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General Introduction
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Graduation, the birth of a child, a wedding, but also the death of a beloved one, a car accident 

or physical assault are examples of emotional experiences that one may encounter during life. 

Even after decades, emotional experiences are often vividly remembered, whereas the bulk of 

daily life experiences are forgotten. The ability to recall the important events in life is crucial to 

adaptively respond to future situations. Nevertheless, the strength of emotional memories may 

also become harmful and maladaptive when it constraints daily functioning, such as in patients 

suffering from anxiety disorders or post-traumatic stress disorder. 

From an evolutionary perspective, stability of our memory system is essential to recognize 

important predictors (i.e., stimuli and contexts) of imminent threat and reward. However, since 

no stimulus or context will keep its predictive value forever, memories need to be malleable as 

well. Evidence from neuroscience suggests that upon recall, memories can enter a labile state 

where they are sensitive to change before being restabilized again (Nader, Schafé, & Le Doux, 

2000; Nader, 2003; Sara, 2000). This process is referred to as reconsolidation. This temporary 

period of plasticity provides the opportunity to interfere with unwanted and excessive emotional 

memories. Empirical findings highlight this plasticity and indicate that emotional memories 

can be weakened through pharmacological interference with reconsolidation (e.g., Dębiec, 

LeDoux, & Nader, 2002; Kindt, Soeter, & Vervliet, 2009; Nader et al., 2000; Soeter & Kindt, 

2010). These findings raise the prospect that disrupting reconsolidation may be a promising 

technique to provide long-term cure for patients with several psychiatric conditions. The 

observed plasticity of emotional memory was the starting point of this thesis. Here, we aimed 

to gain more insight into the conditions under which memory can be altered by experimentally 

investigating different components of emotional memory in healthy participants. 

Plasticity of memory

The formation of a memory trace starts with the encoding of new information (acquisition), after 

which it is consolidated and stored into long-term memory (LTM)(McGaugh, 2000). Directly 

after acquisition a memory trace is labile and prone to interference by pharmacological 

agents, brain injuries and behavioral manipulations. It has been suggested that with the 

passage of time newly formed memory traces enter a stable and permanent state because 

these modulatory factors lose their effectiveness (Dudai, 2004). The process of memory 

stabilization is referred to as consolidation and consists of two stages: synaptic consolidation 

and system consolidation. Changes in synaptic efficacy (i.e., the capacity of a presynaptic 

input to influence postsynaptic output) occur in the first minutes to hours after encoding of 

the new information and regulate the structural synaptic changes that underlie the formation 
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of memory (synaptic consolidation) (Lamprecht & LeDoux, 2004; McGaugh, 1966). System 

consolidation refers to a time-dependent shift in brain systems that support memory storage 

and retrieval (McGaugh, 2000). Newly formed memories are dependent on the hippocampus; 

gradually, there is a shift to more involvement of cortical areas (for a review, see Dudai, 2004; 

Squire & Alvarez, 1995). This reorganization process takes weeks, months or even years to 

accomplish. For years LTM was conceived as a ‘fixed’ state and insensitive to change. 

The hypothesis that LTM was no longer malleable after consolidation dominated the field 

of learning and memory until the end of the 20th century (Nader & Hardt, 2009; Sara, 2000). 

However, both in cognitive psychology and behavioral neuroscience there was already ample 

evidence that consolidated memory is much more dynamic than originally assumed. Based 

on the observations of systematic distortions of episodic memory over time, memory has been 

conceived as a continuously reconstructive process in cognitive psychology (e.g., Bartlett, 

1932; Loftus, 2005). In behavioral neuroscience the consolidation hypothesis was challenged in 

the late 1960s. Misanin and colleagues (1968) showed that memory may not only be vulnerable 

to change directly after encoding, but also following a consolidation period. In this study, rats 

received a reminder of a previously formed fear memory followed by electroconvulsive shock. 

At test, memory performance of these rats was impaired, whereas the memory of control rats 

that only received an electroconvulsive shock - was still intact. Hence, memory reactivation 

was a necessary condition to interfere with the original memory trace. A few other studies at 

that time showed similar results (Devietti & Hopfer, 1974; Lewis, Bregman, & Mahan, 1972; 

for a review, see Sara, 2000). These findings indicated a retrieval-induced labile period 

during which a consolidated memory is susceptible to change again. This process was later 

called reconsolidation. Remarkably, these findings were for a long time basically neglected 

in the field (Sara, 2000). The interest in memory reconsolidation was renewed by research of 

Nader, Schafé and Ledoux (2000). In their seminal paper, the authors showed that infusion 

of anisomycin - a protein synthesis inhibitor - into the amygdala after memory reactivation 

resulted in amnesia on later tests. Critically, the reminder of the consolidated fear memory 

prior to protein synthesis blockade was crucial to induce amnesia; anisomycin alone left the 

fear memory intact. Moreover, memory performance was not affected directly after protein 

synthesis blockade, but only several hours after the manipulation. Infusion of anisomycin 6 

hours after memory reactivation did, however, not impair memory performance, indicating that 

there is a certain time-window in which the reconsolidation process requires protein synthesis. 

Taken together, these findings demonstrated that upon recall a consolidated memory can 

return to a labile state requiring de novo protein synthesis to restabilize (i.e., reconsolidation). 

Since the paper of Nader et al., (2000), the number of studies on reconsolidation has grown 

exponentially and reconsolidation has been demonstrated in several species from the medaka 
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fish to humans (e.g., Eisenberg, Kobilo, Berman, & Dudai, 2003; Kindt et al., 2009; Walker, 

Brakefield, Hobson, & Stickgold, 2003). 

How to study memory reconsolidation?

Reconsolidation can be seen as an updating process that keeps memory relevant (Lee, 2009; 

Tronson & Taylor, 2007). As pointed out above, this process is highly dependent on complex 

molecular mechanisms (e.g., new protein synthesis) that cannot directly be observed. 

Typically, evidence for the reconsolidation process is provided by demonstrating changes in 

the behavioral expression of memory. However, to experimentally demonstrate reconsolidation, 

there are a few prerequisites (Lewis, 1979; Tronson & Taylor, 2007). First, a memory for specific 

information needs to be consolidated. Next, the memory trace should be reactivated and 

contiguously some form of manipulation must be administered, like pharmacological agents, 

brain injury, behavioral procedures or new learning. This manipulation can be administered 

before or after memory reactivation. Finally, changes in the expression of memory must be 

observed at a long-term test and not during or directly following the manipulation, because the 

required protein synthesis for reconsolidation takes at least several hours (Duvarci & Nader, 

2004; Walker et al., 2003). A frequently used and well-suited paradigm to study reconsolidation 

both in animals and humans is Pavlovian fear conditioning. 

Fear conditioning as an experimental model  
for associative fear learning and memory

In Pavlovian conditioning, fear for an initially neutral stimulus, or conditioned stimulus (CS; 

e.g., tone or picture), is acquired by temporally pairing the CS with an aversive outcome, 

or unconditioned stimulus (US; e.g., shock). As a result, presentation of the CS alone elicits 

a conditioned response (CR) that is indicative of fear. The CR can be measured by several 

physiological and subjective indices (see box 1). Memory of this fear association (CS-US) 

can be tested by presenting the CS without the US. To substantiate memory consolidation, 

memory performance is often assessed 24 hours after encoding. Retention of the fear memory 

is inferred from the behavioral or neural expression of the CR. 

The classical approach for reducing the expression of fear is extinction training, which 

involves repeated unreinforced re-exposure to the CS to promote the formation of a new 

‘inhibitory’ memory trace (CS-noUS)(Bouton, 2002; Rescorla, 2001). Extinction training leaves 
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Box 1 – Measurements to index conditioned fear

In human fear conditioning research various measurements are used to index the conditioned 

fear response. The most frequently used indices of conditioned fear are US expectancy 

ratings, skin conductance and startle response. 

US-expectancy ratings. A trial-by-trial rating of participants’ expectation to receive the US. 

This online rating method draws the attention towards the association between the CS and 

the US and indexes fear learning on a cognitive level (Boddez et al., 2013). 

Skin conductance response (SCR). Changes in electrodermal responding by autonomic 

innervation of the sweat glands at the surface of the skin are measured using electrodes 

attached to the medial phalanx surface of the middle and fourth finger (Critchley, 2002; 

Dawson et al., 2007). The CR is indexed by larger skin conductance response during the 

conditioned stimulus (CS) compared to a control stimulus that is not followed by an US 

(e.g., electric shock). SCR is supposed to primarily reflect anticipatory arousal, regardless 

of whether the anticipated stimulus is positive or negative (Hamm & Vailt). As such, in fear 

conditioning studies SCR is often related to the expectancy of the US and may express the 

more cognitive level of fear learning (Hamm & Vaitl, 1996; Hamm & Weike, 2005; Sevenster 

et al., 2014; Soeter & Kindt, 2010; Weike et al., 2007).

Acoustic startle reflex. Startle responding can be evoked by a loud noise and is characterized 

by an integrative, reflex contraction of the skeletal musculature. In humans, the startle reflex 

is assessed by the eye-blink component of the reflex, which consists of a rapid contraction 

of the orbicularis oculi muscle. This contraction is measured by electromyography (EMG) 

and the electrodes are placed over the right orbicularis oculi, which is just below the eye. 

CR is reflected by larger startle amplitude to loud noises during the CS than during the 

control stimulus that is not followed by an US. In contrast to SCR, potentiation of the startle 

response is considered as a specific measure of fear. Eye-blink reflexes to the loud noise 

evoked during aversive states are potentiated, whereas responses elicited during pleasant 

states are attenuated (Lang, Bradley, & Cuthbert, 1990; Vrana et al., 1988). Furthermore, 

the neuroanatomical pathway of startle potentiation is directly connected with the amygdala 

(Davis et al., 1993; Davis, 2006), which is considered the emotional center of the brain (Lang 

et al., 1997; LeDoux, 2000).

Even though the different physiological indices of conditioned fear seems to represent 

different underlying mechanisms, fear conditioning studies tend to use SCR and startle 

response interchangeable to measure the conditioned fear. In Chapter 4, we examined 

whether it is appropriate to use both physiological response systems to index the same 

underlying fear process. 
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the original fear memory (CS-US) intact, even though the fear is behaviorally silenced. The 

intact fear memory may promote the return of fear as triggered by external factors, such as a 

change of context (i.e., renewal, Bouton & Bolles, 1979), passage of time (i.e., spontaneous 

recovery, Brooks & Bouton, 1993) or re-exposure to the US (i.e., reinstatement, Rescorla & 

Heth, 1975). Extinction training is the experimental equivalent of exposure, which is a core 

component of cognitive behavioral therapy (CBT). 

Another approach to reduce the expression of fear is to target the original fear memory 

directly by interference with reconsolidation. In animal research, disruption of reconsolidation 

is often accomplished by inhibiting protein synthesis using pharmacological agents like 

anisomycin (e.g., Dębiec et al., 2002; Duvarci & Nader, 2004; Nader et al., 2000). These 

protein-synthesis inhibitors are however not suitable for humans. Fortunately, inhibiting specific 

neurotransmission, like noradrenergic or gamma aminobutyric acid (GABA) transmission, can 

disrupt the reconsolidation process as well (Bustos, Maldonado, & Molina, 2006; Dębiec & 

LeDoux, 2004). Indeed, systemic administration of the noradrenergic ß-blocker propranolol 

HCl after memory reactivation diminished the expression of fear during long-term memory 

test in rats (Dębiec & LeDoux, 2004). These findings hold considerable promise for the use of 

pharmacological agents to disrupt reconsolidation of fear memory in humans. 

Disrupting reconsolidation of fear memory in humans

A study from our lab was the first to demonstrate that fear memory expression could be 

weakened in humans by disrupting reconsolidation with the noradrenergic ß-blocker 

propranolol HCl (Kindt et al., 2009). This initial study showed that oral administration of 40 mg 

propranolol HCl prior to memory reactivation eliminated the behavioral expression of fear (i.e., 

startle reflex) 24 hours later and prevented the return of fear. Interestingly, the declarative part 

of the fear memory remained intact but no longer produced fearful responding. Other studies 

from our lab replicated this initial finding and showed that this fear-reducing effect was long-

lasting (Soeter & Kindt, 2010) and generalized to semantically related stimuli (Soeter & Kindt, 

2011b; 2011a) as well as to other contexts (Soeter & Kindt, 2012a). These findings open up 

new avenues to eliminate excessive emotional memory in humans. 
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Transition from reconsolidation to extinction

In a typical reconsolidation study using the fear conditioning paradigm, memory is reactivated 

by presenting the CS without the US (CS-noUS). This procedure is equivalent to the first 

extinction trial. An unresolved question is how the transition from reconsolidation to extinction 

proceeds. Molecular mechanisms that are involved in reconsolidation, like noradrenergic 

signaling, are also involved in extinction consolidation (Mueller & Cahill, 2010; Pape & Pare, 

2010; Tronson & Taylor, 2007). Thus, reconsolidation and extinction share common molecular 

mechanisms that may facilitate a molecular competition between the two processes during 

memory reactivation. Memory reactivation may initially trigger reconsolidation that serves to 

maintain or adapt the original memory (e.g., Lee, 2009; Nader, 2003; Tronson & Taylor, 2007), 

whereas prolonged or repeated memory retrieval may initiate the formation of a new inhibitory 

memory trace. It has been suggested that the most dominant process of the reactivation 

session (i.e., reconsolidation or extinction) will be the one most affected by the pharmacological 

or behavioral manipulation (Eisenberg et al., 2003; Nader, 2003). An important question is 

whether pharmacological agents – such as propranolol HCl – intend to interfere with memory 

reconsolidation can also affect extinction learning. This issue is also clinically important for the 

applicability of reconsolidation-based treatments in clinical practice. In contrast to experimental 

procedures, the control over timing parameters during memory reactivation is rather limited in 

a therapeutic setting. One could imagine that after a single, time-limited reactivation session a 

patient further rehearse this retrieval experience and engage in imaginary exposure. 

The first aim of the current thesis was to disentangle this memory trace competition 

between reconsolidation and extinction. Chapter 2 presents a study that tests the basic finding 

of disrupting reconsolidation with propranolol HCl, as shown in the studies by Kindt et al., 

(2009) and Soeter and Kindt (2010). In Chapter 3 we examined whether propranolol HCl would 

disrupt extinction learning in humans. In the next chapters our focus is on reconsolidation of 

declarative memory. 

Multiple memory systems

As already stated, expression of memory can be assessed by different behavioral and neural 

expressions. These different response systems support the idea that memory is not a single 

entity but is composed of different functional and anatomical systems. Even though the 

different response systems often converge for example during fear learning, several studies 

demonstrate that the different response systems do not necessarily act in concert (e.g., Hamm 



14  |  Chapter 1 General Introduction  |  15

& Weike, 2005; Sevenster, Beckers, & Kindt, 2012a; Soeter & Kindt, 2010; Weike, Schupp, 

& Hamm, 2007). As stated above, propranolol HCl administration prior or after memory 

reactivation disrupted the emotional expression of fear memory, while leaving the declarative 

part of fear memory intact (Kindt et al., 2009; Sevenster, Beckers, & Kindt, 2012b; Soeter & 

Kindt, 2010; Soeter & Kindt, 2012b). The distinction between declarative and non-declarative 

memory is well supported by studies from patients with brain damage (Adolphs, Tranel, & 

Buchanan, 2005; Bechara et al., 1995; Bohbot, Iaria, & Petrides, 2004; LaBar, LeDoux, Spencer, 

& Phelps, 1995; Weike et al., 2005) and neuroimaging studies in humans (e.g., Bohbot et al., 

2004; Iaria, Petrides, Dagher, Pike, & Bohbot, 2003). For example, the cognitive and more 

declarative part of fear memory is associated with the hippocampal complex (Eichenbaum, 

2004; Squire, Stark, & Clark, 2004), whereas the emotional expression of fear memory (startle 

reflex) is associated with the amygdala (Davis, 2006; LeDoux, 2000). This double dissociation 

between declarative and non-declarative memory relative to hippocampus and amygdala 

underscores the independent function of both memory systems. Note that this does not 

suggest that these systems do not interact (Dolcos, LaBar, & Cabeza, 2004; Phelps, 2004). 

Nevertheless, this double dissociation may explain why pharmacological and behavioral 

manipulations sometimes exert different effects on different memory systems. In Chapter 4 

we further examined whether the different physiological response systems that are typically 

used in fear conditioning studies (e.g., skin conductance and startle reflex) represent different 

underlying mechanisms. 

Reconsolidation of declarative memory in humans

The alleged function of reconsolidation is to keep our memories up to date by either altering 

their strength (e.g., Frenkel, Maldonado, & Delorenzi, 2005; Kindt et al., 2009; Nader et al., 2000; 

Soeter & Kindt, 2010; Soeter & Kindt, 2011a; Soeter & Kindt, 2012b) or by incorporating new 

information into memory (e.g., Forcato, Rodríguez, Pedreira, & Maldonado, 2010; Hupbach, 

Gomez, Hardt, & Nadel, 2007). Hence, reconsolidation provides the opportunity to rewrite a 

previously formed memory. Research on reconsolidation of declarative memory demonstrated 

that memories can indeed incorporate new information into a consolidated memory (Forcato et 

al., 2010; Hupbach et al., 2007; Hupbach, Gomez, & Nadel, 2011; Hupbach, Gomez, & Nadel, 

2009). In these kinds of studies, participants have to learn a set of items (e.g., words, objects) 

in the first session. In the next session, participants are briefly reminded of the first list of items 

followed by learning a new set of items (list 2). At test (at least 24 hours later), participants are 

asked to recall items of list 1, but they mistakenly recalled items of list 2 as well. These findings 
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indicate that the words of list 1 and list 2 are now intermixed and stored into one memory trace 

instead of representing two independent memory entities. Importantly, memory reactivation 

before learning list 2 was crucial to incorporate new information (i.e., items of list 2) into the 

initial memory (i.e., items of list 1) (Forcato et al., 2010; Hupbach et al., 2007; Hupbach et al., 

2011; Hupbach et al., 2009).

Other studies on reconsolidation of declarative memory have focused on the possibility of 

altering the strength of declarative memories (Coccoz, Maldonado, & Delorenzi, 2011; Coccoz, 

Sandoval, Stehberg, & Delorenzi, 2013; Forcato et al., 2007; Kroes et al., 2014; Schwabe 

& Wolf, 2010b). Abundant evidence shows that stress and the release of stress hormones 

(see box 2) strongly affect learning and memory processes (for reviews, see Joëls & Baram, 

2009; Schwabe & Wolf, 2010a). However, studies on the effect of stress on reconsolidation are 

relatively sparse. Detailed insight in the effect of post-reactivation stress exposure on memory 

performance may increase our understanding of why some memories are more persistent than 

others. Retrieval of traumatic experiences is often accompanied by strong feelings of distress. 

One explanation for the strong persistence of those memories might be that post-reactivation 

stress strengthens the process of reconsolidation and thereby facilitates the maintenance of 

those memories. 

A second aim of this thesis was to examine the effect of post-reactivation stress on 

emotional declarative memory. In Chapter 5, we tested whether post-reactivation stress would 

differentially enhance memory of emotional versus neutral content. In line with previous studies 

on reconsolidation of declarative memory, we focused in Chapter 5 on rather ‘isolated’ memories 

such as the memory for single items (words). Yet memories are typically embedded in a contextual 

setting such as time and place. Memories are usually better retrieved in their encoding context 

than in an unrelated situation (i.e., memory contextualization, Godden & Baddeley, 1975). 

Interestingly, patients with PTSD typically show impaired contextualization of trauma memory 

(Elzinga & Bremner, 2002; Liberzon & Sripada, 2007). That is, memory of the traumatic event 

is easily retrieved in other situations that are unrelated to the trauma-situation. Whether post-

reactivation stress would also affect memory contextualization is however unknown; this issue is 

addressed in Chapter 6. 
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Box 2 – Stress response

Confrontation with a stressful situation activates a wide range of physiological systems aimed 

at restoring homeostasis and coping with the environmental demand at hand. The stress 

response involves activation of the autonomic nervous system (ANS) and the hypothalamic-

pituitary-adrenal (HPA) axis. Within seconds after stress exposure the sympathetic branch of 

the ANS is activated, which eventually results in the release of adrenaline from the adrenal 

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

the locus coeruleus. The release of catecholamines ((nor)adrenaline) results in an increase 

in heart rate and blood pressure and stimulates the fight-flight response. The HPA-axis is a 

somewhat slower response system and is responsible for hormonal changes that enable 

the restoration of homeostasis and facilitate storage of relevant information into memory (De 

Kloet, Joëls, & Holsboer, 2005). Cortisol release from the adrenal cortex is regulated by the 

adrenocorticotrophic hormone (ACTH) released by the anterior pituitary. ACTH is regulated 

by the neuropeptides corticotrophin-releasing hormone (CRH) and arginine vasopressin 

(AVP) that are both secreted by the paraventricular nucleus of the hypothalamus. After the 

initial cortisol response, a negative feedback mechanism mediated by cortisol receptors 

(glucocorticoid receptor (GR) and mineralocorticoid receptor (MR)) inhibits the release of 

CRF and ACTH and dampens the stress response.

The stress hormones noradrenaline and cortisol are known to affect many brain areas 

that are also involved in various memory processes. Even though the brain consists of 

a complex network of interacting structures, there are some key structures that are both 

highly sensitive for stress hormones and critically involved in emotional memory. The 

amygdala is part of the limbic system and is crucial for processing emotional information 

(LeDoux, 2000). It has been suggested that adrenal stress hormones influence memory 

processes via interactions with arousal-induced activation of noradrenergic mechanisms 

within the amygdala (McGaugh, 2004; Roozendaal et al., 2009). Cortisol exerts its effects 

by binding to the high affinity MR and the lower affinity GR. MR and GR are co-localized in 

the hippocampus, a brain area that (is also part of the limbic system and) is essential for 

the formation of declarative memory (Eichenbaum, 2004; Squire et al., 2004). Specifically, 

the hippocampus is important for the contextual embedding of memory and facilitates the 

binding of multiple elements of an experience into a conjunctive representation (O’Reilly 

& Rudy, 2001). Given that the hippocampus has a high density of MR and GR, this area is 

highly sensitive to stress effects (De Kloet et al., 2005; Joëls & Baram, 2009).
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Outline of the thesis

This thesis addresses various topics related to the malleable nature of emotional memory in 

humans. We used different experimental paradigms to test the conditions under which memory 

can be altered. In the first two empirical chapters (Chapter 2 and 3) we used classical fear 

conditioning to study the malleable nature of fear memory and its reliance on noradrenergic 

signaling. We used skin conductance and the acoustic startle reflex to assess the CR on 

a physiological level and US-expectancy ratings to assess the cognitive level of the CR. In 

Chapter 4 we examined the differences between these physiological response systems (i.e., 

startle reflex and SCR) more thoroughly and focused on the question whether both response 

systems reflect a defensive, fearful state. In the last two empirical chapters we investigated 

the effects of stress exposure on reconsolidation of declarative memory. In Chapter 5 we 

examined whether stress would differentially affect reconsolidation of emotional versus neutral 

declarative memory. In Chapter 6 we tested whether post-retrieval stress would affect the 

contextualization of emotional memory. The experimental findings of this thesis are discussed 

in Chapter 7. 





