel. Een andere manier om het effect van stress te onderzoeken is door het toedienen 

van een stresshormoon in de vorm van een pil. Zo kan cortisol worden toegediend, maar 

kunnen ook andere onderdelen van de stress respons farmacologisch worden beïnvloed. 

Hiermee wordt gekeken naar één specifiek onderdeel van de lichamelijke reactie op stress. 

Om cognitief gedrag te testen hebben we in de hoofdstukken gebruik gemaakt van 

verschillende geheugentaken, zoals het langetermijngeheugen voor woorden en afbeel-

dingen, het werkgeheugen en angstconditionering. Verder hebben we gekeken naar het 

nemen van beslissingen tussen verschillende bedragen die op verschillende tijdstippen 

konden worden verkregen (intertemporele keuzes).

De bevindingen beschreven in Hoofdstuk 2 tot en met 6 worden hieronder kort be-

sproken. Allereerst hebben we in Hoofdstuk 2 gekeken naar de effecten stress op het werk-

geheugen en langetermijngeheugen van mannen versus vrouwen. Hiertoe werden jonge 

mannen en vrouwen onderworpen aan een stresstaak (de TSST) of een niet-stressvolle con-

troletaak, waarna ze op een beeldscherm neutrale en emotionele afbeeldingen te zien kre-

gen en een werkgeheugen taak deden. Een week later kwamen de proefpersonen terug en 

werd getest hoeveel ze zich nog konden herinneren van de emotionele en neutrale afbeel-

dingen. Het bleek dat mannen die onderworpen werden aan de stresstaak meer emotione-

le afbeeldingen hadden onthouden in verhouding tot neutrale afbeeldingen, en bovendien 

beter presteerden op de werkgeheugentaak dan de mannen die in de controlegroep zaten. 

Bij vrouwen had stress echter geen enkele invloed op de geheugentaken. Een mogelijke ver-

klaring hiervoor is dat cortisolniveaus bij vrouwen beïnvloed worden door hun hormonale 

cyclus, en dat vooral de vrouwen die orale anticonceptiva gebruiken een verlaagde cortisol-

respons hadden na de stresstaak. De toename van cortisol na de stresstaak bleek samen te 

hangen met de geheugenprestatie.
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In Hoofdstuk 3 wordt beschreven wat de gevolgen zijn van het blokkeren van één van 

de cortisol receptoren, de MR, al dan niet in combinatie met stress, op het werkgeheugen en 

langetermijngeheugen. Hiertoe kregen mannelijke proefpersonen ofwel een pil (spironolac-

ton) die ervoor zorgt dat cortisol niet meer kan binden aan de MR, ofwel een niet-werkzame 

pil (placebo). Vervolgens werden ze onderworpen aan een stresstaak (de TSST) of een niet-

stressvolle controletaak, waarna ze een langetermijngeheugen- en een werkgeheugentaak 

kregen, vergelijkbaar met de taken gebruikt in Hoofdstuk 2. Uit de resultaten bleek dat de 

proefpersonen waarbij de MR was geblokkeerd én die ook de stresstaak waren ondergaan 

een beter langetermijngeheugen hadden, maar een verslechterd werkgeheugen.

In Hoofdstuk 4 en Hoofdstuk 5 hebben we tijdsafhankelijke effecten van cortisol op 

verschillende geheugenprocessen onderzocht. Hiertoe kregen proefpersonen een cortisolpil 

of een placebopil hetzij vlak voor ze verschillende geheugentaken kregen, hetzij een aantal 

uren ervoor. De achterliggende theorie is dat gedrag anders beïnvloed wordt direct na een 

stressvolle situatie dan enkele uren na een stressvolle situatie. Tijdens of vlak na stress zou-

den cortisol en noradrenaline samenwerken om een organisme in een staat van alertheid te 

brengen, waardoor het beter kan focussen en de belangrijkste aspecten van een gebeurtenis 

kan onthouden, maar minder aandacht besteed aan complexere aspecten zoals het onthou-

den van de context. Enkele uren na stress daarentegen zijn door de cortisolverhoging andere 

processen in werking gezet, die juist zouden zorgen voor een integratie van alle aspecten van 

een gebeurtenis op een meer gecontroleerde manier.