Chapter 2

Noradrenergic blockade of 
memory reconsolidation:  

a failed replication 

This chapter is based on the article that is in preparation as: Bos, M.G.N., Beckers, T., & Kindt, M. 

Noradrenergic blockade of memory reconsolidation: a failed replication.
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Abstract
Upon recall, a memory can enter a labile state in which it requires new protein synthesis to restabilize. 

This two-phased reconsolidation process raises the prospect to erase excessive fear memory. In our 

previous studies, we convincingly demonstrated that 40 mg propranolol HCl administration before or 

after memory reactivation eliminated the emotional expression of fear memory indexed by the fear-

potentiated startle reflex. To apply this procedure in clinical practice it is important to understand the 

optimal and boundary conditions of this procedure. As part of a large project aimed at unraveling 

putative boundary conditions of disrupting reconsolidation with propranolol HCl, we tested our 

standard reconsolidation paradigm. This project started with some pilot studies, but turned out in a 

failure to replicate. Here, we report those data (n=44). Participants underwent a three-day differential 

fear conditioning procedure. Twenty-four hours after fear acquisition, participants received 40 mg 

propranolol HCl prior to memory reactivation. The next day, participants were subjected to extinction 

training and reinstatement testing. In sharp contrast to our previous findings, propranolol HCl before 

memory reactivation did not attenuate the startle fear response. The results revealed that the startle 

fear response even remained after extinction training and at reinstatement testing. We discuss these 

unexpected findings and propose some potential explanations. Even though it remains inconclusive 

why we failed to replicate our standard reconsolidation finding, these results underscore that we still 

have much to learn about the optimal and boundary conditions for memory reconsolidation. 
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Introduction

Reconsolidation has attracted much attention in the literature because of its potential to 

erase excessive fear memory. Reconsolidation refers to the process wherein a memory trace, 

following retrieval, enters a temporarily labile state requiring de novo protein synthesis for 

restabilization (Nader et al., 2000; Sara, 2000). This labile state offers a window of opportunity 

to weaken the strength of unwanted emotional memories and by that means eliminate the root 

of many psychiatric disorders, like post-traumatic stress disorder. 

The process of reconsolidation is typically demonstrated in animals through the amnestic 

effects of protein synthesis inhibitors administered after memory reactivation (e.g., Nader et 

al., 2000; Sara, 2000). In a series of human fear conditioning studies in our lab we convincingly 

demonstrated that administration of the ß-adrenergic receptor antagonist propranolol HCl 

before or after memory reactivation eliminated the emotional expression of fear memory (Kindt 

et al., 2009; Sevenster et al., 2012b; Sevenster, Beckers, & Kindt, 2013; Soeter & Kindt, 2010; 

Soeter & Kindt, 2012; Soeter & Kindt, 2012a; Soeter & Kindt, 2012b). Importantly, this fear-

reducing effect was long-lasting (Soeter & Kindt, 2010) and generalized to semantically related 

stimuli (Soeter & Kindt, 2011a; 2012b) as well as to other contexts (Soeter & Kindt, 2012a). 

These findings mark the potential of disrupting reconsolidation with propranolol HCl to weaken 

and perhaps even erase a previously learned fear response. 

Reconsolidation has been shown across several species and among different protocols, 

which underlines the robustness of this phenomenon. However, there also certain parameters 

– so-called boundary conditions – that may constrain reconsolidation to occur (Nader & Hardt, 

2009). Recently, it has been shown that mere retrieval is not sufficient to render a memory trace 

labile (Pedreira, Pérez-Cuesta, & Maldonado, 2004; Sevenster et al., 2012b; Sevenster et al., 

2013). A prerequisite to trigger reconsolidation is the experience of a prediction error upon 

retrieval, which refers to a mismatch between what is expected and the actual experience. 

Other putative boundary conditions that have been proposed are the strength (Suzuki et al., 

2004; S. Wang, de Oliveira Alvares, & Nader, 2009, but see Soeter & Kindt, 2012) and the age 

(Milekic & Alberini, 2002; Suzuki et al., 2004) of the consolidated memory trace, repetitive or 

prolonged memory reactivation (i.e., extinction learning) (e.g., Bos, Beckers, & Kindt, 2012; 

Eisenberg et al., 2003) and the spatial context during memory reactivation (Hupbach, Hardt, 

Gomez, & Nadel, 2008). Thus, memory reconsolidation upon retrieval may only occur under 

the appropriate conditions. 

The effectiveness of disrupting memory reconsolidation by pharmacological or behavioral 

interventions seems to be sensitive to individual differences as well, such as genetic 

polymorphisms (Agren, Furmark, Eriksson, & Fredrikson, 2012) and trait anxiety (Soeter & 
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Kindt, 2013). Collapsing the data of most of our previous experiments together revealed that 

individuals that can be characterized by high levels of trait anxiety showed less fear reduction 

following propranolol HCl administration before or after memory reactivation. This may indicate 

that for individuals high on trait anxiety either another reactivation procedure or higher doses 

of propranolol HCl are required to trigger the process of fear memory reconsolidation (Soeter 

& Kindt, 2013). 

The ability to eliminate the emotional expression of fear memory by disrupting memory 

reconsolidation may substantially enhance treatment efficacy in the near future. To apply this 

procedure in clinical practice, it is however essential to understand the optimal and boundary 

conditions of this procedure. The reported data in this article were part of a larger project 

aimed at unravelling putative boundary conditions of disrupting reconsolidation of memory in 

humans with propranolol HCl. The project started with pilot studies to demonstrate our standard 

reconsolidation finding, but turned out in a failure to replicate. Along the way, we made subtle 

changes in our instructions in order to optimize the procedure. Although it remains unclear 

why we failed to replicate our standard reconsolidation finding, we do believe it is important 

to communicate these results. We report the data of forty-four participants that underwent a 

three-day differential fear conditioning paradigm including the following phases: acquisition 

(day 1), memory reactivation (day 2), differential extinction training and reinstatement testing 

(day 3). On day 1, participants were differentially conditioned by pairing one picture of a 

spider (conditioned stimulus; CS1) with an aversive electric shock (unconditioned stimulus; 

US), while another picture of a spider was never paired with the US. On day 2, participants 

received propranolol HCl 90 min before the fear memory was reactivated by a non-reinforced 

presentation of the feared stimulus (CS1-R). Memory retention of the CS1 and CS2 was tested 

24 h later. At test, participants were exposed to differential extinction training. To investigate 

the return of fear, three reminder shocks were presented to reinstate the conditioned fear 

response. The conditioned fear response was measured by the fear potentiated startle reflex, 

skin conductance and online US-expectancy ratings. 

The current results demonstrated that propranolol HCl administration prior to reactivation 

did not affect the emotional expression of fear. That is, the acquired fear potentiated startle 

response remained intact on day 3 at test, throughout extinction training and at reinstatement 

testing. These results are in sharp contrast to our previous findings and we will discuss possible 

explanations of these unexpected results. 
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Methods

Participants

A total of 44 undergraduate students (16 men and 28 women), ranging in age between 18 and 

26 years (Mean ± SD age – 20.66 ± 2.17 years) participated in a propranolol HCl condition. 

All participants were assessed to be free from any current or previous medical or psychiatric 

condition that would contra-indicate participation (i.e., pregnancy, blood pressure (BP) < 

90/60, seizure disorder, respiratory disorder, cardiovascular disease, diabetes, liver-/kidney 

disorder, medication use (other than oral contraceptives), depression, anxiety or psychosis). 

Furthermore, participants who scored above 26 on the anxiety sensitivity index (ASI, Peterson 

& Reiss, 1992) were excluded from participation, as they might experience difficulty with any 

temporary symptoms induced by propranolol HCl. Participants received either course credits 

or were paid a small amount of money (€35) for their participation. The ethical committee of the 

University of Amsterdam approved all procedures and informed consent was obtained from 

all participants. 

Measurements and apparatus

Stimuli. The conditioned stimuli (CS) consisted of two different pictures of spiders (IAPS, nr 1200 

and 1201, Lang, Bradley, & Cuthbert, 2005). Assignment of the slides to CS1 and CS2 was 

counterbalanced across participants. An electric stimulus of 2 ms served as the unconditioned 

stimulus (US). The electric stimulus was delivered through a pair of Ag electrodes of 20 by 25 mm 

with a fixed inter-electrode mid-distance of 45 mm, which were controlled by a Digitimer DS7A 

constant current stimulator (Hertfordshire, UK). A conductive gel (Signa, Parker Laboratories) 

was applied between the electrodes and the skin. 

Fear potentiated startle reflex. The acoustic startle reflex was used as an index of the emotional 

expression of the conditioned fear response (CR). Potentiation of the acoustic startle reflex to a 

loud noise was measured by electromyography (EMG) of the right orbicularis oculi muscle. Two 

7 mm Ag/AgCl electrodes filled with electrolyte gel were attached approximately 1 cm under 

the pupil and 1 cm below the lateral canthus, respectively; a ground electrode was placed on 

the forehead (Blumenthal et al., 2005). The acoustic stimulus was a burst of white noise (40 

ms; 104 dB) with near-instantaneous rise time. Startle probe and background noise were both 

presented binaurally over headphones (Sennheiser 25 I-II). The eyeblink EMG activity was 

measured using a bundled pairs of electrode wires connected to a front-end amplifier with an 

input resistance of 10 MΩ and a bandwidth of DC-1500 Hz. The EMG signal was sampled at 

1000 Hz. 
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Skin conductance response. Electrodermal activity was measured using an input device with 

a peak-peak sine shaped excitation voltage (± 0.5 V) of 50 Hz. Two Ag/AgCl electrodes of 20 

by 16 mm were attached to the medial phalanx surfaces of the middle and fourth finger of the 

non-dominant hand. The signal from the input device was led through a signal-conditioning 

amplifier and the analogue output was digitized at 1000 Hz by a 16-bit AD-converter (National 

Instruments, NI-6224). 

US-expectancy ratings. US-expectancy ratings were used as an index of the cognitive expression 

of the conditioned fear response. US-expectancy was measured online during the first 7 s of 

each CS presentation on an 11-point visual analogue scale (VAS) ranging from -5 (‘certainly no 

shock’) through 0 (‘uncertain’) to 5 (‘certainly a shock’). The scale was continuously presented 

at the bottom of the computer screen in order to focus participants’ attention to the CS-US 

contingencies. Participants rated US-expectancy levels by shifting the cursor on the scale with 

the mouse and confirmed their ratings by clicking the left mouse button.

US-Evaluation. Evaluation of the US was assessed on an 11-point VAS scale ranging from -5 

(‘unpleasant’) to 5 (‘pleasant’).

Anxiety Assessment. The spider phobia questionnaire (SPQ, Klorman, Weerts, Hastings, 

Melamed, & Lang, 1974) was used to determine the degree of spider fear. The ASI was used 

to assess participants’ tendency to respond anxiously to potential temporary symptoms of 

the use of propranolol HCl. State and trait anxiety were measured with the State and Trait 

Anxiety Inventory (STAI-S and STAI-T, Spielberger, 1970). State anxiety was used to assess 

the influence of propranolol HCl. Degree of general anxiety was determined by trait anxiety. 

Pharmacological treatment. Propranolol HCl (40 mg) pills were prepared by a pharmacy 

(Huygens Apotheek, Voorburg). To assess whether propranolol HCl exerted its physiological 

effect, we measured BP using an electronic sphygmomanometer, with the cuff attached to the 

right upper arm. 

Experimental design and procedure

Participants underwent a differential fear conditioning procedure that consisted of several 

phases across three consecutive days (see Figure 2.1). Each testing session started with ten 

startle habituation trials to stabilize baseline startle reactivity. A 70-dB broadband noise was 

used as a background noise throughout all sessions. Testing procedures were adapted from 

Kindt et al., (2009). 
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Day 1 – Acquisition. Prior to the experimental procedure, participants were interviewed regarding 

their medical or psychiatric condition. Thereafter ASI and SPQ were administered. After 

attachment of the EMG, SCR and shock electrodes, individual shock intensity was determined. 

The work-up procedure started at a very mild level of shock (1 mA) and gradually increased 

until the shock level reached a level that the participant determined as uncomfortable, but not 

painful. The intensity of the shock remained the same throughout the experiment. After US 

selection, participants were instructed regarding the CSs. Participants received the instruction 

to look carefully at the slides, of which one would in most cases be followed by shock and the 

other would never be followed by shock. They were instructed to rate their expectancy of the 

shock during each slide. During acquisition, the CS1 and CS2 stimuli were presented 8 times 

for 8 s. The startle probe was presented 7 s after stimulus onset. To delay extinction learning 

the subsequent days, a fixed partial reinforcement schedule was applied (first and fifth CS1 trial 

were unreinforced). The US was presented 7.5 s after stimulus onset. To assess fear responses 

to the context, 8 baseline startle probes were presented during the inter-trial intervals (ITI; Noise 

Alone trials, NA). Mean ITI was 20 s (range: 15-25). Trial order and ITI were semi-random, with 

the restriction that no more than two consecutive trials or ITI durations were of the same type. 

Characteristics of the CSs, ITI and trial order were similar for the following days. At the end of 

session one, participants evaluated the US and CSs.

CS1 – 75% US 
CS2 

Day 1 
Acquisition 

24 h CS1 – noUS 

Day 2 
Reactivation 

24 h CS1                   CS1  
CS2                      CS2 
 

Day 3 
  Extinction          Test 

3x USs 40 mg 
propranolol 
(90 min) 

Figure 2.1 Schematic of the experimental design over three days

Day 2 – Memory reactivation. BP and STAI-S were assessed before participants received an 

oral dose of 40 mg of propranolol HCl (single blind). In view of the kinetics of the peak plasma 

concentration (1-2h) of propranolol HCl (Gilman & Goodman, 1996), the memory reactivation 

procedure started 90 minutes after pill intake. After attachment of the electrodes, participants 

were instructed that the experiment would be a continuation of the previous day and that they 

had to remember what they learned the day before. Twenty-four participants received the 

instruction of our standard paradigm: one stimulus would sometimes be followed by the shock 

and the other stimulus would never be followed by a shock (Kindt et al., 2009; Soeter & Kindt, 

2010; 2011a; 2012b). The explicit instruction regarding the control stimulus (CS2) was given 
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to reduce the ambiguity of this stimulus during the subsequent testing days and to ensure 

that participants did not expect a reversed reinforcement schedule. Given that we failed to 

replicate our standard reconsolidation finding in this sample, we adjusted the instructions. To 

increase the likelihood that participants experienced a discrepancy between the expectancy 

of the shock and the absence of receiving the shock, we now told participants (n = 20) that 

one stimulus would mostly be followed by the shock and the other stimulus would never be 

followed by the shock. The memory reactivation phase consisted of 1 unreinforced CS1 trial, 

and 1 NA trial. BP and STAI-S were again assessed after memory reactivation. 

Day 3 – Extinction and Reinstatement. Upon arrival at the lab, BP was again assessed. After 

attachment of the electrodes, participants were only informed that the same stimuli were 

presented as on day 1. The differential extinction phase consisted of randomized presentations of 

unreinforced CS1, CS2 and NA trials (number of presentations was 12 or 16). After the extinction 

procedure, participants received three unsignaled shocks. The time between extinction and the 

reinstatement shocks was 19 s, the time between the shocks was on average 28 s. The three 

unsignaled shocks were followed by reinstatement testing, which consisted of randomized and 

unreinforced presentations of CS1, CS2 and NA (number of presentations was 5 or 6). At the end 

of the experiment, participants completed the STAI-T and STAI-S.

Data reduction and statistical analysis

All physiological data were processed with VSRRP 98 v9.0 (developed by Technical Support 

Group UvA Psychology). For the startle response data, an analogue notch filter was set at 50 

Hz to remove interference of the mains noise. The raw EMG signal was amplified and band-

pass filtered (28-500 Hz butterworth 4th order) (Blumenthal et al., 2005; Van Boxtel, Boelhouwer, 

& Bos, 1998). Startle magnitude was defined as the amplitude of the first peak within a 20-200 

ms interval following the startle probe onset. Outliers were determined over all trials (-3 < Z > 

3; 0.86 %) and individually replaced by the linear trend of that data point for each phase and 

CS type separately. 

Electrodermal responses elicited by the CS were determined by taking the baseline (i.e., 2 s 

before CS onset) to peak difference within the 7 s window following stimulus onset. Outliers were 

determined over all trials (-3 < Z > 3; 0.69 %) and replaced following the same procedure as the 

startle data. To increase normality, raw SCR were log-transformed (LG10(SCR+1.5) (Fowles et 

al., 1981). Due to technical problems with the skin conductance electrodes, we did not obtain 

proper data for 6 participants and those participants were discarded from analyses. 

US-expectancy ratings were multiplied by 20 to create a scale from -100 to 100. Statistical 

analyses were performed using the SPSS statistical software package (SPSS Inc., Chicago, 
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Illinois). Given that we found no differences between the two instruction groups (n=20; n=24), 

we collapsed the data and described the analyses over all participants. Repeated measures 

analyses of variance (ANOVA) were performed for each dependent variable separately to test 

for acquisition, extinction and reinstatement effects. Stimulus (CS1 versus CS2) and Trial (all trials 

within each phase and the first and last trial between phases) were used as the within-subject 

factors. When the assumption of sphericity was violated, Huynh-Feldt correction was applied 

when the epsilon was ≥ .75, otherwise the multivariate data were interpreted (Field, 2013). 

Next, we performed a hierarchical regression analysis to explore whether vulnerability 

factors, like trait anxiety, or responsiveness to propranolol HCl (decrease in BP) could predict 

individual differences among participants on (1) change in differential expression of fear from day 

1 to day 3 and (2) differential expression of fear at reinstatement test. To obtain a single value for 

the change in fear expression due to propranolol HCl administration before memory reactivation, 

we subtracted the differential startle response of the last trial of acquisition (a8; CS1 minus CS2) 

from the differential startle response of the first trial of extinction training (e1; CS1 minus CS2). 

Furthermore, we calculated the differential startle response at the first reinstatement test trial 

(r1; CS1 minus CS2). Based on our previous study (Soeter & Kindt, 2013), we first entered trait 

anxiety as potential predictor in the hierarchical regression model (first level) followed by trait 

anxiety, state anxiety, SPQ and percentage change in systolic and diastolic BP (second level). 

An alpha level of .05 was used for all statistical tests. 

Results

Anxiety assessment and US characteristics

Table 2.1 presents the mean scores on the anxiety questionnaires and characteristics of the US. 

Shock intensity ranged from 4 to 40 mA and was negatively rated by participants (range: 0 to -5). 

 

Table 2.1 Mean values ± S.E.M. of reported spider fear (SPQ), trait anxiety, anxiety sensitivity (ASI), 

intensity of the US and subjective evaluation of the US. 

Anxiety Assessment

Spider Fear 6.77 ± 0.88

Trait Anxiety 34.11 ± 1.16

Anxiety sensitivity 9.80 ± 0.82

US characteristics

Shock intensity (mA) 17.91 ± 1.44

Shock evaluation -3.16 ± 0.15
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Manipulation check of propranolol HCl. Analysis of the effect of propranolol HCl on blood 

pressure demonstrated the expected decrease in both systolic (t (43) = 10.54, p < .001, d 

= 1.59) and diastolic BP (t (43) = 4.89, p < .001, d = 1.27) from baseline to 95 min after pill 

intake. Systolic BP dropped from 120.36 (SD = 11.38) to 106.93 (SD = 10.95) and diastolic BP 

from 69.07 (SD = 4.92) to 65.18 (SD = 6.15). This suggests that propranolol HCl manipulation 

exerted its intended physiological effect. In line with previous studies (e.g., Grillon, Cordova, 

Morgan III, Charney, & Davis, 2004; Soeter & Kindt, 2010), propranolol HCl did not affect levels 

of state anxiety (t < 1.0). 
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Figure 2.2 Mean startle potentiation to the ten habituation trials prior to acquisition (day 1), reacti-

vation (day 2) and differential extinction training (day 3). Error bars represent S.E.M.

Fear potentiated startle reflex

Analysis on the habituation trials (h1 – h10) for the three days, showed a main effect of Trial 

(F (6.22, 267.28) = 15.61, p < .001, ηp
2 = .27) and Day (F (2,86) = 4.96, p = .009, ηp

2 = .10), in 

the absence of a Trial by Day interaction. As can be seen in Figure 2.2, there was a general 

decrease in startle amplitude during habituation on each day. Furthermore, simple contrasts 

revealed that startle amplitude was lower on day 3 compared to day 1 (F (1,43) = 7.73,  

p = .008, ηp
2 = .15) and day 2 (F(1,43) = 5.30, p = .026, ηp

2 = .11). 

Robust levels of fear acquisition were obtained, as indicated by a gradual increase (trial 

a1 - a8) in differentiation between CS1 and CS2 (Stimulus x Trial: F (5.93,255.28) = 4.19, p = 

.001, ηp
2 = .09). At memory reactivation, we observed stronger startle amplitude in response to 

CS1 compared to NA (t (43) = 2.51, p = .016, d = 0.38). In sharp contrast to previous studies 

of our lab, administration of propranolol HCl did not result in a decrease in differential startle 

response from the end of day 1 (a8) to the first extinction trial (e1) 48 h later (Stimulus x Trial: 

F < 1.0). As can be seen in Figure 2.3a, the differentiation in startle amplitude between CS1 

and CS2 remained (stimulus: F (1,43) = 9.00, p = .004, ηp
2 = .17). Moreover, there was a 
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general increase in startle reactivity from day 1 to day 3 (Trial: F (1,43) = 11.34, p = .002, ηp
2 

= .21). Remarkably, analysis of differential extinction training on day 3 showed no decrease in 

differential startle responding either (trial 1 - 12; Stimulus x Trial: F < 1.0; Stimulus: F (1,43) = 

20.43, p < .001, ηp
2 = .32). There was, however, a general decrease in startle reactivity during 

extinction training (Trial: F (6.85, 294,71) = 11.28, p < .001, ηp
2 = .21). Additional analysis on 

the last extinction trial (e12) confirmed that extinction training was unsuccessful, as indicated 

by a difference in startle amplitude between CS1 and CS2 (t (43) = 2.77, p = .008, d = 0.43). 