In Hoofdstuk 4 worden tijdsafhankelijke effecten van stress beschreven op het onthou-

den van woorden in hun context. Hiertoe kregen proefpersonen een aantal woorden te zien 

in combinatie met een unieke achtergrond. De volgende dag kregen ze dezelfde woorden 

weer te zien, maar ook nieuwe woorden. Ze moesten van ieder woord aangeven of het oud 

of nieuw was. Belangrijk hierbij is dat ze de helft van de oude woorden zagen in combinatie 

met de originele achtergrond, terwijl de andere helft een afwijkende achtergrond had ten op-

zichte van de dag daarvoor. Hierdoor konden we achterhalen in hoeverre de context hielp bij 

het herinneren van de woorden. Uit de resultaten bleek dat proefpersonen minder gebruik-

maakten van de context wanneer ze vlak van te voren een cortisolpil hadden gekregen (en 

zich de woorden met de originele achtergrond dus even goed herinnerden als de woorden 

met een andere achtergrond), terwijl ze juist meer gebruikmaakten van de context (en zich 

de woorden met de originele achtergrond dus veel beter herinnerden dan de woorden met 

een andere achtergrond) als ze een aantal uren van te voren een cortisolpil hadden gekregen. 

In Hoofdstuk 5 hebben we gekeken naar tijdsafhankelijke effecten van cortisol op angst-

geheugen. Hiertoe hebben we een conditioneringstaak ontwikkeld, waarbij proefpersonen 

drie afbeeldingen te zien kregen en gaandeweg leerden dat één van de afbeeldingen met-

een gevolgd werd door een elektrische prikkel (delay-conditionering), één afbeelding pas na 
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enige tijd gevolgd werd door een elektrische prikkel (trace-conditionering) en één afbeelding 

nooit gevolgd werd door een elektrische prikkel. Delay-conditionering is simpeler te leren 

dan trace-conditionering en is afhankelijk van andere hersengebieden. We hebben op ver-

schillende manieren gemeten of proefpersonen de associaties tussen afbeelding en prikkel 

leerden: door te vragen of ze een elektrische prikkel verwachtten, door de huidgeleiding te 

meten (die verhoogd is in anticipatie op een elektrische prikkel) en door te kijken naar samen- 

trekking van spieren rond de ogen in respons op een hard geluid (EMG; de spiersamentrek-

king wordt groter in anticipatie op een elektrische prikkel). Door dezelfde afbeeldingen te 

laten zien maar geen elektrische prikkels meer te geven, werd een dag later met alle drie de 

methoden getest in hoeverre proefpersonen zich de associaties nog herinnerden. Uit de resul-

taten van de EMG-responsen bleek dat wanneer proefpersonen enkele uren voor het leerpro-

ces cortisol hadden gekregen, hun geheugen voor trace-conditionering de volgende dag beter  

was dan bij de proefpersonen die geen ofwel kort voor het leren cortisol hadden gekregen. 

Ten slotte hebben we in Hoofdstuk 6 tijdsafhankelijke effecten van stress op het ma-

ken van beslissingen onderzocht. In deze studie werden mannelijke proefpersonen onder-

worpen aan de TSST of een controletaak, waarna ze een beslistaak kregen. De helft van 

de proefpersonen kreeg de beslistaak direct na de stress- of controletaak, terwijl er bij de 

andere helft 20 minuten tussen de twee taken zat. Bij de beslistaak moesten proefpersonen 

steeds keuzes maken tussen verschillende geldbedragen die op verschillende tijdstippen 

werden uitbetaald. Hieruit kan worden afgeleid hoe (on)geduldig en/of (in)consistent proef-

personen zijn. De resultaten van deze studie laten zien dat stress, onafhankelijk van het 

tijdstip, geen effecten heeft op deze vorm van beslisgedrag bij mensen.

De bevindingen van dit proefschrift worden besproken in Hoofdstuk 7, evenals een aan-

tal vraagstukken die nader onderzocht moeten worden. We concluderen uit onze studies dat 

timing, cortisolreceptoren en sekseverschillen van belang zijn voor het effect van stress op 

cognitieve processen. De belangrijkste bevindingen van dit proefschrift zijn dat 1) psychoso-

ciale stress het kortetermijngeheugen en het onthouden van emotionele informatie bevor-

dert in mannen maar niet in vrouwen, 2) de mineralocorticoïdreceptor van belang is voor het 

onthouden van informatie, en 3) het stresshormoon cortisol op termijn emotionele informa-

tie beter in context kan plaatsen, hetgeen individuen mogelijk minder kwetsbaar maakt voor 

psychopathologie. Hiermee wordt het steeds duidelijker dat de effecten van stress op cogni-

tief gedrag niet gemakkelijk te voorspellen zijn, en dat de richting ervan afhankelijk is van 

verschillende factoren, waaronder timing, cortisolreceptoren en sekseverschillen. Het is van 

groot belang rekening te houden met de mogelijke invloed van deze factoren bij het opzetten 

van onderzoek binnen dit veld en bij het behandelen van patiënten met stress-gerelateerde 

psychopathologie, en deze complexe interacties verder in kaart te brengen. 
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