Given that the differential startle response did not diminish after extinction training, the three 

unsignaled shocks could not properly reinstate the differential startle response from the end 

of extinction (e12) to the first reinstatement test trial (CS x Trial: F(1,42) = 1.05, p = .31; CS: 

F (1,42) = 6.20, p = .017, ηp
2 = .13). Nevertheless, there was a general increase in startle 

amplitude (Trial: F (1,43) = 11.04, p = .002, ηp
2 = .21). Re-extinction learning on day 3 did also 

not diminish differentiation in startle amplitude between CS1 and CS2 (trial r1 – r6; Stimulus x 

Trial: F < 1.0; Stimulus: F (1,43) = 7.31, p = .01, ηp
2 = .15). Again, there was only a decrease 

in general startle reactivity during re-extinction training (Trial: F (4.23,177.58) = 6.88, p < .001, 

ηp
2 = .14). 

Skin conductance response

In line with our previous findings, administration of propranolol HCl prior to memory reactivation 

did not have any fear-reducing effect on skin conductance responding. As can be seen in 

Figure 2.3b, differential SCR was observed from trial 1 to trial 8 (Stimulus x Trial: F (7, 259) = 

3.37, p < .001, ηp
2 = .08). In line with our previous studies, the differential response remained 

from the end of acquisition (a8) to the start of extinction training (e1) (Stimulus: F (1,37) = 4.28, 

p = .046, ηp
2 = .10). 

Moreover, there was a slight differential increase in SCR from the end of day 1 (a8) to the 

start of day 3 (e1; Stimulus x Trial: F (1,37) = 3.80, p = .059, ηp
2 = .09; Stimulus x Trial: F (1,37) = 

16.53, p < .001, ηp
2 = .31). As can be seen in Figure 2.3b, there was a strong increase to CS2 

(t (37) = 4.57, p < .001, d = .77). Analysis of extinction training (trial e1 to e12), showed a main 

effect of Stimulus (F (1,37) = 25.38, p < .001, ηp
2 = .41) and Trial (F (7.32, 270.72) = 5.06, p < .001, 

ηp
2 = .12) and a marginally significant Stimulus by Trial interaction (F (7.16, 265.01) = 2.00, p = 

.054, ηp
2 = .051). The three unsignaled shocks did not reinstate the differential SCR (Stimulus:  

F < 1.0; Trial: F < 1.0; Stimulus x Trial: F < 1.0).
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Figure 2.3 Startle reflex, skin conductance and US-expectancy ratings during acquisition (day 

1), memory reactivation (day 2), extinction training and reinstatement testing (day 3). Panel A 

depicts successful acquisition for the fear potentiated startle reflex. Unexpectedly, propranolol HCl 

administration prior to memory reactivation did not attenuate the startle fear response at day 3. The 

differential startle response remained during extinction training and reinstatement test. Panel B shows 

robust acquisition for SCR. There was a strong increase in response to the control stimulus (CS2) 

at the start of extinction training (day 3). The three reminder shocks did not reinstate a differential 

response. Panel C displays the predicted pattern of acquisition, extinction and reinstatement for US-

expectancy ratings. Error bars represent standard error to the mean (S.E.M.). 
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US-expectancy ratings 

Figure 2.3c displays the mean US expectancy ratings for CS1 and CS2 across trials. Differential 

US-expectancy ratings were acquired from trial 1 to 8 (Stimulus x Trial: F (7,37) = 97.06, p < 

.001, ηp
2 = .95). Differentiation in US-expectancy ratings diminished from the end of acquisition 

(a8) to the start of extinction training 48 h later (Stimulus x Trial: F (1,43) = 7.51, p = .009, ηp
2 

= .15). Planned comparisons of Time revealed that US-expectancy ratings of CS1 remained 

relatively stable (Trial: F (1,44) = 3.13, p = .084, ηp
2 = .07), whereas US-expectancy ratings 

of CS2 increased from the end of acquisition to the start of extinction (Trial: F (1,44) = 6.94, p 

= .012, ηp
2 = .14). Analysis of extinction training showed that there was a strong decrease in 

differential US-expectancy rating across trials (trial: e1 – e12; Stimulus x Trial: F (11,33) = 12.91, 

p <.001, ηp
2 = .81). The three unsignaled shocks reinstated the expectancy of the US from the 

end of extinction training (e12) to the first reinstatement test trial (Stimulus x Trial: F (5,39) = 

71.41, p < .001, ηp
2 = .62). Furthermore, re-extinction learning diminished the differential US-

expectancy rating (Stimulus x Trial: F (5,39) = 10.39, p < .001, ηp
2 = .57). 

Hierarchical regression analysis

As can be seen in Table 2.2, we did not identify significant predictors that could explain 

individual variability in the persistence of differential startle responding from day 1 (a8) to day 

3 (e1). Furthermore, we found no predictors of differential reinstatement at trial 1 (r1).
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Table 2.2. Results from the Hierarchical regression analyses. 

The parameters predicted neither fear retention (day 1 versus day 3) nor the differential fear response 

at reinstatement test. Unstandardized ß coefficients (95% confidence intervals) and t scores are 

presented.

Differential fear response
day 1 to day 3

Differential fear response 
at reinstatement test

ß t ß t

Step I

Constant -4.62 < 1 -7.13 < 1

Stai-T 0.13
(-0.30, 0.57)

< 1 1.43
(-5.05, 7.92)

< 1

Step II

Constant -5.77 <1 -28.99 < 1

Stai-T 0.10
(-0.43, 0.62)

< 1 2.89
(-4.99, 10.77)

< 1

SPQ 0.44
(-1.04, 0.16)

1.49 5.08
(-14.25, 4.09)

1.12

Stai-S 0.12
(-.33, 0.56)

< 1 -1.83
(-8.67, 5.01)

< 1

Systolic BP -.20
(-0.72, 0.32)

< 1 -5.19
(-13.05, 2.67)

1.34

Diastolic BP 0.12
(-0.34, 0.57)

< 1 -1.66
(-8.41, 5.10)

< 1

Discussion

In sharp contrast to our previous findings, administration of a single dose of 40 mg propranolol 

HCl prior to memory reactivation did not attenuate the emotional expression of fear 24 h later. 

The results showed that the acquired startle fear responding even remained during extinction 

training and reinstatement testing. Given that we conducted a formal replication study of our 

standard paradigm (Kindt et al., 2009), the current results cannot simple be explained by 

differences in experimental set-up. Moreover, we could not identify predictors that were related 

to the strength of memory retention on day 3. Hence, the current findings are puzzling and we 

can only speculate about possible explanations for this failed replication.

The current findings clearly indicate that we did not trigger reconsolidation during 

memory reactivation. It has been suggested that a prerequisite for memory reconsolidation is 

the engagement of new learning during memory retrieval, which is triggered by a mismatch 

between what is expected and what actually happens (i.e., prediction error) (Forcato, Argibay, 

Pedreira, & Maldonado, 2009; Forcato et al., 2010; Lee, 2009; Pedreira et al., 2004; Sevenster 
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et al., 2012b; Sevenster et al., 2013). Until recently, the occurrence of prediction error could 

only be inferred from the observation of the reconsolidation process itself. Previously we have 

shown the utility of changes in the expectancy ratings of the unconditioned stimulus (US) 

during presentation of the conditioned stimulus (CS) as a measure of prediction error that is 

independent from the occurrence of reconsolidation (Sevenster et al., 2013). The experience 

of a prediction error upon reactivation critically depends on the interaction between the original 

encoding of the fear association and the memory retrieval. If memory retrieval follows fully 

reinforced asymptotic learning episodes, changes in threat expectations from acquisition 

to test reflect a prediction error. But when memory retrieval follows partially reinforced non-

asymptotic learning episodes – such as in several previous studies on reconsolidation (e.g., 

Kindt et al., 2009; Soeter & Kindt, 2010; 2011a) – a shift in threat expectancies is not necessary 

for post-retrieval plasticity. The current experimental procedure was clearly not designed to 

explicitly test prediction error driven learning. Therefore, we were unable to assess prediction 

error independently from the reconsolidation process itself. 

Similar to our previous studies, we used a partial reinforcement schedule during acquisition 

in which 75% of the CS1 trials were reinforced. Thus, it remained – at least to some extent – 

ambiguous whether the CS was followed by the US. One possibility is that the fear association 

is less strongly or less unequivocally acquired in the current study compared to our previous 

studies. If the CS-US association was not fully predictable at the end of acquisition, it might 

explain why the single unreinforced CS presentation was currently not sufficient to induce 

prediction error learning. The data seem to support this suggestion. First, even though there 

was an increase in differential startle responding from trial 1 to trial 8, the obtained effect sizes 

were much smaller than previously reported (e.g., Kindt et al., 2009; Soeter & Kindt, 2011a; 

Soeter & Kindt, 2010; but, see Sevenster et al., 2012b). Second, the US-expectancy ratings 

showed a steep decline after the fifth CS1 presentation (one of the two CS1 presentations that 

were not reinforced), which did not fully return to its initial maximum. This latter observation may 

additionally indicate that the participants did not rely on the experimental instructions. This may 

also explain the lack of extinction learning for the fear potentiated startle response and SCR. 

Our participants may have utilized a better-safe-than-sorry strategy throughout the experiment, 

which prevented optimal learning during acquisition, memory reactivation (prediction error 

learning) and extinction. Although the US expectancy ratings showed a general extinction 

curve, we also observed suboptimal extinction learning as there was still a large difference 

between the ratings for the feared stimulus (CS1) and control stimulus (CS2) at the end of 

extinction training. Another observation supporting the idea that our participants experienced 

ambiguity regarding the threat and safety stimulus is the increase in US-expectancy ratings to 

the control stimulus from the end of acquisition to the start of extinction training. This renewed 
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ambiguity around the CSs is also shown in the physiological data. There was a strong increase 

in SCR to the control stimulus (CS2) and a general increase in startle reactivity, which might 

suggest heightened vigilance to the experimental procedure. Taken together, the finding that 

propranolol HCl administration prior to memory reactivation did not eliminate the startle fear 

response may be explained by the absence of a prediction error upon reactivation, which is 

considered a prominent boundary condition for reconsolidation (Sevenster et al., 2013). This 

suggests that the memory reactivation procedure only triggered memory retrieval and that 

propranolol left this memory trace unaffected. Note, however, that this latter interpretation 

remains highly speculative, given that we did not include a placebo condition. 

Nevertheless, the question remains why participants in the current experiment did not 

acquire a robust fear association (Sevenster et al., 2012b; Sevenster et al., 2013; Soeter & 

Kindt, 2010; Soeter & Kindt, 2012a; Soeter & Kindt, 2011a; Soeter & Kindt, 2012b). Even 

though we standardized our experimental procedure as much as possible, subtle differences 

between experimenter, participants and environment may have resulted in a suboptimal fear-

conditioning procedure. Moreover, we did not find any predictors that may explain individual 

differences among participants in persistence of the differential expression of fear. It has been 

proposed that differences in trait anxiety and genetic polymorphisms partly determine the 

effect of disrupting reconsolidation (Agren et al., 2012; Soeter & Kindt, 2013). It is important to 

note that high trait anxiety was not a boundary condition for disrupting memory reconsolidation 

and was only associated with less pronounced reduction in fear, but not to the return of fear after 

the reminder shocks. 

To conclude, disrupting the process of reconsolidation is a very promising technique 

to provide long-term cure for patients with psychiatric conditions, like PTSD and drug 

addiction. Nevertheless, we currently showed that the prerequisites for triggering memory 

reconsolidation can be very subtle and are not automatically obtained. It remains inconclusive 

why these particular results do not replicate our previous findings, but at least these results 

indicate that there is still much to learn about the optimal and boundary conditions for memory 

reconsolidation. 
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Chapter 3

The effects of noradrenergic 
blockade on extinction in humans

This chapter is based on the article that is published as: Bos, M.G.N., Beckers, T., & Kindt, M. 

(2012). The effects of noradrenergic blockade on extinction in humans. Biological Psychology, 89, 

598-605. 
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Abstract
The process of reconsolidation has attracted much attention because of its potential application 

for the treatment of psychiatric disorders. Here, we investigate a possible boundary condition 

of disrupting reconsolidation with the noradrenergic antagonist propranolol HCl in humans. 

Reconsolidation can be initiated by retrieval of an acquired fear memory, which is in procedure 

equivalent to extinction training. If memory retrieval promotes the formation of a novel extinction 

memory trace, propranolol HCl may interfere with extinction rather than with reconsolidation. Using 

a differential fear conditioning paradigm, we demonstrate that administration of propranolol HCl 

(double-blind placebo controlled) prior to repetitive unreinforced CS presentations did not affect 

extinction at a physiological level (startle reflex and skin conductance). At a cognitive level, 

propranolol HCl directly impaired extinction learning. These findings indicate that careful selection 

of timing parameters is essential to ensure that pharmacological agents interfere with the intended 

memory process to reduce fear. 
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Introduction

Although the ability to vividly remember traumatic experiences is critical for adequate 

adaptation to future risks, the putative indelibility of emotional memory may also be harmful 

and maladaptive, resulting in excessive fear and anxiety (e.g., PTSD, phobia). To date, one of 

the most effective strategies to treat anxiety disorders is cognitive behavioral therapy (CBT) 

(e.g., Butler, Chapman, Forman, & Beck, 2006). Repeated exposure to the feared stimulus 

(e.g., dog) in the absence of the aversive outcome (e.g., biting) is an important component 

of CBT. Extinction learning is the experimental model for exposure, in which a ‘new’ inhibitory 

memory trace is formed in order to reduce the expression of fear (Bouton, 2002; Rescorla, 

2001). An apparent disadvantage of exposure is that the original fear memory remains intact, 

even though the fear is behaviorally silenced. The intact fear memory may promote the return 

of fear as triggered by external factors (e.g., a change of context, Bouton & Bolles, 1979) and 

may explain why exposure-based CBT faces high percentages of relapse (Craske, 1999). 

Recent insights in the neurobiological underpinnings of fear reduction suggest novel 

strategies to improve the efficacy of CBT in the long-term (e.g., Davis, Ressler, Rothbaum, 

& Richardson, 2006; Nader, 2003). One potential strategy to improve CBT is to facilitate 

exposure treatment with pharmacological agents (e.g., D-cycloserine and yohimbine) that 

are supposed to strengthen extinction memory (Davis et al., 2006; Hofmann, 2008). Several 

clinical trials indeed showed that these pharmacological adjuncts accelerate treatment effects 

(Powers, Smits, Otto, Sanders, & Emmelkamp, 2009; Ressler et al., 2004). An alternative and 

promising strategy to achieve a more permanent reduction of fear is to target the original fear 

memory itself by disrupting reconsolidation (e.g., Nader, 2003). Upon retrieval, a memory trace 

temporarily returns into a labile state, requiring de novo protein synthesis for restabilization 

(Dudai, 2006; Nader, 2003; Sara, 2000). This offers a window of opportunity to interfere with 

memory reconsolidation by interfering with protein synthesis through either pharmacological 

(e.g., Nader et al., 2000; Tronson, Wiseman, Olausson, & Taylor, 2006) or behavioral procedures 

(Clem & Huganir, 2010; Monfils, Cowansage, Klann, & LeDoux, 2009; Schiller et al., 2009; but 

see, Chan, Leung, Westbrook, & McNally, 2010; Soeter & Kindt, 2011a). The ß-adrenergic 

receptor antagonist propranolol HCl, which indirectly targets the cAMP dependent protein 

kinase A (PKA, Huang & Kandel, 2007), proved to be effective in disrupting the reconsolidation 

of fear memory in rodents (Abrari, Rashidy-Pour, Semnanian, & Fathollahi, 2008; Dębiec & 

LeDoux, 2004) and humans (Kindt et al., 2009; Soeter & Kindt, 2010; 2011a). A clinical pilot 

study corroborates these findings by showing that propranolol HCl reduced later physiological 

responding in patients with PTSD while being re-exposed to their trauma memory (Brunet et 

al., 2008). Thus, disrupting reconsolidation may be a promising therapeutic tool to provide 
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long-term cure for patients with anxiety-related disorders.

One potential boundary condition for this novel therapeutic procedure is the differentiation 

between reconsolidation and extinction (Eisenberg et al., 2003; Pedreira & Maldonado, 

2003; Suzuki et al., 2004). Reconsolidation and extinction both involve memory retrieval 

and have a number of molecular mechanisms in common, including a putative reliance on 

ß-adrenergic signaling (Mueller & Cahill, 2010; Pape & Pare, 2010). Memory retrieval may 

initially induce a reconsolidation process that serves to maintain or adapt the original fear 

memory (e.g., Lee, 2009; Nader, 2003; Tronson & Taylor, 2007). If the memory retrieval is 

however prolonged or repeated, it may induce the formation of a new extinction memory trace 

instead of reconsolidation (e.g., Quirk & Mueller, 2008). Thus, to the degree that a memory 

retrieval procedure generates extinction learning rather than reconsolidation, ß-adrenergic 

blockade may be counterproductive. That is, if retrieval of an acquired fear memory promotes 

the formation of a novel extinction memory trace, pharmacological manipulations intended 

to impair reconsolidation may instead or additionally interfere with the formation of extinction 

memory. In animals, administration of the ß-adrenergic blocker propranolol before extinction 

training indeed impaired extinction memory in some studies (Mueller, Porter, & Quirk, 2008; 

Ouyang & Thomas, 2005) but not in others (Cain, Blouin, & Barad, 2004; Rodriguez-Romaguera, 

Sotres-Bayon, Mueller, & Quirk, 2009). To date, it remains unclear whether ß-adrenergic 

blockade interferes with extinction learning in humans. Obviously, the dynamic interplay 

between reconsolidation and extinction should be elucidated if we are to target reconsolidation 

with pharmacological agents to treat patients with anxiety disorders. This issue is all the more 

important because in clinical situations, control over the timing parameters of memory retrieval 

is rather limited. Even in case that a therapist aims to target reconsolidation and only reactivates 

a single, time-limited fear memory, patients may mentally rehearse the retrieval experience 

and engage in mental exposure. If in such a case noradrenergic blockade would interfere 

with extinction memory at the expense of initial fear memory reconsolidation, propranolol-

accompanied memory retrieval may be utterly ineffective (or even counter-productive). For 

the feasibility of disrupting reconsolidation with propranolol HCl in psychotherapy, it is critical 

to know whether repeated or prolonged memory retrieval might indeed bear a risk to enhance 

rather than reduce (recovery of) fear.

The aim of the present study was to test the effect of propranolol HCl on fear reduction. 

If through repeated retrieval of an acquired fear memory, extinction learning comes to 

dominate over reconsolidation, and if as a result propranolol HCl would come to interfere 

with either extinction learning or extinction memory, propranolol HCl might actually enhance 

the recovery of fear. More specific, if propranolol HCl would interfere with extinction learning, 

we expect to observe direct impairments during repeated unreinforced CS-presentations, 
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whereas impairments in the consolidation of extinction memory would only affect conditioned 

responding 1 day later. On the other hand, if repeated memory retrieval predominantly triggers 

reconsolidation, propranolol HCl is predicted to interfere with the reconsolidation of the 

acquired fear memory and thus to impair the later expression of fear. We used a three-day 

differential fear conditioning procedure, consisting of the following phases: acquisition (day1), 

non-differential extinction training (repeated retrieval; day2), differential extinction training 

and reinstatement testing (day3). In the acquisition phase, participants were differentially 

conditioned by pairing one picture of a spider (conditioned stimulus; CS1) with an aversive 

unconditioned stimulus (US; i.e., electric shock) whereas another picture of a spider (CS2) 

was never paired with the aversive US. On day 2, participants received either propranolol HCl 

(40 mg, double-blind) or placebo 80 minutes before unreinforced CS1 presentations (i.e., non-

differential extinction training). As is typically done in single-trial memory reactivation studies 

(Kindt et al., 2009; Soeter & Kindt, 2010; 2011a), we did not present CS2 trials during the 

repeated reactivation procedure. On day 3, participants were subjected to differential extinction 

training. To investigate the return of fear, we also presented three reminder shocks on day 3 

to reinstate the fear response. The conditioned response (CR) was defined as the difference 

in responding between the feared conditioned stimulus (CS1) and the control stimulus (CS2). 

Expression of fear was measured with the fear potentiated startle response, skin conductance 

response and reported US-expectancy.

Methods

Participants

Thirty healthy undergraduate students (10 men, 20 women, gender was equally distributed 

over groups) were included in the study. Mean age of the participants was 21.04 years (S.E.M. 

± 0.47 years). Exclusion criteria were pregnancy, blood pressure (BP) < 90/60 and any history 

of or current seizure disorder, respiratory disorder, cardiovascular disease, diabetes, liver-/

kidney disorder, medication use (other than oral contraceptives), depression or psychosis. 

Additionally, people who scored high on the anxiety sensitivity index (ASI > 26, Peterson 

& Reiss 1992) were excluded from participation, as they might experience difficulty with any 

temporary symptoms induced by propranolol HCl. Two additional participants (2 women) were 

excluded from the study because one participant failed to detect the CS-US contingency 

during acquisition and one participant experienced the startle probe as being too aversive. 

Participants received either course credits or were paid a small amount of money (€35) for their 

participation. The ethical committee of the University of Amsterdam approved all procedures 
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and informed consent was obtained from all participants. Participants were randomly assigned 

to one of the two groups with the restriction that groups were matched on Spider Phobia 

Questionnaire (SPQ, Klorman et al., 1974) and ASI scores as closely as possible. 

Measurements and apparatus

Stimuli. In order to strengthen the fear association during acquisition, fear relevant stimuli 

served as CSs (Mineka & Öhman, 2002) (i.e., pictures of a spider, IAPS numbers 1200 

and 1201; Lang, Bradley, & Cuthbert, 2005). Assignment of the slides to CS1 and CS2 was 

counterbalanced across participants. An electric shock with a duration of 2 ms served as US. 

The electric shocks were administered to the wrist of the non-dominant hand through a pair of 

Ag electrodes of 20 by 25 mm with a fixed inter-electrode mid-distance of 45 mm, which were 

connected to a constant current stimulator (Digitimer DS7A, Hertfordshire, UK). A conductive 

gel (Signa, Parker Laboratories) was applied between the electrodes and the skin. The shock 

intensity was individually set; the workup procedure started at a very mild level of shock (1 mA) 

and gradually increased until the shock level reached the maximum level that the participant 

determined as uncomfortable, but not painful (range 8 – 50 mA). The amount of shocks given 

during the workup procedure was dependent on the eventual shock intensity ranging from 

5 shocks (8 mA) to 16 shocks (50 mA). The startle probe was a burst of white noise (40 ms; 

104 dB) with near-instantaneous rise time. Startle probe and background noise were both 

presented binaurally over headphones (Sennheiser 25 I-II).

Physiological recording. Potentiation of the acoustic startle reflex to a loud noise was measured 

by electromyography (EMG) of the right orbicularis oculi muscle. Two 7 mm Ag/AgCl electrodes 

filled with electrolyte gel were attached approximately 1 cm under the pupil and 1 cm below 

the lateral canthus, respectively; a ground electrode was placed on the forehead (Blumenthal, 

Cuthbert, Filion, Hackley, Lipp, & van Boxtel, 2005). The EMG electrode wires were connected 

to a front-end amplifier with an input resistance of 10 MΩ and a bandwidth of DC-1500 Hz. 

The signal was digitized at 1000 S/s. Electrodermal activity was measured using an input 

device with a peak-peak sine shaped excitation voltage (± 0.5 V) of 50 Hz. The input device 

was connected to two Ag/AgCl electrodes of 20 by 16 mm, which were attached to the medial 

phalanx surfaces of the middle and fourth finger of the non-dominant hand. The signal from 

the input device was led through a signal-conditioning amplifier and the analogue output was 

digitized at 1000 Hz by a 16-bit AD-converter (National Instruments, NI-6224). 

US-Expectancy. US-expectancy ratings were collected online within the first 7 s of each 

CS presentation on an 11-point visual analogue scale (VAS) ranging from -5 (‘certainly no 



The effects of noradrenergic blockade on extinction in humans  |  43

3

shock’) over 0 (‘uncertain’) to +5 (‘certainly a shock’). The scale was continuously presented 

at the bottom of the computer screen in order to focus participants’ attention to the CS-US 

contingencies.

US-Evaluation. Subjective evaluation of the unpleasantness of the US was retrospectively 

measured at the end of day 1 on an 11-point VAS scale ranging from -5 (unpleasant) to +5 

(pleasant). 

Anxiety Assessment. State and Trait Anxiety were assessed with the State and Trait Anxiety 

Inventory (STAI-S and STAI-T; Spielberger, Gorsuch, & Lusthene, 1970). The degree of spider 

fear was determined by the SPQ, the tendency to respond fearfully to anxiety-related symptoms 

by the ASI.

Experimental design and procedure

The experiment consisted of three testing sessions on consecutive days (see Figure 3.1). 

Each day started with a habituation phase of ten startle probes to stabilize baseline startle 

reactivity. A 70-dB broadband noise was used as background noise throughout all sessions. 

Testing procedures were adapted from Kindt et al., (2009). Day 1. Medical screening, ASI and 

SPQ were administered before the experimental procedure started. After attachment of the 

EMG, SCR and shock electrodes, individual shock intensity was determined. Participants were 

then instructed to look carefully at the slides, of which one would in most cases be followed 

by shock and the other would never be followed by shock. They were instructed to rate their 

expectancy of the shock during each slide. In the acquisition phase, the CS1 and CS2 stimuli 

were presented 8 times for 8 s. The startle probe was presented 7 s after stimulus onset. CS1 

was in 75% of the trials reinforced by the US. The reinforcement schedule was fixed: the first 

and fifth trials of the CS1 were unreinforced. The partial reinforcement procedure was applied 

to delay extinction learning on the subsequent days. The US was presented 500 ms after the 

startle probe (i.e., at 7.5 s after stimulus onset). To assess fear responses to the context, 8 

baseline startle probes were presented during the inter-trial intervals (ITI; Noise Alone trials, 

NA). ITI varied between 15, 20 and 25 s with a mean of 20 s. Trial order and ITI were semi-

random, with the restriction that no more than two consecutive trials or ITI durations were of the 

same type. Characteristics of the CSs, ITI and trial order were similar for the following days. Day 

2. Participants were randomly assigned to the propranolol or placebo group. BP and STAI-S 

were assessed before participants received an oral dose of either 40 mg of propranolol HCl 

or pill placebo, double blind. In view of the kinetics of the peak plasma concentration (1-2h) 

of propranolol HCl, the extinction procedure started 80 minutes after pill intake. Participants 
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were instructed that the experiment would be a continuation of the previous day and that they 

had to remember what they learned the day before, that is one picture would sometimes be 

followed by the shock, whereas the other would never be followed by the shock. The non-

differential extinction phase consisted of 12 unreinforced CS1 trials, intermixed with NA trials. 

BP and STAI-S were again assessed after the extinction procedure. Day 3. The differential 

extinction phase consisted of 12 CS1 trials, 12 CS2 trials and 12 NA trials, all unreinforced. 

After the extinction procedure, the participants received three unsignaled shocks. The time 

between extinction and the reinstatement shocks was 19 s, the time between the shocks was 

on average 28 s. The three unsignaled shocks were followed by reinstatement testing, which 

consisted of 6 randomized, unreinforced presentations of CS1, CS2 and NA. Participants did 

not receive specific instructions regarding the CSs, except that the same pictures would be 

presented as on day 1. At the end of the experiment, participants completed the STAI-T and 

STAI-S. 

8 x CS1 – 75% US 
8 x CS2 

Day 1 
Acquisition 

24 h        12 x CS1 

Day 2 
Non-diff. extinction 

24 h 12 x CS1                  6 x CS1  
12 x CS2                  6 x CS2 
 

Day 3 
Diff. extinction         Test 

3x USs 40 mg 
propranolol or 
placebo 

Figure 3.1 Schematic of the experimental design over 3 days. 

Data reduction and statistical analysis

All physiological data were processed with VSRRP 98 v7.0 (developed by Technical Support 

Group UvA Psychology). For the startle response data, an analogue notch filter was set at 50 

Hz to remove interference of the mains noise. The raw EMG signal was amplified and band-

pass filtered (28-500 Hz butterworth 4th order)(Blumenthal et al., 2005; Van Boxtel et al., 1998). 

Startle magnitude was defined as the amplitude of the first peak within a 20-200 ms interval 

following the startle probe onset. Trials with excessive baseline activity or recording artifacts 

were discarded. Subsequently, startle responses that exceeded 3 standard deviations above 

average peak amplitude were determined as outliers. Missing data and outliers (1.14 % and 

1.11 % of the trials, respectively) were individually replaced by the linear trend of that data 

point for each phase and CS type separately. Startle data were standardized and converted 

to T-scores (T = (z * 10) + 50) to normalize the data and to reduce the influence of between 

subjects variability unrelated to psychological processes (Grillon et al., 2006). 
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Electrodermal responses elicited by the CS were determined by taking the baseline (i.e., 2 s 

before CS onset) to peak difference within the 7 s window following stimulus onset. Missing 

data due to technical problems (i.e., loss of electrical contact; 0.8 %) and outliers (> 3 s.d.; 

1.0 %) were replaced according to the same procedure as the startle data. Prior to statistical 

analyses, logarithms (ln(SCR + 1.5) of all SCR-values were computed to normalize the 

distribution (Fowles et al., 1981). We defined SCR non-responders as participants that failed to 

show evidence of a conditioned response during acquisition (i.e., no more than two CS1 trials 

exceeded 0.05 μS (for untransformed data) excluding the first CS1 presentation)(Pace-Schott 

et al., 2009). Four participants (i.e., three participants of the propranolol group) met the criteria 

for SCR non-responders. Furthermore, one participant (placebo group) showed rapid SCR 

habituation during the last four trials of acquisition (i.e., no SCR to CS1 exceeded 0.05 μS (for 

untransformed data)). The exclusion of these five participants did not change our results. The 

reported analyses are therefore performed over the entire sample. 

US-expectancy ratings were multiplied by 20 to create a scale from -100 to 100. Below, 

results are presented separately for each dependent variable and expressed as mean ± 

S.E.M. Mixed univariate analyses of variance for repeated measures (ANOVAs) were used with 

Group (propranolol versus placebo) as between-subjects factor and Stimulus (CS1 versus 

CS2 for skin conductance and US expectancy; CS1, CS2, NA for startle responses with CS1 

versus CS2 and CS1 versus NA as default simple contrasts and if necessary CS2 versus NA as 

contrast) and Trial (all blocks of two trials within each phase and the first and last block of two 

trials between phases) as within-subjects factor. Huynh-Feldt correction was applied, when 

the assumption of sphericity was violated. Significant effects were followed-up by separate 

ANOVAs or t-tests. An alpha level of .05 was used for all statistical tests; an alpha-level ≤ 0.08 

was considered a trend. 

Results

Participants in the propranolol and placebo group did not differ in reported spider fear, trait 

anxiety and anxiety sensitivity (all ts < 1.0, ps > 0.1) (see Table 3.1). The selected shock 

intensities ranged from 8 to 50 mA, and did not differ between groups (t (28) = -0.15, p > 0.1). 

Additionally, both groups rated the US as equally unpleasant (M = -3.1 ± 0.16; t (28) = -0.40, 

p > 0.1). 
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Table 3.1 Mean values ± S.E.M. of the intensity of the US, subjective evaluation of the US, reported 

spider fear, trait anxiety and anxiety sensitivity for the experimental groups.

Propranolol Placebo

Shock (US) (mA) 20.3 ± 2.3 20.9 ± 2.6

US evaluation -3.1 ± 0.2 -3.0 ± 0.3

Spider fear 6.8 ± 1.3 5.2 ± 1.2

Trait anxiety 34.7 ± 1.7 34.1 ± 1.9

Anxiety sensitivity 10.7 ± 1.2 9.7 ± 1.5

 

Propranolol HCl successfully lowered adrenergic activation after 95 minutes, indicated by a 

significant Time x Group interaction for systolic BP, F (1,28) = 8.61, p < 0.01, ηp
2 = .24 (see 

Table 3.2). Follow-up analyses yielded a strong drop in systolic BP in the propranolol group 

(F (1,14) = 28.33, p < 0.001, ηp
2 =.67) and a nearly significant, small decline in the placebo 

group (F (1,14) = 4.04, p = 0.06, ηp
2 =.22). The minor decline in systolic BP in the placebo 

group might be due to the long waiting period. Diastolic BP did not change in either group 

(Time: F (1,28) < 1.27, p > 0.1), which is in line with some other studies (Kroes, Strange, & 

Dolan, 2010; Tollenaar, Elzinga, Spinhoven, & Everaerd, 2009). Importantly, there was no effect 

of propranolol HCl on state anxiety (Time x Group, F (1,28) < 1.0, p > 0.1). 

Table 3.2 Mean values ± S.E.M. of diastolic and systolic blood pressure before pill intake (t=0) and 

after non-differential extinction training (t=95) for both groups. 

Propranolol Placebo

Diastolic BP

t=0 70.47 ± 2.4 71.27 ± 2.1

t=95 68.67 ± 1.7 69.87 ± 1.9

Systolic BP

t=0 121.73 ± 2.9 125.33 ± 3.0

t=95 109.87 ± 2.4 121.80 ± 2.8

 

Startle fear response

Day 1. Robust levels of fear acquisition were obtained in both groups (Stimulus [CS1, CS2, 

NA] x Trial: F (4.60, 128.78) = 2.58, p < 0.05, ηp
2 = .08; no Stimulus x Trial x Group interaction: 

F (4.60, 128.78) = 1.45, p > 0.1; no Group effect: F (1,28) = 0.89, p > 0.1), see Figure 3.2. As 

expected, there was an increase in differentiation in startle response between CS1 and CS2 

from the first to the last trials (Stimulus x Trial: F (3,84) = 3.97, p < 0.05, ηp
2 = .12; no Stimulus 

x Trial x Group: F (3,84) = 0.15, p > 0.1). Furthermore, CS1 trials elicited in general stronger 
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startle reactivity than NA trials (Stimulus: F (1,28) = 79.41, p < 0.001, ηp
2 = .74; no Group 

effects, all Fs < 2.24, ps > .09). 

Day 2. We observed a general decrease in startle responding to CS1 and NA trials (Trial: 

F (5,140) = 12.04, p < 0.001, ηp
2 = .30; no effects of Group: Fs < 1.77, ps > 0.1). There was 

however no decrease in differential CS1 versus NA responding (Stimulus: F (1,28) = 90.39, p < 

0.001, ηp
2 = .76; no Stimulus x Trial: F (5, 140) = 1.76, p > 0.1). 

Day 2 versus day 3. There was a general return of fear in both groups from the end of non-

differential extinction training on day 2 (e11, e12) to the start of extinction training on day 3 

(e1, e2)[CS1 versus NA] (Trial: F (1,28) = 7.38, p < 0.05, ηp
2 = .21; Stimulus: F (1,28) = 43.21, 

p < 0.001, ηp
2 = .61, Stimulus x Trial: F (1,28) = 2.04, p > 0.1; no effects of group: Fs < 1.62, 

ps > 0.1). 

Day 1 versus day 3. To test any changes in differential fear responding after non-differential 

extinction training at day 2, we compared the end of acquisition (a7, a8) to the start of differential 

extinction training on day 3 (e1, e2). Remarkably, in both groups there was no difference in 

differential fearful responding from day 1 to day 3 (Stimulus [CS1, CS2, NA]: F (2,56) = 28.29, 

p < 0.001, ηp
2 = .50; no effect of Trial or Group, all Fs < 2.03, ps > 0.1). The differentiation 

between CS1 versus CS2 (F (1,28) = 15.28, p < 0.01, ηp
2 = .35) as well as for CS1 versus NA 

(F (1,28) = 54.62, p < 0.001, ηp
2 = .66) persisted. The recovery of fear in both groups might 

indicate that propranolol HCl could hardly increase the differential fear response on day 3. This 

may be due to a ceiling effect. 

Day 3. There was a trend towards differential extinction learning on day 3 (Stimulus [CS1, CS2, 

NA] x Trial: F (10,280) = 1.81, p = 0.06, ηp
2 = .06; no interaction with group Fs < 1.70, ps > 

0.1 or main effect of Group: F (1,28) = 0.10, p > 0.1). The decrease in differential responding 

was shown for CS1 versus CS2 (Stimulus x Trial: F (5,140) = 2.16, p = 0.06, ηp
2 = .07, no group 

effects Fs < 2.33, ps > 0.09) as well as for CS1 versus NA (Stimulus x Trial: F (5,140) = 2.49,  

p < 0.05, ηp
2 = .08, no interaction with group Fs < 1.19, ps > 0.1). 

Reinstatement. In both groups, three unsignaled shocks produced a general increase in startle 

response from the end of extinction training (e11, e12) to reinstatement test (r1, r2) (Trial: 

F (1,28) = 23.10, p < 0.001, ηp
2 = .45; no Stimulus [CS1, CS2, NA] x Trial interaction: F (2,56) = 

0.18, p > 0.1, nor a Stimulus x Trial x Group interaction: F (2,56) = 0.35, p > 0.1). Interestingly, 

there was a significant Stimulus [CS1, CS2, NA] by Group interaction (F (2,56) = 4.67, p < 0.05, 
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ηp
2 = .14), which was only significant for CS1 versus CS2 (Stimulus x Group: F (1,28) = 5.45, 

p < 0.05, ηp
2 = .16) and not for CS1 versus NA (Stimulus x Group: F (1,28) =0.04, p > 0.1). 

Follow-up analyses indicated a general stimulus effect [CS1 versus CS2] in the propranolol 

group (Stimulus: F (1,14) = 6.81, p < 0.01, ηp
2 = .33), which was absent in the placebo group 

(Stimulus: F  (1,14) = 0.61, p > 0.1). However, visual inspection of Figure 3.2 suggests that the 

difference between groups is due to an increase in responding to the control stimulus, CS2, in 

the placebo group. A separate ANOVA of CS2 versus NA confirmed this observation (Stimulus 

x Group: F (1,28) = 10.02, p < 0.01, ηp
2 = .26). 
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Figure 3.2 T-scores of the startle potentiation (mean of 2 trials ± S.E.M.) during acquisition, non-

differential extinction, differential extinction and reinstatement testing. Panel a represents the data 

from the propranolol group, panel b represents the data from the placebo group. 

Analyses of reinstatement testing revealed significant re-extinction learning (Stimulus [CS1, 

CS2, NA] x Trial: F (4,112) = 2.64, p < 0.05, ηp
2 = .0.09, no Stimulus x Trial x Group interaction: 

F (4,112) = 1.31, p > 0.1 or a main effect of Group F (1,28) = 0.91, p > 0.1). Furthermore, we 

observed again a Stimulus [CS1, CS2, NA] by Group interaction (F (2,56) = 3.18, p < 0.05, 
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ηp
2 = .10). This interaction was significant for CS1 versus CS2 (Stimulus x Group: F (1,28) = 

6.47, p < 0.05, ηp
2 = .19) and not for CS1 versus NA (Stimulus x Group: F (1,28) = 0.74, p > 

0.1). As can be seen in Figure 3.2, there was a general stimulus effect [CS1 versus CS2] in 

the propranolol group (F (1,14) = 19.99, p < 0.01, ηp
2 = .59), which was absent in the placebo 

group (F (1,14) = 0.35, p > 0.1). However, additional analysis of CS2 versus NA showed that 

the difference between groups may be explained by a difference in CS2 responding (Stimulus 

x Group: F (1,28) = 3.28, p = 0.08, ηp
2 = .11). Once again, CS2 was elevated in the placebo 

group relative to the NA (placebo: F (1,14) = 8.12, p < 0.05, ηp
2 = .37; propranolol: F (1,14) = 

0.24, p > 0.1). Additionally, Figure 3.2 also suggests that at the end of re-extinction learning 

the differentiation between CS1 and CS2 persisted in the propranolol group, whereas there 

was no stimulus differentiation during reinstatement testing in the placebo group. However, 

the absence of a significant Stimulus by Trial by Group interaction (F (4,112) = 1.31, p > 0.1) 

prevents further testing. 

In sum, propranolol HCl intake before extinction training did not directly affect extinction 

learning or extinction retention on the test-day. Although, the results of reinstatement testing 

showed a difference between groups, this difference cannot convincingly be attributed to an 

effect of propranolol HCl administration. 

Skin conductance

We observed successful acquisition on day 1 (Stimulus: F (1,28) = 44.88, p < 0.001, ηp
2 = .62; 

Stimulus x Trial: F (2.52,70.63) = 2.83, p = 0.06, ηp
2 = .09; no Group effects Fs < 1.04, p > 0.1). 

Subsequently, we showed a decrease in CS1 responding on day 2 (Trial: F (5,140) = 21.52, 

p < 0.001, ηp
2 = .44; no effect of Group: Fs < 1.0, ps > 0.1). To test whether non-differential 

extinction training on day 2 affected the differential response on day 3, we compared the end of 

acquisition (a7, a8) to the start of differential extinction training on day 3 (e1, e2). The analysis 

resulted in a significant Stimulus x Trial x Group interaction (F (1,28) = 10.86, p < 0.01, ηp
2 = 

.28). Follow-up analyses showed that groups differed on the first extinction trials (e1, e2) of 

day 3 (Stimulus x Group: F (1,28) = 7.57, p < 0.05, ηp
2 = .21). The propranolol group showed a 

differential response (F (1,14) = 17.89, p < 0.01, ηp
2 = .56), whereas the placebo group showed 

no stimulus differentiation (F (1,14) = 1.12, p > 0.1). Visual inspection of Figure 3.3 seems to 

indicate that the groups differ in response to the control stimulus (CS2) at the start of day 3. 

However, additional analyses could not confirm this observation, as no group differences were 

obtained for electrodermal responding to either CS2 (Group: F (1,28) = 2.25, p > 0.1) or CS1 

(Group: F (1,28) < 1.0, p > 0.1). On day 3, we did not observe differential extinction learning 

(Stimulus x Trial: F (4.17,116.71) = 1.15, p > 0.10; Stimulus x Trial x Group: F (4.17,116.71) 

= 1.58, p > 0.10). Follow-up analyses of the first extinction trials (e1, e2) on day 3 – also 
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described above – indicated that only the propranolol group showed a differential response. 

At the end of differential extinction training, both groups showed no stimulus differentiation 

(Stimulus: F (1,28) = 0.21, p > 0.1; no group effects: Fs < 1.18, ps > 0.1). Finally, the three 

unsignaled reminder shocks reinstated the differential fear response in both groups (Stimulus 

x Trial: F (1,28) = 5.91, p < 0.05, ηp
2 = .17; no Group effects Fs < 1.29, ps > 0.1) (see Figure 

3.3). To conclude, we did not find evidence that noradrenergic blockade during non-differential 

extinction training affected electrodermal responding directly. However, the propranolol group 

did show a stronger differential response at the start of extinction training one day later.
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Figure 3.3 Log-transformed data of the skin conductance response (mean of 2 trials ± S.E.M.) during 

acquisition, non-differential extinction, extinction and reinstatement testing. Panel a represents the 

data from the propranolol group and panel b from the placebo group. 
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US-expectancy

Figure 3.4 displays the mean US expectancy ratings for CS1 and CS2 across trials. As 

expected, differential US-expectancy ratings were acquired in both groups (Stimulus x Trial: 

F (2.52, 70.50) = 102.22, p < 0.001, ηp
2 = 0.79 and Stimulus x Trial x Group: F (2.52, 70.50)  

< 1.46, p > 0.1). 

In contrast to the physiological data, administration of propranolol HCl on day 2 directly 

affected the US-expectancy ratings (Group: F (1,28) = 4.30, p < 0.05, ηp
2 = 0.13; Trial x 

Group: F (2.59, 72.65) = 2.68, p = 0.06, ηp
2 = 0.09). Planned comparisons showed that in 

the propranolol group participants gave higher US-expectancy ratings to CS1 at the end of 

non-differential extinction than in the placebo group (t (28) = 2.21, p < 0.05). US-expectancy 

ratings increased in both groups from the end of day 2 (e11, e12) to the start of day 3 (e1, e2) 

(Trial: F (1,28) = 83.84, p < 0.001, ηp
2 = 0.75; Group: F (1,28) = 4.17, p = 0.051, ηp

2 = 0.13, Trial 

x Group F (1, 28) = 1.44, p > 0.1). This main effect of Trial indicates a spontaneous recovery 

regarding the expectancy that CS1 would be followed by the US. In order to test whether non-

differential extinction training resulted in a reduction of differential US-expectancy ratings on 

day 3, we analyzed the end of acquisition (a1, a2) to the start of extinction training on day 3 

(e1, e2). This analysis resulted in a significant Stimulus x Trial x Group effect (F (1,28) = 7.29, 

p < 0.05, ηp
2 = 0.12). Although, both groups showed a reduction in differential expectancy 

ratings, this was more pronounced in the placebo group (CS x Trial, propranolol: F (1,14) = 

4.40, p = 0.055, ηp
2 = 0.24; placebo: F (1,14) = 22.98, p < 0.001, ηp

2 = 0.62). 

On day 3, both groups showed a gradual decrease in differentiation in US-expectancies 

between CS1 and CS2 (Stimulus x Trial: F (2.76, 77.18) = 65.34, p < 0.001, ηp
2 = .70). There 

was also a Stimulus x Group interaction (F (1,28) = 6.67, p < 0.05, ηp
2 = .19). Follow-up analyses 

revealed that during extinction training, both groups showed an overall differential expectancy 

for CS1 versus CS2 (propranolol: F (1,14) = 54.87, p < 0.001, ηp
2= .80; placebo: F (1,14) = 35.19, 

p < 0.001, ηp
2= .72). However, the difference in expectancy between CS1 and CS2 persisted in 

the propranolol group until the end of extinction (e11, e12) (Stimulus: F (1,14) = 15.74, p < 0.01, 

ηp
2 = 0.53) and extinguished in the placebo group (Stimulus: F (1,14) = 1.77, p > 0.1). 

Analysis of reinstatement from the end of extinction (e11, e12) to test (r1, r2) demonstrated 

an increase in differential expectancy after the three reminder shocks (Stimulus x Trial: F (1,28) 

= 5.09, p < 0.05, ηp
2 = 0.15). Furthermore, there was a significant Stimulus x Group interaction 

(F (1,28) = 11.06, p < 0.01, ηp
2 = 0.28). Follow-up analyses indicated an overall differential 

US-expectancy in the propranolol group (F (1,14) = 32.23, p < 0.001, ηp
2 = 0.70), but not 

in the placebo group (F (1,14) = 1.33, p > 0.1). An additional analysis for the propranolol 

group showed a differential increase in US-expectancy ratings from the end of extinction to test 

(Stimulus x Trial: (F (1,14) = 12.88, p < 0.01, ηp
2 = 0.48). 
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In conclusion, propranolol HCl directly impaired extinction learning for the US-expectancies.
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Figure 3.4 US-expectancy ratings (mean of 2 trials ± S.E.M.) during acquisition, non-differential 

extinction, differential extinction and reinstatement testing for the propranolol and placebo group.

Discussion

The present study examined the impact of noradrenergic blockade on fear reduction. In a 

three-day differential fear conditioning paradigm, participants received either propranolol HCl 

or placebo – double blind – before repeated unreinforced CS presentations. We tested whether 

propranolol HCl administration prior to unreinforced CS presentations interfered with extinction 

learning or extinction memory rather than with the reconsolidation of the initial fear memory. 

The results yielded no evidence for direct interference of propranolol HCl with extinction at the 

physiological level (i.e., startle response and skin conductance). Critically, propranolol HCl 

impaired extinction learning at the cognitive level (i.e., CS-US contingency). This finding has 

important theoretical as well as clinical implications. 

From a theoretical perspective our data contribute to a more detailed understanding of 

extinction as a possible boundary condition for the disruption of reconsolidation in humans. 

The current results are in sharp contrast to our previous reconsolidation studies that showed 

elimination of the startle fear response 24 h after noradrenergic blockade during a single 

unreinforced CS presentation (Kindt et al., 2009; Soeter & Kindt, 2010; 2011a). Instead of 

reactivation of the original fear memory (i.e., a single memory reactivation trial), recurrent 

unreinforced CS presentations may have led to the formation of a new inhibitory extinction 
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memory trace (i.e., CS-noUS association). The physiological data do not provide support for the 

claim that noradrenergic blockade directly affected extinction learning or extinction memory, 

as the observed differences between the propranolol and placebo group may alternatively be 

explained by a difference in responding to the control stimulus (i.e., startle response data). The 

augmented startle response to the control stimulus in the placebo group is remarkable and it 

remains unclear how this effect can be explained. 

The fact that we could not demonstrate impairments in extinction learning or extinction 

memory at a physiological level may be due to the experimental design. First of all, the dosage 

of propranolol HCl may have been too low to affect extinction learning or extinction memory. 

Animal studies that locally infused propranolol showed detrimental effects on extinction 

learning (Mueller et al., 2008), whereas studies that infused propranolol systemically did not 

(Cain et al., 2004; Rodriguez-Romaguera et al., 2009; but see, Ouyang & Thomas, 2005). Note 

that the degree to which propranolol HCl lowered blood pressure is also smaller than in our 

previous studies (Kindt et al., 2009; Soeter & Kindt, 2010; 2011a). 

Second, both groups showed a recovery of the startle fear response at the start of day 3, 

despite the extinction procedure at the previous day. Given the recovery of fear in the placebo 

group, the failure to observe a direct effect of propranolol HCl on retrieval of extinction learning 

may reflect a ‘ceiling effect’. Furthermore, this indicates that extinction memory was not long-

lasting and it cannot be excluded that with more extensive unreinforced CS1 presentations, 

extinction learning would be more robust and more or less sensitive to propranolol HCl 

interference. Note that the recovery of fear on day 3 in the placebo group illustrates that 

within session extinction is not related to beneficial treatment progress (Craske et al., 2008). 

Experimental research on the degree to which within-session extinction is consolidated over 

sessions (i.e., between session extinction) is however scarce and future research is needed to 

further examine the underlying mechanisms of this intriguing phenomenon. Another explanation 

for the recovery of startle fear potentiation on day 3 may be the explicit instructions that we 

utilized in our procedure (i.e., that one CS would be followed by the US, whereas the other CS 

would not). These relatively explicit instructions1 were given for two reasons: 1) to reduce the 

ambiguity of the control stimulus (CS2) for the subsequent testing days and 2) to ascertain a 

strong fear acquisition (i.e., awareness of the CS-US contingency at the end of acquisition) 

given that we are interested in the effects of propranolol HCl on fear reduction. However, our 

instructions may have resulted into an unintended delay in extinction learning and may have 

increased the recovery of the conditioned startle response at day 3. Furthermore, one may 

argue that not extinction memory, but the memory of the given instructions were affected 

1   Note that we did not instruct participants which stimulus was followed by the shock and which stimulus 
was not.
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by propranolol HCl. As both groups showed a similar US-expectancy rating at the start of 

non-differential extinction training at day 2, our findings cannot easily be explained by this 

alternative explanation. 

Third, it may be suggested that the non-differential extinction procedure on day 2 was 

not fully effective in inducing extinction learning, as we observed a parallel decrease in startle 

reactivity towards the CS1 and NA trials. This pattern could alternatively be interpreted as 

mere habituation. Even though we expected a stronger decrease in startle reactivity to CS1 

than NA trials, it should be noted that NA trials are a suboptimal control stimulus. The parallel 

decrease in startle reactivity for CS1 and NA trials may be due to habituation or a combination 

of habituation and extinction. Nevertheless, it seems unlikely that habituation alone can fully 

account for the observed response pattern as we demonstrate successful extinction learning 

at a cognitive level. All in all, propranolol HCl administration prior to repeated unreinforced 

CS presentations did not result in a reduction of the conditioned startle fear response, which 

is in sharp contrast with our previous findings of noradrenergic blockade prior to a single 

unreinforced CS presentation (Kindt et al., 2009; Soeter & Kindt, 2010; 2011a). Future studies 

should unravel whether propranolol HCl could also have a detrimental effect on extinction at 

a physiological level by increasing the dosage of propranolol HCl or intensifying extinction 

training on day 2. Yet, we expect that future research may rather benefit from improving the 

extinction procedure (i.e., more unreinforced CS1 presentations) than by increasing the dosage 

of propranolol HCl, as the current dosage proved already to be effective in impairing extinction 

learning at a cognitive level. Increasing the number of unreinforced CS1 presentations may be 

a solution for the observed suboptimal extinction learning and the recovery of fear 24 h later. 

Interestingly and contrary to the psychophysiological data, we found that propranolol HCl 

directly interfered with extinction training at a cognitive level (US expectancy) (day 2). These 

findings are inconsistent with our previous reconsolidation studies that did not reveal an effect 

of propranolol HCl on declarative knowledge. This discrepancy could be explained in terms 

of necessary conditions for updating memory. In our previous studies, participants did not 

learn anything about the CS-US contingency during the single unreinforced presentation of 

the feared stimulus (CS1). Given the partial reinforcement schedule of acquisition, and the 

fear-relevant stimuli as CSs (Mineka & Öhman, 2002), one unreinforced trial was not sufficient 

to induce new learning regarding the CS-noUS contingency (i.e., extinction). In line with other 

studies (de Quervain, Aerni, & Roozendaal, 2007; Tollenaar et al., 2009; but see, Kroes et al., 

2010), propranolol HCl did not directly impair the retrieval of the original CS-US association, 

as no fear-enhancing effect was observed during the first extinction trials following acquisition. 

The detrimental effects of propranolol HCl on extinction learning only became apparent during 

encoding of the repeated unreinforced CS presentations, which is in line with other studies on 
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propranolol HCl and encoding (e.g., Cahill, Gorski, & Le, 2003; van Stegeren et al., 2005). Thus, 

propranolol HCl seems to directly affect encoding of the unreinforced CS presentations and 

thereby affect extinction learning. Arousal and attention – that are modulated by noradrenergic 

signaling – may also account for this encoding deficit (see for reviews: Cahill & McGaugh, 

1998; McGaugh, 2004; Sara, 2000). However, if propranolol HCl would have affected attention 

and/or arousal processes during extinction learning, one would also expect to observe 

a group difference for electrodermal responding given that SCR may be considered as a 

specific index of arousal and attention (Bradley & Lang, 2000; Critchley, 2002). Furthermore, 

the impairment in declarative extinction learning survived a 24 h memory test, indicating that 

this effect was also consolidated. However it should be noted that reported US expectancy 

is not a direct measure of declarative fear memory, because US-expectancy ratings might 

additionally be affected by the experimental procedure as well as participant’s confidence in 

this procedure. Nevertheless, the current findings give a good impression of the possible role 

of the ß-adrenergic system in extinction learning at a cognitive level. 

To summarize, our findings demonstrate that noradrenergic blockade during repeated 

unreinforced CS-presentations has a different effect on cognitive and psychophysiological 

indices of fear. The current results reveal only a detrimental effect of propranolol HCl on 

extinction learning at a cognitive level. Future research is needed to replicate current findings 

and to elucidate the role of noradrenalin in distinct emotional memory systems. From a clinical 

perspective, our findings underscore the possible detrimental effects of propranolol HCl 

during prolonged retrieval of a fear memory. Disrupting reconsolidation of fearful memories 

seems to be a promising strategy for the treatment of anxiety-related disorders such as PTSD, 

phobias and drug addiction (e.g., Nader, 2003; Tronson & Taylor, 2007). Our data demonstrate 

a possible boundary condition for the disruption of reconsolidation through pharmacological 

manipulation. That is, during repeated retrieval of fear memory, noradrenergic blockade did 

not affect the reconsolidation process and thereby did not reduce the expression of fear. 

Conversely, it rather appeared to impair extinction learning. Note that in clinical practice the 

demarcation between reactivation and extinction is less controllable than in an experimental 

setting. If we are to target reconsolidation with pharmacological agents, careful selection of 

the timing parameters of memory retrieval is crucial in ensuring that extinction learning does 

not occur. The possibility of interference with the opposite memory trace than intended may 

not only apply to pharmacological manipulations aimed at disrupting reconsolidation, but also 

to manipulations aimed at facilitating extinction (e.g., Lee, Milton, & Everitt, 2006). Indeed, it 

cannot be ruled out that if and when repeated exposure fails to fully advance the formation 

of a new, inhibitory memory trace, pharmacological agents intended to facilitate extinction 

learning may inadvertently enhance fear by facilitating or strengthening the reconsolidation of 
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the initial fear memory. This again stresses the importance of a detailed understanding on the 

dynamic interplay between reactivation and extinction to make pharmacological amplification 

of psychotherapy feasible. 
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Chapter 4

Psychophysiological response 
patterns to affective film stimuli

This chapter is based on the article that is published as: Bos, M.G.N., Jentgens, P., Beckers, T., 

& Kindt, M. (2013). Psychophysiological response patterns to affective film stimuli. Plos One, 8, 

e62661. 
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Abstract
Psychophysiological research on emotion utilizes various physiological response measures to 

index activation of the defense system. Here we tested 1) whether acoustic startle reflex (ASR), skin 

conductance response (SCR) and heart rate (HR) elicited by highly arousing stimuli specifically 

reflect a defensive state and 2) the relation between resting heart rate variability (HRV) and affective 

responding. In a within-subject design, participants viewed film clips with a positive, negative and 

neutral content. In contrast to SCR and HR, we show that ASR differentiated between negative, 

neutral and positive states and can therefore be considered as a reliable index of activation of the 

defense system. Furthermore, resting HRV was associated with affect-modulated characteristics 

of ASR, but not with SCR or HR. Interestingly, individuals with low-HRV showed less differentiation 

in ASR between affective states. We discuss the important value of ASR in psychophysiological 

research on emotion and speculate on HRV as a potential biological marker for demarcating adaptive 

from maladaptive responding.
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Introduction

Humans are endowed with a wide repertoire of emotions, which are essential to signal changes 

in environmental demands to facilitate adaptive coping strategies and action tendencies 

(Frijda, 1988; Lazarus, 1991). Emotional responses can be organized along the dimensions of 

motivation (defensive-appetitive), arousal and hedonic valence (Bradley, Codispoti, Cuthbert, 

& Lang, 2001) and consist of a complex interplay between multiple response systems like 

cognition, behavior and physiology (Bradley & Lang, 2000; Frijda, 1988; Lang, Bradley, & 

Cuthbert, 1997; Mauss & Robinson, 2009). Experimental studies on emotional response 

patterns contribute to our understanding of the adaptive and maladaptive functions of the 

motivational system (Codispoti, Surcinelli, & Baldaro, 2008; Koukounas & Over, 2000; Melzig, 

Weike, Hamm, & Thayer, 2009; Sarlo, Palomba, Angrilli, & Stegagno, 2002; Smith, Bradley, & 

Lang, 2005). Given that the majority of these studies use psychophysiological measures to 

assess emotional responses, it is important to unravel the specificity of these physiological 

measures. 

Here, we examined the effects of exposure to short affective film clips (i.e., negative, 

positive, neutral) on startle reflex, skin conductance and heart rate. Psychophysiological 

studies on affective states often assess only a single physiological response measure to index 

activation of the defense system. The first aim of the study was to investigate whether these 

physiological indices could differentiate between positive and negative valence and thus 

represent activation of the defense system specifically rather than activation of the motivational 

system (arousal) in general. Interpretation of a physiological response as a defensive response 

is only appropriate if the physiological index shows diverging response patterns in reaction to 

positive, neutral and negative stimuli. 

The acoustic startle reflex (ASR) is strongly modulated by the valence of background 

stimuli (Bradley et al., 2001; Jansen & Frijda, 1994; Vrana, Spence, & Lang, 1988). The ASR 

can be evoked by a loud noise and is characterized by an integrative, reflex contraction of 

the skeletal musculature. Its pathway is directly connected with the amygdala (Davis, Falls, 

Campeau, & Kim, 1993; Davis, 2006), which is considered a prominent structure of the 

defense network (Lang et al., 1997; LeDoux, 2000). The amygdala modulates processing of 

affective stimuli such that both aversive and pleasant affective states can influence the ASR 

(Bradley et al., 2001; Vrana et al., 1988). In contrast to ASR, SCR is supposed to primarily 

reflect autonomic arousal, regardless of whether the stimulus induces a negative or positive 

state (Bradley et al., 2001; Critchley, 2002; Hamm & Vaitl, 1996). Changes in SCR represent 

activity within the sympathetic axis of the autonomic nervous system (ANS), measured by 

autonomic innervation of the sweat glands at the surface of the skin (Critchley, 2002; Dawson, 
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Schell, & Filion, 2007). The neurobiological underpinnings of SCR are widespread and not 

exclusively related to the defense network (Critchley, 2002). Likewise, heart rate (HR) is also 

under control of the ANS (Berntson, Quigley, & Lozano, 2007). Deceleration of HR is often 

shown in response to affective stimuli and most pronounced to negative stimuli (Codispoti et 

al., 2008; Gomez, Zimmermann, Guttormsen-Schar, & Danuser, 2005; Palomba, Sarlo, Angrilli, 

Mini, & Stegagno, 2000). HR deceleration seems to be related to more attentional processing 

regarding changes in affective states (Bradley et al., 2001) rather than valence or arousal. In 

sum, ASR, SCR and HR seem to represent partly different neural systems. 

Film clips are among the most powerful stimuli to elicit affective responses in an 

experimental lab setting (Schaefer, Nils, Sanchez, & Philippot, 2010; Westermann, Spies, Stahl, 

& Hesse, 1996). Advantages of film stimuli in comparison to other stimuli are their dynamic 

nature and the fact that they simultaneously provide visual and auditory input, which makes the 

presentation of film clips an ecologically valid methodology to induce different affective states 

(Gross & Levenson, 1995; Rottenberg, Ray, & Gross, 2007). Another advantage is that film 

clips may induce a more sustained affective state compared to presentation of pictures like the 

IAPS that elicit only short-lived affective responses. Previous studies that used the film-viewing 

paradigm to investigate physiological response patterns of positive and negative affective 

states mainly focused on physiological response patterns within the ANS (e.g., SCR, HR) 

(Codispoti et al., 2008; Gomez et al., 2005; Kreibig, Wilhelm, Roth, & Gross, 2007; Palomba 

et al., 2000) or specifically on the affective modulation of the startle reflex (Jansen & Frijda, 

1994; Kaviani, Gray, Checkley, Kumari, & Wilson, 1999; Kreibig, Wilhelm, Roth, & Gross, 2011). 

However, to unravel the differences between ASR, SCR and HR, these physiological indices 

should be assessed simultaneously. So, in order to observe differences in physiological 

response patterns, we used a within-subject design to manipulate different affective states 

within an individual while ASR, SCR and HR were obtained concurrently. 

Given that individuals vary in their ability to differentiate and regulate affective states, the 

second aim of our study was to investigate individual differences in physiological response 

patterns. Heart rate variability (HRV) has recently received much attention as a potential 

biological marker of individual differences in affective responding. The heart is dually 

innervated by both the sympathetic and the parasympathetic nervous system, with activation 

of the former resulting in a relative increase and activation of the latter in a relative decrease 

in heart rate. HRV reflects the continuous interplay between both nervous systems and is 

regarded as a measure of autonomic flexibility and even as a biological marker of emotional 

responding (Appelhans & Luecken, 2006; Porges, 2007; Thayer & Lane, 2000). Lowered HRV 

has for example been linked to various psychological disorders, such as anxiety disorders and 

depression (Kemp, Quintana, Felmingham, Matthews, & Jelinek, 2012; Licht, de Geus, van 
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Dyck, & Penninx, 2009; Thayer, Friedman, & Borkovec, 1996). Interestingly, HRV seem also to 

be associated with differences in affective modulation of the ASR. It has been shown that low 

resting HRV was related to less affective modulation of the ASR in a picture-viewing paradigm 

(Ruiz-Padial, Sollers, Vila, & Thayer, 2003) and in a threat-of-shock procedure (Melzig et al., 

2009). The observed relation between resting HRV and startle modulation may be explained 

by the neurobiological substrates of both indices. It has been proposed that HRV reflects the 

level of inhibitory control of the prefrontal cortex, not only over sympathoexcitatory circuits but 

also over defensive networks (Lane et al., 2009; Thayer & Lane, 2000). Hence, both ASR and 

HRV seem to be related to activation of the defense system. To add to the aforementioned 

studies, here we examined the relation between resting HRV and response patterns to 

sustained affective states. Thereby, the current study may contribute to the sparse literature 

on the relation between resting HRV and ASR. Furthermore, we explored whether resting HRV 

is also related to physiological indices that may not directly be linked to the defense system, 

like SCR and HR. 

In the present experiment we used a film-viewing paradigm in which participants were 

exposed to negative, positive and neutral film stimuli. ASR was elicited by a sudden loud 

noise at the start and the end of each film clip. HR and skin conductance were continuously 

recorded during the experiment. HRV was assessed during a 5-minute baseline period prior 

to the presentation of the film clips. Based on previous studies, we hypothesized that ASR 

would be enhanced during the negative film clips and reduced during the positive film clips 

compared to the neutral film clips (Bradley et al., 2001; Jansen & Frijda, 1994; Kaviani et 

al., 1999; Vrana et al., 1988). In contrast, SCR was expected to respond to highly arousing 

stimuli regardless of whether they are positive or negative (Bradley et al., 2001; Kreibig et al., 

2007). Furthermore, we expected a deceleration of HR during all stimuli, but more markedly 

during negative film clips (Codispoti et al., 2008; Gomez et al., 2005; Kreibig et al., 2011). 

With respect to individual differences, we hypothesized that HRV would be associated with 

ASR modulation (Ruiz-Padial et al., 2003) and we further explored whether HRV would also be 

related to SCR and HR. 

Method

Participants

Thirty-five healthy students participated in the study, ranging in age between 18 and 25 

years (M = 20.6 years; 12 men). Participants received either course credits or were paid a 

small amount of money (€10) for their participation. The ethical committee of the University of 
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Amsterdam approved the study. Written informed consent was obtained from all participants.

Film stimuli

Twelve film clips were presented that were intended to elicit a negative, a positive or a neutral 

state (Gross & Levenson, 1995; Rottenberg et al., 2007). The film clips varied in duration from 

55 to 77 s, with an average duration of 65 s. Small variations in duration of the film clips were 

accepted in order to allow for clear and sensible content of the clips and build-up to a climax. 

The sound of the film clips was presented binaurally at a medium volume (45-55 dB) through 

headphones (Sennheiser 25-I II). A set of film clips was used for each affective state to ensure 

that reactions were related to the induced affective state by the film clips and not to the specific 

contents of particular clips (Rottenberg et al., 2007). The negative film clips were scenes from 

Cujo (1983; Lewis Teague), Silence of the Lambs (1991; Jonathan Demme), Irreversible (2002; 

Gaspar Noé) and History X (1998; Tony Kaye). The negative film clips that we used represent 

fear-provoking themes of anticipated or immediate threat and bodily injury. The positive clips 

were two erotic scenes from Meet Joe Black (1998; Martin Brest) and Summerheat (2008; 

Monique van de Ven) and two sport clips from the soccer World Cup Match (1998; The 

Netherlands versus Argentina) and the Olympic Games (1992; race of the Dutch athlete Ellen 

van Lange). We selected two categories of positive clips because erotic scenes – although 

often used as positive and arousing stimuli – not always induce a distinctly positive affective 

state (Jansen & Frijda, 1994). The neutral film clips were selections from documentaries and 

depicted little activity and bland outdoor scenes. 

Measurements

Startle probe. The startle probe was a 40-ms burst of 104-dB white noise with near-

instantaneous rise time. Two startle probes were presented during each film clip. The first 

probe was presented between 15 and 25 s after film onset (M = 19 s), the second probe was 

presented during the climax of each film clip between 51 and 75 s (M = 61 s). The scheme 

of startle presentations was identical for all participants. The startle probes were presented 

binaurally over the headphones. 

Anxiety assessment. Individual anxiety levels were obtained in order to relate these levels to 

individual differences in physiological responding. State and trait anxiety were assessed with 

the State and Trait Anxiety Inventory (STAI, Spielberger, 1970). The Anxiety Sensitivity Index 

(ASI, Peterson & Reiss, 1992) was used to measure participants’ tendency to respond fearfully 

to anxiety-related symptoms. 
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Retrospective ratings of the film clips. To ensure that the film clips elicited the intended affective 

states, participants rated their emotional experience to the film immediately after each film 

clip using the Self-Assessment Manikin (Hodes, Cook, & Lang, 1985) and the Positive and 

Negative Affect Schedule (Watson, Clark, & Tellegen, 1988). The SAM is a nonverbal self-

report measure composed of three series of five pictograms, depicting increasing levels of 

valence, arousal and dominance, respectively. The PANAS is a self-report measure of positive 

and negative affect. It contains 20 emotion-related words; the participants had to rate to what 

extent they experienced the state corresponding to each of these words as they were watching 

the film clip.

Physiological recording. Potentiation of the acoustic startle reflex to a loud noise was 

measured by electromyography (EMG) of the right orbicularis oculi muscle. 7-mm Ag/AgCl 

electrodes filled with electrolyte gel were attached approximately 1 cm under the pupil and 1 

cm below the lateral canthus, respectively; a ground electrode was placed on the forehead 

(Blumenthal et al., 2005). The EMG electrode wires were connected to a front-end amplifier 

with an input resistance of 10 MΩ and a bandwidth of DC-1500 Hz. The signal was digitized 

at 1000 S/s. Electrodermal activity was measured using an input device with a peak-peak sine 

shaped excitation voltage (± 0.5 V) of 50 Hz. The input device was connected to two Ag/AgCl 

electrodes of 20 by 16 mm, which were attached to the medial phalanx surfaces of the middle 

and fourth finger of the non-dominant hand. The signal from the input device was led through 

a signal-conditioning amplifier and the analog output was digitized at 1000 Hz by a 16-bit 

AD-converter (National Instruments, NI-6224). Beat-to-beat heart rate (HR) was measured by 

electrocardiography (ECG). ECG was recorded from three AgAg/CL electrodes, attached via 

the modified lead-2 placement and digitized at 1000 Hz.

Experimental design and procedure

All participants were tested individually in a sound-attenuated room. Before the experiment 

started, participants filled in three questionnaires: ASI, trait and state anxiety (STAI). During 

the experiment, participants sat in a comfortable chair at a distance of 70 cm from a computer 

monitor. After attachment of the ECG, EMG and skin conductance electrodes participants 

were informed about the procedure. During the first 5 min ECG was recorded for HRV analysis, 

while participants listened to relaxing music (Frank Borell’s “Landpartie”, 2007). Thereafter, 

participants were instructed to carefully watch each film clip and to rate the feelings they 

experienced during the film immediately afterwards on the computer screen. The task 

started with a habituation phase containing ten acoustic startle probes to stabilize baseline 

startle reactivity, followed by the presentation of the twelve film clips. Between the online 
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questionnaires and the next film clip a short inter-trial interval was inserted of 20 s (range: 15-

25 s) containing a black screen and fixation cross. Film clips were presented semi-randomly, 

with the restriction that no more than two consecutive trials were of the same type. The first trial 

always contained a neutral film clip (Note: Due to failures in randomization of the first three film 

clips, a neutral film clip was always followed by a negative film clip and thereafter a positive 

(erotic or sport) film clip. Analyses that excluded the first three film clips yielded similar results 

as the analyses presented below). 

Data reduction and response definition

All physiological data were processed with VSRRP 98 v 8.0 (developed by Technical Support 

Group, UvA Psychology). For the startle response data, an analog notch filter was set at 50 Hz 

to remove interference of the mains noise. The raw EMG signal was amplified and band-pass 

filtered (28-500 Hz butterworth 4th order) (Blumenthal et al., 2005; Van Boxtel et al., 1998). 

Startle magnitude was defined as the amplitude (measurement unit: µV) of the first peak within 

a 20-200 ms interval following the startle probe onset. Trials with excessive baseline activity 

or recording artifacts were discarded. To reduce inter-individual differences raw scores were 

z-transformed and converted to T-scores (T = (z x 10) + 50). 

Skin conductance was measured continuously during the film clips. In order to compare the 

physiological measurements and to avoid response artifacts from the startle probes, statistical 

analyses were performed over the average skin conductance response (SCR, measurement 

unit: µS) over a period of 10 s prior to the first and second startle probes relative to baseline. 

The baseline was taken 5 s before each film clip. Interference of the first startle probe during 

the second response window of SCR was minimized by a relatively long time interval between 

the startle probes (M = 42 s; range 29-55 s). Given that the temporal interval between peak 

and point of 50 % recovery of SCR amplitude is between 2-10 s (Dawson et al., 2007), we do 

not expect SCR during the second time interval to be influenced by the first startle probe. Like 

the startle data, SCRs were z-transformed and converted to T-scores. 

The ECG beat-to-beat data were visually screened for physiologically impossible readings 

and artifacts and hand-corrected. Heart rate in beats per minute (BPM) during film clips was 

calculated with VSRRP. Statistical analyses were performed on HR scores over a period of 

10 s prior to the startle probes minus baseline, which was taken 5 s before film onset. For 

HRV, we used the ECG data of the 5 min baseline period, which was taken before the start 

of the presentation of the film clips. The high-frequency (HF) component of HRV was used 

as our estimate of vagally-mediated HRV. HF-HRV was obtained with Kubios HRV Package, 

developed by the Biosignal Analysis and Medical Imaging Group, Department of Physics, 

University of Kuopio, Finland. IBIs were imported to KUBIOS and artifact-corrected (with low 
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artifact rejection and smooth prior correction). HF-HRV was derived with a standard Fast 

Fourier Transformation and using a high frequency band from 0.15-0.40 Hz. To normalize the 

distribution of the HF component scores we log-transformed the data. In the current study we 

did not control for respiration influences; uncorrected measures of HRV have been reported 

to be at least as good an index of vagally-mediated cardiac control as those corrected for 

respiration parameters (Houtveen, Rietveld, & De Geus, 2002). One participant was identified 

as an outlier on logHF-HRV and was excluded from HRV analyses (Field, 2009).

Statistical analysis

Preliminary analyses were performed to test whether the four selected film clips within each 

affective category (i.e., negative, positive, neutral) did not differ from each other on valence 

and arousal ratings. The SAM ratings were analyzed with repeated-measures analysis of 

variance (ANOVA). Paired-samples t-tests were performed to further assess differences 

between the film clips within each affective category, when the omnibus test was significant. 

Thereafter, we performed a manipulation check to test for univariate differences in subjective 

ratings between the affective categories. SAM ratings and PANAS scores were analyzed with 

repeated-measures ANOVAs with Affect as within-subject factor. 

To test the effects of exposure to affective film categories on ASR, SCR and HR, we used 

separate repeated measures ANOVAs with again Affect as within-subject factor. Significant 

effects were followed-up by contrast analyses and t-test (two-tailed). For the contrast analyses, 

we ordered the film categories from positive (sport, erotic), neutral to negative. In this way, a 

linear contrast suggests a relationship with valence, whereas a quadratic contrast indicates 

a relation with arousal. Finally, to investigate the effect of HRV on affective responding, we 

divided the participants in groups of low and high HRV based on logHF-HRV at rest using 

median split (Field, 2009). We performed mixed repeated-measures ANOVA with HRV-group 

as between subject factor and Affect as within-subjects factor for subjective ratings as well as 

the physiological indices. Additionally, we calculated correlations between HRV, ASR, SCR, 

HR and anxiety ratings. 

For the ANOVAs, a Greenhouse-Geisser procedure was applied when the assumption 

of sphericity was violated and the uncorrected degrees of freedom and the epsilon are then 

reported. The alpha level of .05 was used for all statistical analyses. In case of multiple 

comparisons at follow-up analyses, Bonferroni correction was used to control for false positives 

(i.e., p = 0.05/6 [number of tests]) = 0.008). 
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Results

Preliminary Analysis

The four neutral film clips did not differ in the valence and arousal ratings of the SAM (Fs < 

1.9). For the positive film clips, there was a difference in valence (F (3,102) = 7.39, p < 0.01, ηp
2 

= .18, ε = .67), but not in arousal ratings (F < 1.5). Follow-up analyses revealed no difference 

in valence ratings between the two sport or the two erotic film clips (Fs < 1.0), but did yield 

a difference between these two positive categories (F (1,34) = 12.36, p < 0.01, ηp
2 = .27). 

The negative film clips were differentially rated on the valence scale (F (3,102) = 18.12, p < 

0.001, ηp
2 = .35, ε = .78). Pair-wise comparisons indicated that the scene taken from History 

X was rated as more aversive than the other three clips (ts34 > 3.30, ps < 0.008, ds > .56). 

Furthermore, the film clip taken from Irreversible was rated slightly more negative than the film 

clips from Cujo and Silence of the Lambs (ts34 > 2.69, ps < 0.011, ds > .45). Ratings on the 

arousal scale also indicated a difference between the negative film clips (F (3,102) = 8.55,  

p < 0.001, ηp
2 = .20). For arousal, only History X differed significantly from the other clips  

(ts34 > 3.04, ps < 0.008, ds > .52). 

In sum, the preliminary analyses demonstrated a distinction between the erotic and sport 

clips in valence ratings. Therefore, we split the positive category into two categories in the 

results below (i.e., sport and erotic film category). In order to match the number of film clips 

for each film category, we excluded two clips from the negative and neutral category. For the 

negative category we excluded the film clips from History X and Irreversible, because both 

differed significantly from the other two clips in valence ratings. Thus, the analyses below were 

performed over four affective film categories (i.e., negative, positive-sport, positive-erotic and 

neutral), which all consisted of two film clips.

Manipulation Check 

A first manipulation check was performed to test whether the film clips induced the intended 

affective state. Participants rated the four affective categories (i.e., negative, positive-sport, 

positive-erotic, neutral) as significantly different on the valence scale of the SAM (F (3,102) 

= 58.62, p < 0.001, ηp
2= .63, ε = .78). Pair-wise comparisons indicated that all affective 

categories differed from each other (ts34 > 3.51, ps < 0.008, ds > 0.60). As shown in Table 4.1, 

the sport film clips were rated as most positive followed by the erotic, neutral and negative film 

clips, respectively. Similar results were obtained from the Positive Affect scale of the PANAS 

(F (3,102) = 33.88, p < 0.001, ηp
2 = .50, ε = .62). Pair-wise comparisons revealed significant 

differences between all affective categories (ts34 > 4.14, ps < 0.008, ds > .72), except negative 

versus neutral (t34 = 0.78, p > .10). Analysis of the Negative Affect scale of the PANAS also 
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revealed a significant effect of Affect (F (3,102) = 36.01, p < 0.001, ηp
2 = .51, ε = .47). Follow-up 

analyses demonstrated that the negative film clips were rated more negative than the erotic, 

sport and neutral film clips (ts34 > 6.22, ps < 0.008, ds > 1.32). Given that erotic film clips in 

addition to positive feelings may also induce feelings of shame (Jansen & Frijda, 1994), we 

additionally examined the negative affect item shame of the PANAS. The repeated measures 

ANOVA yielded a main effect of category (F (3,102) = 7.85, p < 0.001, ηp
2 = .19). Follow-up 

analyses indicated that the erotic film clips elicited more feelings of shame compared to the 

sport and neutral clips (ts34 > 2.83, ps < 0.008, ds > 0.52).

A second manipulation check was performed to test whether the negative, erotic and 

sport film clips induced higher levels of arousal compared to the neutral film clips. Ratings of 

the SAM arousal scale indicated a significant effect of Affect (F (3,102) = 37.71, p < 0.001, ηp
2 

= .53). Apart from the erotic versus sport category (t34 = 0.0, p > .1), all affective categories 

differed from each other (ts34 > 4.90, ps < 0.008, ds > 0.83). Thus, the negative film clips were 

also rated as more arousing than the positive-erotic and positive-sport film clips (see Table 

4.1). This unintended difference between pleasant and unpleasant stimuli is, however, also 

observed in other studies (Carvalho, Leite, Galdo-Alvarez, & Goncalves, 2011; Carvalho, Leite, 

Galdo-Alvarez, & Goncalves, 2012; Smith et al., 2005). 

Table 4.1. Means and standard deviations of self-reported emotional experience during the film clips. 

Negative Neutral Sport Erotic

 SAM Valence 4.4 ± 1.4 5.5 ± 1.2 7.4 ± 1.2 6.7 ± 1.0

 SAM Arousal 4.7 ± 1.7 1.7 ± 0.9 3.2 ± 1.7 3.2 ± 1.6

 SAM Dominance 4.8 ± 1.6 5.7 ± 1.3 6.4 ± 1.3 5.8 ± 1.3

 PANAS Positive Affect 2.1 ± 0.5 2.1 ± 0.5 3.1 ± 0.7 2.4 ± 0.6

 PANAS Negative Affect 1.8 ± 0.6 1.1 ± 0.2 1.1 ± 0.2 1.2 ± 0.2

 

Note: SAM ratings range from 1 to 9 (1 = unpleasant, low-arousal, low-dominance). PANAS ratings 

range from 1 to 5 (1 = “not at all” to 5 = “extreme”). 

Additionally, we examined the dominance ratings of the SAM scale. There was a significant 

effect of Affect (F (2,103) = 15.04, p < 0.001, ηp
2 = .31, ε = .68). Except for the neutral versus 

erotic film clips (t34 = 0.15, p > .10), all affective categories differed from each other (ts34 > 3.03, 

ps < 0.008, ds > 0.52). Participants felt overwhelmed by the negative film clips and felt rather 

dominant during sport film clips (Table 4.1). 

Taken together, the manipulation largely succeeded. The four film categories induced the 

intended affective state. Although the negative, sport and erotic film clips induced more arousal 

than the neutral film clips, the degree of arousal was stronger during the negative film clips. 
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Affective responding during film viewing

Startle magnitude. Analysis of the ASR revealed a significant main effect of Affect (F (3,102) = 

7.20, p < 0.001, ηp
2 = .18). Contrast analysis confirmed that ASR was modulated by valence 

(linear contrast: F (1,34) = 23.98, p < 0.001, ηp
2 = .41; quadratic contrast: F (1,34) < 1.26). As 

can be seen in Figure 4.1a, negative film clips elicited the strongest ASR followed by the erotic, 

neutral and sport film clips. Additionally, pair-wise comparisons confirmed augmented ASR to 

negative film clips compared to the other film clips (ts34 > 3.11, ps < 0.008, ds > .52). Although 

Figure 4.1a might suggest startle inhibition to the sport film clips, there was no significant 

difference between the sport and neutral film clips (t34 < 1.10).
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Figure 4.1. Physiological indices per Affective Category.

Panel A presents the average ASR data. Panel B presents the average SCR 10 seconds prior to both 

startle probes. Panel C presents average HR data relative to baseline of the 10 seconds prior to the 

startle probes. The film clips are ordered by subjective valence ratings, the line represents the linear 

trend of valence. 

*** p < 0.001; Error bars represent S.E.M. 

Skin Conductance. Electrodermal responding to the different affective film categories is 

depicted in Figure 4.1b. Analysis of SCR showed a main effect of Affect (F (3,102) = 12.63, 

p < 0.001, ηp
2 = .27). Contrast analysis showed that SCR was related to arousal irrespective 

of valence (linear contrast: F (1,34) < 1.0; quadratic contrast (F (1,34) = 38.92, p < 0.001, ηp
2 

= .53). Pair-wise comparisons demonstrated that the negative and positive-sport film clips 

differed from the neutral film clips (ts34 > 4.61, p < 0.001, d > .78), but also compared to the 

positive-erotic film clips (ts34 > 2.57, p < 0.015, d > .43). 

Heart rate. As shown in Figure 4.1c, there was a general deceleration of HR during the film 

clips relative to baseline. HR differed between the affective film categories (F (3,102) = 6.17, 

p < 0.01, ηp
2 = .15). Contrast analysis showed that HR was more related to valence than to 

arousal (linear contrast: F (1,34) = 16.16, p < 0.001, ηp
2 = .32; quadratic contrast: F (1,34) = 
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3.44, p = 0.07). Pair-wise comparisons revealed that the positive-sport category elicited less 

HR deceleration than the neutral, negative and erotic film categories (ts34 > 3.09, ps < 0.008, 

ds > .53). We did not observe the expected differentiation between the negative, neutral and 

erotic film clips (ts34 < 1.1).  

To summarize, both ASR and HR seem to be related to hedonic valence. Yet, only ASR 

is primarily affected by a negative state and indicates activation of the defense system. As 

expected, SCR increased during arousing stimuli regardless of whether the stimuli induced a 

negative or positive state. 

Resting HRV as a marker for individual differences in ASR

Median split analysis of resting HRV. The sample was divided in a low and high HRV group 

based on the median of logHF-HRV (LogHF-HRV; MD = 3.1 ms2/Hz; main effect of Group, 

F (1,32) = 41.90, p < 0.001, ηp
2 = .57). There were no differences between groups on subjective 

ratings of trait anxiety or anxiety sensitivity (Fs < 1.0) (see Table 4.2). Gender distribution was 

unequal between groups, but could not be statistically tested due to small cell sizes (low-HRV 

group: 9 males / 8 females; high-HRV group: 3 males / 14 females). 

Table 4.2. Means and standard deviations of logHF-HRV, self-report ratings of anxiety and age by 

HRV groups. ** p < 0.001, two tailed

Low-HRV High-HRV

logHF-HRV**   2.8 ± 0.4   3.4 ± 0.2

Anxiety sensitivity 10.6 ± 5.9   9.9 ± 6.9

Trait Anxiety 34.8 ± 9.7 37.6 ± 8.8

Age 21.6 ± 2.3 20.9 ± 2.0

 

The low and high HRV group differed on the affective modulation of the startle reflex (Affect x 

HRV-group: F(3,96) = 4.35, p < 0.01, ηp
2 = .12). A follow-up analysis showed that both groups 

showed differentiation in ASR between affective categories (high-HRV group: Affect, F (3,48) = 

9.33, p < 0.001, ηp
2 = .37; low-HRV group: Affect, F (3,48) = 3.73, p < 0.05, ηp

2= .19). As can be 

seen in Figure 4.2a, the high-HRV group showed enhanced ASR during the negative film clips 

compared to all other film clips (ts < 3.80, ps < 0.008, ds > 0.92). In the low-HRV group, ASR 

elicited by the negative film clips only differed from ASR potentiation during sport film clips 

(t16 = 2.95, p = 0.009, d = 0.72), but not from the neutral or erotic film clips (ts < 1.0, p > 0.1). 

Also, the erotic film clips elicited stronger ASR than the sport film clips in the low-HRV group 

(t16 = 3.08, p < 0.008, d = 0.75). Interestingly, we did not observe any differences between HRV 
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groups in affective responding for SCR (F (3,96) = 1.51, p > 0.1), HR (F (3,96) = 1.75, p > 0.1) 

or subjective ratings (Fs < 2.40, p > 1.0).

To conclude, median split analyses demonstrated that HRV was merely associated with 

ASR. The affect-modulated characteristics of the ASR were most pronounced in the high-HRV 

group. 
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Figure 4.2. Relation between HRV and startle magnitude. 

Panel A represents the average ASR elicited by the four affective categories of both HRV groups. 

The line reflects the main effect of valence. Panel B showed the correlation between logHF-HRV and 

ASR elicited by the erotic film clips and the negative film clips. 

*** p < 0.001; ** p < 0.01; * p < 0.05; Error bars represent S.E.M. 

Correlations. To provide additional support for the median-split analyses, we calculated 

correlations between logHF-HRV, ASR, SCR and anxiety measures (i.e., STAI-T, ASI). There 

was a negative correlation between logHF-HRV and ASR elicited by the erotic film clips (r 

= -.36, p < 0.05, see Figure 4.2b) and a positive correlation between logHF-HRV and ASR 

prompted by the negative film clips (r = .46, p < 0.01, see Figure 4.2b). Furthermore, there was 

a correlation between logHF-HRV and HR during the neutral film clips (r = .37, p < 0.05) and 

sport film clips (r = .34, p < 0.05). There were no significant correlations between logHF-HRV 

and other physiological indices or anxiety ratings (rs < .28, ps > 0.1). 
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Discussion

The present study examined the psychophysiological response patterns to positive and 

negative affective states elicited by short film clips. The aim of the study was twofold: 1) to test 

the sensitivity of ASR, SCR and HR to valence and more specifically to a negative, defensive 

state and 2) to investigate whether vagally-mediated HRV was associated with affective 

responding. ASR and HR were both related to valence, but only ASR indicated activation of 

the defense system. In contrast, SCR was associated with arousal, irrespective of the valence 

of the induced affective state. Furthermore, resting HRV was merely related to the affect-

modulated characteristics of ASR. These findings provide valuable insights into the underlying 

mechanisms of physiological response systems to different affective states and the nature of 

individual differences in affective responding. 

The negative film clips elicited a physiological response cascade that reflects activation 

of the defense system. These physiological responses are mobilized by different underlying 

mechanisms, which are all part of the defense system. An isolated physiological response 

can however not necessarily be interpreted as a defensive response. Consistent with previous 

work, our data confirm that only ASR can be considered as a reliable and robust indicator of 

the defense system (Bradley et al., 2001; Davis et al., 1993; Jansen & Frijda, 1994). Indeed, 

ASR differentiated between negative, neutral and positive states. The lack of startle inhibition 

to sexually arousing stimuli is consistent with an earlier study (Jansen & Frijda, 1994), but 

not with some other studies (Bernat, Patrick, Benning, & Tellegen, 2006; Bradley et al., 

2001). Methodological differences between these studies, such as the nature of the stimuli 

(films versus pictures), may account for the discrepancy in results. It is plausible that erotic 

film stimuli, as used in the current study and in the study of Jansen and Frijda (1994), are 

interpreted more ambiguously than pictures. Erotic stimuli may not only elicit positive feelings, 

but can also induce negative emotions as shame and anger (Jansen & Frijda, 1994). Indeed, 

further inspection of our data on subjective ratings revealed that the erotic film clips evoked 

positive feelings as well as feelings of shame. 

In sharp contrast to the ASR, SCR increased during both negative and sport film clips. 

Hence, SCR reflects the level of sympathetic arousal of stimuli rather than a defensive state 

(Bradley et al., 2001; Critchley, 2002). The subjective ratings of arousal, however, did not 

correspond fully with the SCR data, given that the sport and erotic film clips were both rated 

as highly arousing but only the sport clips elicited a strong SCR. The differentiation between 

physiology and subjective ratings may be explained by differences in measurement time (i.e., 

online versus retrospective). 
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Like SCR, HR does not directly reflect activation of the defense system. In line with previous 

studies, HR deceleration was modulated by valence (Gomez et al., 2005; Herring, Burleson, 

Roberts, & Devine, 2011), although this effect was driven by less HR deceleration during 

the sport film clips. The failure to observe HR acceleration during negative film clips is a 

common observation in studies where healthy participants are passively exposed to aversive 

stimuli (Bradley et al., 2001; Gomez et al., 2005; Palomba et al., 2000) and may indicate that 

mobilization of the defense system is only partial when there is no need for immediate action 

(Lang, 1995). Yet, HR acceleration has been shown in phobic patients who were passively 

exposed to their feared objects (Hamm, Cuthbert, Globisch, & Vaitl, 1997; Sarlo et al., 2002; 

Wendt, Lotze, Weike, Hosten, & Hamm, 2008).

Critically, when we zoomed in on individual differences in affective responding we observed 

a relation between affect-modulated characteristics of ASR and vagally-mediated HRV. In line 

with a previous study, we found that individuals in the low-HRV group showed relatively less 

differentiation in ASR between affective states (Ruiz-Padial et al., 2003). Moreover, low-HRV 

individuals showed a tendency of enhanced ASR to erotic film clips, but not to neutral or 

sport film clips. So, we found augmented ASR elicited by erotic stimuli rather than a general 

enhancement of ASR. This result was supported by the correlational analyses. The fact that we 

did not observe a general enhancement of ASR seem to contradict the results of Ruiz-Padial 

et al. (2003), but may be due to differences in experimental set-up. The sample size as well as 

the range in HRV scores was smaller in our study. Given that the reported correlations of the 

aforementioned study were only small to moderate, a lack of power of the current study may 

explain this discrepancy. In addition, exposure time (i.e., few seconds versus approximately a 

minute) and stimulus material (i.e., pictures versus film clips) may account for the differences 

between studies as well. In the current study we examined the relation between resting HRV 

and physiological response patterns to sustained affective states rather than more initial 

response patterns induced by picture presentations.

It has been proposed that low resting HRV is associated to hypervigilance for novel and 

potential threatening stimuli in the environment (Ruiz-Padial et al., 2003; Thayer & Brosschot, 

2005). Our findings suggest that such hypervigilance may be specific for stimuli that are 

susceptible to ambiguous interpretations. Although there were no differences in subjective 

ratings of the affective stimuli between our HRV-groups, the enhanced ASR during the erotic 

film clips in the low-HRV group may be interpreted as a tendency to react defensively to 

ambiguous stimuli. Note that the HRV-groups did not differ in anxiety sensitivity or trait anxiety. 

Remarkably, the high-HRV group did not show the expected startle inhibition to positive film 

stimuli. It remains unclear how this effect can be explained, given that the subjective ratings 

confirmed that at least the sport film clips induced a highly positive state. Interestingly, resting 
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HRV was only associated to modulation of the ASR and not to SCR and subjective ratings 

(Frazier, Strauss, & Steinhauer, 2004). This result is consistent with the overlapping neural 

structures of ASR and HRV, both of which are closely coupled to the neural fear network. 

As already pointed out, potentiation of the ASR primarily reflects activation of the defense 

system and the neural circuit involved in ASR is critically dependent on the amygdala (Davis, 

2006; Hamm & Weike, 2005). The neurovisceral integration model suggests that the neural 

substrates of HRV are more widespread and are associated with emotional, attentional and 

autonomic regulation (Thayer & Lane, 2000; Thayer & Brosschot, 2005). HRV may index a 

reciprocal inhibitory cortico-subcortical neural circuit that forms the structural link between 

emotion, cognition and health-related physiological processes. According to this model, HRV 

is linked to the ventromedial prefrontal cortex (vmPFC) and the amygdala (Lane et al., 2009; 

Thayer, Ahs, Fredrikson, Sollers, & Wager, 2012). It has been suggested that a reciprocally 

interconnected neural structure allows the vmPFC to exert inhibitory influence on sub-cortical 

structures that are highly involved in the defense system such as the amygdala. As such, HRV 

may be considered as an index for the flexibility of inhibitory control of the vmPFC over the 

defensive network and is therefore closely related to potentiation of the ASR (Lane et al., 2009; 

Ruiz-Padial et al., 2003; Thayer & Lane, 2000). It is this reciprocal inhibitory circuit that may 

be essential for adaptive responding to ever-changing environmental demands (Thayer et al., 

2012). 

Taken together, the current results indicate that startle potentiation primarily reflects 

activation of the defense system. In contrast, SCR and HR seem to be related to the motivational 

system, but not specifically to the defense system. SCR represents the level of arousal of an 

affective state irrespective of whether the state is positive or negative. HR deceleration was 

affected by valence, but it did not disentangle a negative state from a neutral or a positive 

(cf. erotic) state. Thus, the current results emphasize that physiological responses reflect 

different aspects of the motivational system, such as its intensity of activation (arousal level), 

and the specific emotional context (valence) (Bradley & Lang, 2000; Bradley et al., 2001). 

In future research it is important to acknowledge this difference and to carefully select the 

most appropriate physiological response system for the specific research question at hand. 

This holds for all kinds of psychophysiological research on emotion, like for example fear 

conditioning studies. In this type of studies, SCR is often interpreted as an index of conditioned 

fear rather than a measure of anticipatory arousal. Hence, ASR should be preferred in studies 

employing just a single physiological measure to index negative valence. Furthermore, our 

results confirm that vagally-mediated HRV is a promising biological marker of individual 

differences in affective responding, specifically related to ASR potentiation and thus a 

defensive state. Resting HRV is associated with the ability to differentiate between emotions, 
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which may be considered as the hallmark of adaptive, flexible and healthy functioning (Porges, 

2007; Thayer & Lane, 2000). Future research on individual differences in emotional expression 

may benefit from taking resting HRV into account. This may provide valuable insights into the 

demarcation from adaptive to maladaptive responding. 
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Abstract 
Retrieval of negative emotional memories is often accompanied by the experience of stress. Upon 

retrieval, a memory trace can temporarily return into a labile state, where it is vulnerable to change. 

An unresolved question is whether post-retrieval stress may affect the strength of declarative 

memory in humans by modulating the reconsolidation process. Here, we tested in two experiments 

whether post-reactivation stress may affect the strength of declarative memory in humans. In 

both experiments, participants were instructed to learn neutral, positive and negative words. 

Approximately 24 h later, participants received a reminder of the word list followed by exposure to 

the social evaluative cold pressor task (reactivation/stress group, nexp1 = 20;  nexp2 = 18) or control 

task (reactivation/no-stress group, nexp1 = 23; nexp2 = 18). An additional control group was solely 

exposed to the stress task, without memory reactivation (no-reactivation/stress group, nexp1 = 23; 

nexp2 = 21). The next day, memory performance was tested using a free recall and a recognition task. 

In the first experiment we showed that participants in the reactivation/stress group recalled more 

words than participants in the reactivation/no-stress and no-reactivation/stress group, irrespective 

of valence of the word stimuli. Furthermore, participants in the reactivation/stress group made more 

false recognition errors. In the second experiment we replicated our observations on the free recall 

task for a new set of word stimuli, but we did not find any differences in false recognition. The current 

findings indicate that post-reactivation stress can improve declarative memory performance by 

modulating the process of reconsolidation. This finding contributes to our understanding why some 

memories are more persistent than others. 
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Introduction

The malleable nature of human memory is crucial for adequate adaptation to an ever-changing 

environment. Given that a stimulus or context may not predict danger or reward forever, it 

is essential that our memories remain open to modification. One process that provides an 

opportunity for such modification is memory reconsolidation. Upon retrieval, a memory trace  

may return into a labile, protein-synthesis dependent state where it is susceptible to  

modifications (Nader, 2003). Mere retrieval is however not sufficient to induce memory 

reconsolidation (Forcato et al., 2009; Lee, 2009; Pedreira et al., 2004; Sevenster et al., 2013). 

The experience of a prediction error – i.e., the mismatch between the actual and expected 

experience based on prior learning – appeared to be a prerequisite to destabilize the  

previously formed memory trace (Pedreira et al., 2004; Sevenster et al., 2013). This 

destabilization enables the memory trace to be updated either by simply changing the 

strength of the original memory trace (e.g., Frenkel et al., 2005; Kindt et al., 2009; Nader et al., 

2000; Soeter & Kindt, 2011a; Soeter & Kindt, 2012b) or by integrating new information into the 

memory trace (e.g., Forcato et al., 2007; Hupbach et al., 2007).

Memory reconsolidation is typically demonstrated through the amnestic effects of 

pharmacological agents administered after memory reactivation that target protein synthesis 

directly (e.g., Nader et al., 2000) or indirectly by targeting the release of neurotransmitters (e.g., 

norepinephrine)(e.g., Dębiec & LeDoux, 2004; Kindt et al., 2009). Those pharmacological 

studies have added greatly to our knowledge on the neurobiological mechanisms of memory 

reconsolidation. However, they do not provide us with information on whether and how daily 

life experiences can change the content and/or strength of previously formed memories. One 

potential candidate for such a naturalistic experience that may affect memory reconsolidation 

is stress exposure. Indeed, a real-life stressor (i.e., water deprivation) following memory 

reactivation enhanced contextual memory in the crab chasmagnathus, indicating that a 

naturalistic event may strengthen memory reconsolidation (Frenkel et al., 2005). Likewise, 

in humans it has been demonstrated that a stressful event can enhance reconsolidation of 

declarative memory (Coccoz et al., 2011; Coccoz et al., 2013; but see, Schwabe & Wolf, 

2010b). Confrontation with a stressful experience activates the autonomic nervous system 

and hypothalamic-pituitary-adrenal (HPA) axis, which eventually leads to the release of 

catecholamines ((nor)adrenaline) and glucocorticoids. The hippocampus is critically involved 

in declarative memory processes and is highly sensitive to neuromodulators triggered during 

the stress response (Eichenbaum, 2004; Joëls & Baram, 2009). Thus, the finding that stress 

exposure affects memory reconsolidation may be explained by the effect of stress hormones 

on the neurocircuitry of reconsolidation.
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Previous studies on the enhancing effect of stress exposure during the reconsolidation-window 

have focused on declarative memory for neutral information, whereas research on learning and 

memory (consolidation) demonstrate that stress exposure and stress hormones typically affect 

memory performance for emotional stimuli (e.g., Cahill et al., 2003; McGaugh, 2004). The 

sensitivity of emotional memory to stress effects can be explained by the observed interaction 

between emotion-induced arousal elicited by the emotional stimuli and the enhanced levels of 

stress hormones (Roozendaal, McEwen, & Chattarji, 2009). Whether stress also differentially 

affects reconsolidation of emotional and neutral memories is yet unknown. A previous study 

in humans suggests that post-reactivation stress may specifically enhance memory of 

emotional information (Marin, Pilgrim, & Lupien, 2010). However, these results could not be 

ascribed to enhanced reconsolidation given that post-reactivation stress exposure improved 

recall performance at an immediate retention test, whereas the required protein synthesis for 

reconsolidation takes at least several hours (Duvarci & Nader, 2004; Walker et al., 2003). More 

insight in the interaction between post-retrieval stress exposure and memory performance may 

advance our understanding of why emotional memories are so persistent. Indeed, retrieval of 

traumatic memories is often accompanied by feelings of distress. This post-reactivation stress 

may strengthen the process of memory reconsolidation thereby facilitating the persistence of 

those memories. 

Here, we tested in two experiments the effects of post-reactivation stress exposure on 

reconsolidation of emotional and neutral memories. Participants learned a list of neutral, 

positive and negative words. The next day, they received a reminder of the word list and 

were subsequently exposed to a stress task (i.e., social-evaluative cold pressor test, SECPT) 

(reactivation/stress group) or a control task (reactivation/no-stress group). To control for non-

specific stress effects, an additional control group was solely exposed to the stress task on day 

2, without memory reactivation (no-reactivation/stress group). On day 3, memory performance 

was assessed by means of a free recall task and a recognition task. Based on previous research 

of Coccoz et al. (2011), we expected that post-reactivation stress would improve memory 

performance in the reactivation/stress group compared to both control groups (reactivation/

no-stress group and no-reactivation/stress group). Moreover, we expected that the enhancing 

effects of post-reactivation stress would be more pronounced for the emotional words (Marin 

et al., 2010).
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Experiment 1

Methods

Participants

Seventy-three healthy participants (32 men and 41 women), ranging in age between 18 and 

29 years, participated in study I. Self-reported medical and psychiatric problems or the use 

of medication known to influence the HPA-axis (except for oral contraceptives; n=35) served 

as exclusion criteria. An additional exclusion criterion was a score above 18 on the Beck 

Depression Inventory (BDI)(Beck, Steer, & Brown, 1996). Participants received either course 

credits or a small amount of money for their participation. The study was approved by the 

ethical committee of the University of Amsterdam and informed consent was obtained from all 

participants. 

Design and general procedure

Fifty participants were randomly assigned to the reactivation/stress (n=25) or reactivation/no-

stress (n=25) group. An additional group of participants (n=23) were non-randomly assigned 

to a no-reactivation/stress group. Participants were individually tested on three consecutive 

days. To reduce the impact of diurnal variation in cortisol level, all testing sessions took 

place between 12 pm and 7 pm. Day 1. The first session took place in a laboratory setting 

in a closed cubicle (4.9 x 8.2 ft) containing a computer screen. Participants were informed 

about the nature and general procedure of the experiment. Participants were told that they 

were participating in a larger project consisting of several unrelated tasks (i.e., word task, 

cold pressor challenge and questionnaires) divided over consecutive days to minimalize the 

possibility that performance on the different tasks would interfere with each other. This cover-

story was used to ensure that participants would not study the words outside the experimental 

context. Thereafter, participants signed the informed consent. Eligibility of the participant was 

screened using a self-report questionnaire. To assess participants’ working memory capacity, 

the digit span subtest of the Wechsler Adult Intelligence Scale-Revised (WAIS-R) (Wechsler, 

1981) was administered. Next, participants filled out the Anxiety Sensitivity Index (ASI) (Peterson 

& Reiss, 1992) and BDI to ensure that groups did not differ in processing of the emotional 

stimuli. To assess the current mood state of the participants, the Positive and Negative Affect 

Schedule (PANAS) (Watson et al., 1988) was administered. Thereafter, participants performed 

the declarative memory task (see below). Day 2. To allow for controlled saliva collection, 

participants were asked to refrain from caffeine, alcohol and excessive exercise from twelve 

hours before the start of the experiment, and to refrain from food, drinks (except for water), 
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chewing gum, cigarettes and teeth brushing two hours prior to testing. Participants in the 

reactivation groups (stress/no-stress) were tested in the same experimental setting as day 1 

(same cubicle and same experimenter). After a 10-min resting period, participants provided 

a first saliva sample and filled out the PANAS; baseline measurements of blood pressure 

(BP) and heart rate (HR) were assessed. Next, participants received the reactivation trial and 

immediately afterwards the experimenter entered the cubicle and participants were subjected 

to the social evaluative cold pressor test (SECPT) or control task. To assess to what extent 

participants experienced the SECPT as stressful, painful and unpleasant, a likert scale from 0 

(‘not all all’) to 9 (‘extremely’) was taken. BP and HR were measured at five time points: before, 

during, directly after, 1 min and 20 min after the SECPT or control task. Saliva samples were 

taken before memory reactivation, directly after and 20 min after SECPT or the control task. 

Participants in the no-reactivation/stress group were tested in a different context, i.e., 

an office setting at a different location and with a different experimenter. This change in 

spatial context was incorporated to prevent the original learning context from reactivating the 

declarative memory trace (Hupbach et al., 2008). Apart from the reactivation trial, participants 

underwent the same procedure as both reactivation groups. Day 3. The third session took 

place at the same location and with the same experimenter as on day 1. Participants filled 

out the PANAS and completed the final memory test consisting of a free recall task followed 

by a recognition task. At the end of the experiment, participants were asked about their 

expectations and motivation during the task and were debriefed about the stress procedure 

and the surprise memory test. 

Declarative memory task 

Encoding. On the first day of the experiment, participants performed the declarative memory 

task (adapted from Smeets, Jelicic, & Merckelbach, 2006). To create emotional and neutral 

memories, participants were shown 20 neutral, 20 positive and 20 negative words, intermixed. 

The words were presented visually and aurally. Each word was shown for 2 sec on the computer 

screen followed by a 2 sec inter-trial interval. Participants were instructed to carefully listen to 

and read the words presented to them. Subsequently, participants were confronted with a free 

recall task, in which they were asked to retrieve as many words they could remember within 

4 min. After a 1 min resting period, participants were exposed to the words for a second time 

and were explicitly instructed to learn the words. Next, the free recall task was administered. 

Word order was random for the first presentation and remained the same at the second 

presentation to stimulate the creation of a memory trace of the word list. The words for the 

declarative memory task were selected from a validated dataset of 740 Dutch words (Hermans 

& De Houwer, 1994), which were rated by 352 first year students on subjective familiarity and 
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valence. Based on these data, the three word categories (i.e., neutral, negative and positive) 

differed significantly in terms of Valence (F (2,32.52) = 1438.10, p < .001, ηp
2 = .99), but not on 

Familiarity or Word length (Fs < 1.36, ps > 0.1). Planned comparisons confirmed that all word 

categories differed on Valence from each other (ps < .001). 

Memory reactivation. On day 2, participants in the reactivation groups were instructed to recall 

the words that they learned on the first day and to perform a free recall task within 4 min. The 

instructions for the free recall task were similar to the instructions that they received the previous 

day. However, as soon as participants started to type in their response, the free recall task 

ended abruptly. Thus, participants were not allowed to type in the words they remembered. This 

procedure was used to induce a prediction error (Forcato et al., 2007; Pedreira et al., 2004).

Memory test. Memory performance was assessed with a free recall task and a recognition 

task. The free recall task was similar to the task on day 1. Participants were instructed to recall 

the words learned on the first day within a 4-min interval. The recognition task contained the 

60 words of day 1 randomly intermixed with 60 new words (Hermans & De Houwer, 1994) 

that were not studied before. Participants were asked to indicate whether they recognized the 

words as ‘old’ or ‘new’ and to give a confidence rating for their answer on a scale from 1 (“not 

at all certain”) to 9 (“certain”). The task was self-paced and reaction times were recorded. 

Stress manipulation

Psychosocial stress was induced with the SECPT (Schwabe, Haddad, & Schachinger, 2008). 

Participants were asked to immerse their hand to the wrist into ice water (0-4 °C) as long as 

possible, but with a maximum of 3 min. Given that this procedure can be very uncomfortable, 

participants were informed that they could remove their hand at any time if the procedure became 

unbearable. Participants that kept their hand for 3 min were instructed at that point to remove 

their hand. On average, participants immersed their hand for 2 min and 44 sec in cold water 

(range: 38 sec – 3 min). In addition to the regular CPT, a social-evaluative element is incorporated 

in the SECPT. During hand immersion, participants were videotaped and monitored by the 

(female) experimenter. Abundant evidence indicates that activity of the HPA-axis is associated 

with uncontrollability and social evaluative threat of the stress task (for a meta-analysis, see 

Dickerson & Kemeny, 2004). Accordingly, the SECPT was shown to be more effective in eliciting 

an increase in cortisol level and autonomic activity than the regular CPT (Schwabe et al., 2008). 

Two participants experienced adverse effects of the SECPT: one participant passed out and one 

participant felt dizzy during the SECPT. The control task consisted of hand immersion in warm 

water (35-39 °C) without being monitored or videotaped by the experimenter. 
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Saliva sampling and cortisol analysis

Saliva samples were obtained using cotton salivette collection devices (Sarstedt, Nümbrecht, 

Germany). The saliva samples were stored at -30 °C until biochemical analysis performed 

by the Technische Universität Dresden. Free cortisol concentrations were measured using a 

commercially available chemiluminescence immune assay (CLIA) with high sensitivity of 0.16 

ng/ml (IBL, Hamburg, Germany). Cortisol levels were determined to test whether the stress 

manipulation succeeded. Therefore, we only analyzed the samples taken at baseline and at 

20 min after SECPT (i.e., peak level). 

Data analysis

Sample characteristics were analyzed using one-way analyses of variance (ANOVAs) with 

Group (reactivation/stress, reactivation/no-stress and no-reactivation/stress) as between-

subject factor. To assess the effects of the stress manipulation, mixed ANOVAs were conducted 

with Time as within-subject factor and Group as between-subject factor. For BP, HR and the 

negative affect scale of the PANAS, three time points were entered in the analyses (before, 

during/directly after, and 20 min after the SECPT or control task). For the analyses of the 

cortisol levels, two time points were used (baseline and peak level (i.e., 20 min after SECPT 

or control task). To increase normality of the distributions, PANAS ratings were log-tranformed 

and cortisol levels were square-root transformed. The subjective level of stress was analyzed 

by means of one-way ANOVAs. 

Recall performance was defined as percentage correct recall on day 3 relative to recall 

performance on day 1 (second free recall task). Percentage correct recall was calculated 

for each valence category separately (positive, negative and neutral words). For recognition 

memory we used Hit rate (‘old’ words that were correctly recognized as old) and false alarm 

(FA) rate (‘new’ words that were erroneously recognized as old). Memory performance (i.e., 

mean recall performance, FA rate and Hit rate) was screened for possible outliers (-2<Z>2). 

Outliers were only discarded for analyses of the specific task (recall performance [n=3], Hit 

rate [n=1] and FA rate [n=2]). Encoding on day 1, memory recall and recognition on day 3 

were analyzed with mixed ANOVA with Valence (positive, negative and neutral) as within-

subject factor and Group as between-subject factor. 

For the one-way ANOVAs, the Welch statistics are reported when the assumption of 

homogeneity of variance was violated. For the mixed ANOVAs, Greenhouse-Geisser correction 

was applied when the assumption of sphericity was violated. In case of significant results, 

partial eta squared (ηp
2) is reported as a measure of effect size. Follow-up analyses were 

conducted with ANOVAs. An alpha-level of .05 was used for all statistical tests. 
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Results

Participant characteristics

Seven participants (five from the reactivation stress group and two from the reactivation/no-

stress group) were excluded prior to analysis; four participants did not adhere to instructions, 

one participant passed out during the stress task, at which occasion the experiment was 

stopped, one participant did not sleep before the memory reactivation session (<1h) and one 

participant indicated disproportional alcohol use before the test session. The final sample 

consisted of 66 participants with a mean age of 21.30 years (SD = 2.57), 20 in the reactivation/

stress group (11 male), 23 in the reactivation/no-stress group (10 male) and 23 in the no-

reactivation/stress group (10 male). The groups did not differ on age, digit span performance, 

ASI or BDI scores (all Fs  < 2.46, ps  > .1). In the exit interview, participants indicated to be 

motivated to complete the experimental tasks (Fs  < 2.26, ps  > .1). 

Stress responses to the SECPT

Blood Pressure. Table 5.1 displays the stress responses to the SECPT and control task. As 

expected, the analyses for systolic and diastolic BP revealed significant interactions between 

Time and Group (F (3.31,102.73) = 19.33, p  < .001,ηp
2 = .38 and F (3.38, 104.72) = 16.89, p  < 

.001, ηp
2 = .35, respectively). In addition, significant main effects for Time and Group emerged 

(Fs > 6.45, ps < .003, ηsp
2 > .17). Follow-up analyses showed that groups differed on systolic 

and diastolic BP during the SECPT (Fs  > 19.20, ps  < .001), but not at baseline or 20 min after 

the SECPT (Fs  < 1.20). Planned contrasts confirmed that both stress groups (reactivation/ 

no-reactivation) showed significantly higher systolic and diastolic BP than the reactivation/ 

no-stress group during the SECPT (ps < .001). The two stress groups did not differ from each 

other in BP (ps  > 0.1). Furthermore, pair-wise comparisons confirmed an increase in systolic 

and diastolic BP from pre-SECPT to SECPT assessment in both stress groups (ts  > 4.43, 

ps  < .001). The reactivation/no-stress group showed a decrease in systolic BP (t (21) = 3.62,  

p  = .002), but no significant change in diastolic BP (t  < 1.31). 
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Table 5.1 Experiment 1 – Systolic and diastolic blood pressure (BP; in mmHg), heart rate (HR, in 

beat per minute), cortisol (Nmol/l) and negative affect ratings after 10 minute resting period (pre), 

during (stress) and after (post) the stress manipulation for the three experimental groups. Subjective 

experience of stress was rated directly after the stress manipulation. 

Means ± S.E.M. ** p  < .01 compared to the reactivation/no-stress group.  

Reactivation/
stress group
n =20

Reactivation/
no-stress group
n=23

No-reactivation/
stress group
n=23

Systolic BP

Pre 115.75 ± 3.79 111.82 ± 2.84 117.70 ± 2.86

Stress 130.75 ± 4.90** 107.55 ± 2.68 137.78 ± 3.29**

Post 111.15 ± 2.98 106.45 ± 2.41 111.65 ± 2.77

Diastolic BP

Pre   72.95 ± 2.03   71.55 ± 1.56   71.04 ± 1.61

Stress   87.35 ± 3.16**   70.09 ± 1.60   90.22 ± 2.37**

Post   69.50 ± 1.91   69.77 ± 1.91   72.87 ± 1.79

HR

Pre   66.40 ± 2.84   65.05 ± 2.30   64.74 ± 1.80

Stress   74.05 ± 3.92   66.82 ± 2.34   71.57 ± 2.35

Post   62.85 ± 2.03   63.50 ± 2.25   66.04 ± 2.08

Cortisol

Pre     8.67 ± 1.05     8.92 ± 0.91     6.99 ± 0.45

Post   16.77 ± 2.50**     7.53 ± 0.67     9.58 ± 0.86

Negative Affect

Pre     1.21 ± 0.07     1.12 ± 0.03     1.20 ± 0.05

Stress     1.40 ± 0.10*     1.07 ± 0.03     1.20 ± 0.06

Post     1.16 ± 0.06     1.05 ± 0.02     1.07 ± 0.02

Subjective Ratings

Unpleasant     7.15 ± 0.32**     1.30 ± 0.18     6.00 ± 0.37**

Painful     5.85 ± 0.49**     0.17 ± 0.10     4.96 ± 0.45**

Stressful     4.10 ± 0.57**     0.30 ± 0.16     3.43 ± 0.59**

 

Heart Rate. The HR analysis yielded a significant interaction between Time and Group  

(F (3.63,112.38) = 4.04, p = .006, ηp
2 = .12) and a significant main effect of Time (F (1.81,112.38) 

= 28.61, p  < .001, ηp
2 = .32), in the absence of a main effect of Group (F < 1.0). Follow-up 

analyses did not reveal a difference in HR between the reactivation/no-stress group and both 

stress groups (reactivation/no-reactivation) during the SECPT or at pre or post assessment 

(Fs < 1.60, ps > .10). Yet, pair-wise comparisons revealed that both stress groups showed the 
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expected increase in HR from baseline (ts > 3.11, ps < .006), which was absent in the reactivation/ 

no-stress group (t (21) = 1.79, p = .09).

Salivary Cortisol. The analysis showed that the groups differed in their salivary cortisol response 

to the manipulation task (Time x Group: F (2,63)=11.33, p < .001, ηp
2 = .27; Time: F (1,63) = 14.98, 

p < .001, ηp
2 = .19; Group: F (2,63) = 3.42, p  = .039, ηp

2 = .10). Follow-up analyses showed 

that groups differed at peak level (F (2,63) = 7.45, p  = .001, ηp
2 = .19), but not at baseline  

(F  < 1.13). Planned contrasts revealed that only the reactivation/stress group showed a stronger 

cortisol responses at peak level compared to the reactivation/no-stress group (p  < .001) and 

also compared to the no-reactivation/stress group (p = .012). Importantly, both stress groups 

showed a significant increase in cortisol response from baseline to peak level (ts > 3.11,  

ps < .006), whereas the reactivation/no-stress group showed a decrease in cortisol response 

(t (22) = 2.13, p = .045). 

It is suggested that an increase in cortisol response equal to or larger than 2.5 nmol/L 

reflects a cortisol secretory episode (Van Cauter & Refetoff, 1985). In the current study, 51% 

of the participants in the stress groups (n = 22/43) showed this increase in cortisol level in 

response to the SECPT. 

Subjective Ratings. There was a significant difference between groups on the subjective 

ratings of pleasantness, painfulness and stressfulness of the task (Fs > 18.36, ps < .001,  

ηsp
2 > .36). As expected, participants in the reactivation/stress and no-reactivation/stress group 

rated the SECPT as more unpleasant, painful and stressful than participants rated the control 

task in the reactivation/no-stress group (ps < .001). The reactivation/stress group experienced 

the task also as more unpleasant than the no-reactivation/stress group (p = .009), but not as 

more stressful or painful (ps > .1). 

Negative affect. The analysis for the log-transformed PANAS ratings showed a significant main 

effect of Time (F (1.76,109.32) = 12.44, p < .001, ηp
2 = .17) and Group (F (2,62) = 3.84, p = .027, 

ηp
2 = .11), as well as an interaction between Time and Group (F (3.53,109.32) = 4.06, p = .006, 

ηp
2 = .12). Follow-up analyses showed no differences between group at baseline (F < 1.0) or 

at post-assessment (F (2,62) = 2.71, p = .08). As expected, groups differed directly after the 

SECPT in negative affect (F (2,62) = 6.68, p = .002, ηp
2 = .18). Planned contrasts indicated that 

only the reactivation/stress group showed higher negative affect ratings than the reactivation/

no-stress group (p = .001). Furthermore, the reactivation/stress group showed also somewhat 

higher negative affect ratings than the no-reactivation/stress group (p = .051). Furthermore, as 

can be seen in Table 5.1 only the reactivation/stress group showed the expected increase in 
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negative affect from pre to stress measurement (Time: t (19) = 2.54, p = .02). 

Taken together, the stress manipulation was generally successful. The SECPT caused an 

increase in cortisol response and autonomic activity. On a subjective level, the SECPT resulted 

in stronger negative affect ratings and was experienced as stressful, painful and unpleasant. 

Note however, that the stress groups differed in their subjective stress response and cortisol 

peak level. 

Memory performance

Encoding (Day 1). On day 1, recall performance increased significantly from the first to the 

second retention test (Time: F (1,60) = 563.09, p < .001, ηp
2 = .90). On average, participants 

recalled 27 words out of 60 (range: 15-41) on the second retention test. In line with previous 

studies, participants recalled more emotional than neutral words (Valence: F (2,120) = 44.41, 

p < .001, ηp
2 = .43) (Kensinger & Corkin, 2003) (Table 5.2). There were no differences between 

groups on recall performance on day 1 (Fs < 1.0), suggesting that the groups did not differ in 

encoding of the words. 

Table 5.2 Recall performance (day 1) – experiment 1

The table presents recall performance on the first and second free recall task for each valence 

category (mean ± S.E.M). The data are presented for the three experimental groups separately. 

Reactivation/ 
stress group (n=19)a

Reactivation/ 
no-stress group (n=23)

No-reactivation/ 
stress group (n=21)

Free Recall task 1

Negative   5.74 ± 0.61   5.83 ± 0.38   5.71 ± 0.32

Positive   4.32 ± 0.47   4.95 ± 0.42   4.67 ± 0.35

Neutral   3.58 ± 0.51   4.00 ± 0.39   3.48 ± 0.34

Overall 13.63 ± 1.23 14.78 ± 0.92 13.86 ± 0.74

Free Recall task 2

Negative   9.95 ± 0.64 10.87 ± 0.46   9.95 ± 0.60

Positive   8.32 ± 0.76   9.04 ± 0.43   9.10 ± 0.46

Neutral   7.53 ± 0.61   8.30 ± 0.50   7.81 ± 0.54

Overall 25.84 ± 1.70 28.22 ± 0.96 26.81 ± 1.34

 

a Note that one participant of the reactivation/stress group and two participants of the no-reactivation 

stress group were identified as outliers and removed from the analyses for the free recall task.
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Figure 5.1 Experiment 1 – Percentage Recall performance (day 3)

Recall performance indexed by percentage recalled words at test (day 3) relative to performance 

on day 1. Panel A shows that overall recall performance was better in the reactivation/stress group 

compared to the reactivation/no-stress group and no-reactivation/stress group. Panel B depicts 

recall performance as a function of Valence and Group. 

* p < .05; Error bars represent S.E.M. 

Recall Performance (Day 3). Percentage recall performance differed between groups (Group: 

F (2,60) = 3.78, p = .029, ηp
2 = .11, see Figure 5.1a). There was neither a main effect of 

Valence nor an interaction between Valence and Group (Fs < 1.34; see Figure 5.1b). Planned 

contrasts demonstrated that participants in the reactivation/stress group showed better recall 

performance than participants in either the no-reactivation/stress group (p = .025) or the 

reactivation/no-stress group (p = .015). Moreover, re-analyzing the latter planned contrast 

between the reactivation/stress group and the reactivation/no-stress group with cortisol 
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peak level, unpleasantness and negative affect ratings as covariates did not alter the results 

(F (1,34) = 3.96, p = .055, ηp
2 = .10). Thus, stress exposure after memory retrieval (i.e., during 

the reconsolidation window) resulted in improved memory recall without a specific effect of 

valence. 

Recognition Performance (Day 3). Table 5.5 shows the mean Hit rate and FA rate for the 

recognition task for the three groups (day 3). There was no difference between groups on 

Hit rate, as revealed by the mixed ANOVA (Group: F < 1; Valence x Group: F < 1). There was 

also no general effect of Valence (F (1.74,108.03) = 1.24, p = .29). Analysis on the FA rates 

showed a main effect of Valence (F (2,122) = 33.43, p < .001, ηp
2 = .35) and a marginally 

significant main effect of Group (F (2,61) = 2.88, p = .064, ηp
2 = 0.09). Overall, participants 

made more errors for positive and negative words than for neutral words (ts > 6.23, ps < .001). 

Interestingly, planned comparisons showed that participants in the reactivation/stress group 

recognized more ‘new’ words as ‘old’ than participants in the reactivation/no-stress group (p = 

.023) irrespective of valence, but not compared to the no-reactivation/stress group (p = .096). 

Re-analyzing FA rates between the reactivation/stress group and the no-reactivation/stress 

group with cortisol peak level, unpleasantness and negative affect ratings as covariates did 

not change this result (F (1,37) = 2.88, p = .098). 

To assess whether the differences in FA rates were related to a subjective sense of memory 

performance, we divided the FA rates into three categories of memory confidence based on 

the self-report ratings from certain, slightly certain to uncertain (Qin, van Marle, Hermans, & 

Fernández, 2011). Mixed analysis of variance (ANOVA) showed that the experimental groups 

did not differ in their confidence ratings of the falsely recognized words (Group x Confidence 

Rating: F < 1.30; Group x Valence x Confidence Rating: F < 1). 

To summarize, the current results demonstrate that post-reactivation stress can enhance 

the reconsolidation of declarative memory resulting in improved recall performance. Stress 

exposure after memory reactivation may additionally enhance false recognition. A replication 

experiment was conducted to further test the hypothesis that stress during the reconsolidation 

window would enhance false recognition. To optimize the possibility that stress could affect 

recognition memory, we doubled the number of study items. 
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Experiment 2

Method

Participants

Sixty healthy participants (31 men and 29 women) between 18 and 31 years participated in 

experiment 2. Self-reported medical and psychiatric problems and use of medication known 

to influence the HPA-axis served as exclusion criteria. Additional exclusion criteria were a BDI 

score above 18 and use of psychoactive drugs on a regular basis, screened with the drug 

use disorder identification test (Berman, Bergman, Palmstierna, & Schlyter, 2004). All female 

participants used oral contraceptives. Participants received either course credits or a small 

amount of money for their participation. The study was approved by the ethical committee of 

the University of Amsterdam and informed consent was obtained from all participants. 

Design and general procedure

The general procedure of the experiment was identical to experiment 1, with the exception 

that participants now learned 120 words (40 neutral, 40 positive and 40 negative) instead of 

60 words. The words of the declarative memory task were selected from a recently validated 

data set of 4300 Dutch words (Moors et al., 2012), which were rated by 224 students on 

several dimensions, including valence and arousal. From the 120 words used in experiment 

1 (i.e., free recall and recognition task), 113 words were used again in experiment 2. Seven 

words were replaced by new words because the words were not included in the recently 

validated data set of Moors et al., 2012 or for matching purposes. Based on these data, the 

three word categories (i.e., neutral, negative and positive) differed significantly in terms of 

Valence (F (2,119) = 1751.16, p < .001, ηp
2 = .99) and Arousal (F (2,119) = 29.90, p < .001, 

ηp
2 = .34). Planned contrasts showed that all categories differed in Valence ratings (ps 

< .001). On arousal ratings, there was only a significant difference between the emotional 

and the neutral category (ps <.001), but not between the negative and positive category  

(p = .093). Furthermore, there were no differences in Familiarity and Word length (Fs < 2.24, 

ps > 0.1). Participants were randomly assigned to the reactivation/stress group, reactivation/ 

no-stress group and no-reactivation/stress group. 

Data analysis

The procedure of data analysis was similar to experiment 1. Memory performance was 

screened on outliers and outliers were subsequently discarded (recall performance [n = 1], 

Hit rate [n = 1]; FA rate [n = 1]).
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Results

Participant characteristics

Three participants (one from the reactivation/stress group and two from the reactivation/ 

no-stress group) were excluded prior to our analyses: 1 participant indicated disproportional 

alcohol use and not a proper night of sleep before the test session (<5 h) and 2 participants 

did not adhere to the instructions. The final sample comprised 57 participants with a mean 

age of 21.51 years (SD = 2.75), with 18 participants in the reactivation/stress group (10 

male), 18 participants in the reactivation/no-stress group (8 male) and 21 participants in the  

no-reactivation/stress group (11 male). Groups did not differ in terms of age, ASI, BDI, PANAS 

or DUDIT score (all Fs < 1.60). There was a marginal difference between groups on the digit 

span task (F (2,53) = 2.87, p = .066, ηp
2 = .10). Groups were equally motivated to complete the 

experimental tasks (Fs < 1.0). Importantly, none of the participants indicated having studied 

the words outside the experimental context. Participants immersed their hands on average for 

2 min and 53 sec in cold water (range: 40 sec to 3 min).

Stress responses to the SECPT

Blood Pressure. Table 5.3 displays the stress responses to the manipulation (i.e., SECPT and 

control task) for the three groups. As expected, there was a significant difference between 

groups on systolic and diastolic BP (Group x Time: Fs > 20.68, ps < .001, ηsp
2  > .43; Group 

(Fs > 4.74, ps < .014, ηsp
2  > .14). Furthermore, significant main effects of Time (Fs > 56.45, 

ps < .001, ηsp
2 > .51) occurred for systolic and diastolic BP. Follow-up analyses showed that 

groups did not differ in BP at pre or post assessment (F < 1.44), but only during the SECPT  

(Fs > 16.88, ps < .001, ηsp
2  > .38). Planned contrasts confirmed that both stress groups showed 

higher systolic and diastolic BP during the stress task than participants in the reactivation/ 

no-stress group (ps < .001). There were no significant differences between the stress groups 

(ps > .1). Furthermore, pair-wise comparisons confirmed an increase in BP from baseline to 

the SECPT in both stress groups (ts > 5.49, ps < .001). For the reactivation/no-stress group, 

pairwise comparisons indicated a significant decrease in systolic BP from baseline to the 

control task (t (19) = 4.56, p < .001) and no effect on diastolic BP (t < 1.0). 

Heart Rate. There were no differences between groups on HR (Fs < 1.0).
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Table 5.3 Experiment 2 - Systolic and diastolic blood pressure (BP; in mmHg), heart rate (HR, in 

beat per minute), cortisol (Nmol/l) and negative affect ratings after 10 minute resting period (pre), 

during (stress) and after (post) the stress manipulation for the three experimental groups. Subjective 

experience of stress was rated directly after the stress manipulation. 

Means ± S.E.M. * p < .05 ** p <.01 compared to the reactivation/no-stress group.

Reactivation/
stress group
n=18

Reactivation/
no-stress group
n=18

No-reactivation/
stress group
n=21

Systolic BP

Pre 118.00 ± 3.08 113.78 ± 2.81 113.86 ± 1.71

Stress 131.28 ± 3.34** 107.39 ± 2.68 130.47 ± 3.73**

Post 112.17 ± 2.07 109.17 ± 2032 107.43 ± 2.17

Diastolic BP

Pre   73.89 ± 1.74   70.89 ± 1.45   72.29 ± 1.53

Stress   86.17 ± 1.86**   71.22 ± 1.38   90.14 ± 2.37**

Post   72.50 ± 1.60   70.28 ± 1.07   69.19 ± 1.47

HR

Pre   70.11 ± 2.94   66.94 ± 4.08   64.57 ± 3.19

Stress   74.94 ± 4.00   69.00 ± 3.37   71.09 ± 3.12

Post   66.39 ± 2.78   65.00 ± 2.34   63.24 ± 2.70

Cortisol

Pre     7.96 ± 1.06     7.57 ± 1.00     8.33 ± 1.03

Post     9.38 ± 1.30     7.21 ± 0.74     9.65 ± 0.88

Negative Affect

Pre     1.09 ± 0.05     1.23 ± 0.09     1.13 ± 0.03

Stress     1.26 ± 0.09     1.19 ± 0.09     1.15 ± 0.04 

Post     1.19 ± 0.09     1.13 ± 0.07     1.10 ± 0.04

Subjective Ratings

Unpleasant     6.56 ± 0.48**     1.83 ± 0.36     6.38 ± 0.33**

Painful     4.00 ± 0.59**     0.06 ± 0.06     5.14 ± 0.50**

Stressful     2.92 ± 0.64**     0.56 ± 0.26     2.33 ± 0.49*
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Salivary Cortisol 2. There were no significant differences between the three groups on salivary 

cortisol response (Fs < 1.17). In contrast to experiment 1 and previous studies (e.g., Schwabe 

et al., 2008), the percentage of participants that could be classified as cortisol responder was 

rather low (26%; n=10/39). 

Negative Affect. There were no differences between groups on negative affect ratings (Fs < 1.1).

Subjective Ratings. As expected, the groups differed on the subjective ratings of the SECPT and 

control task (Fs > 9.07, ps < .005, ηsp
2 > .17).The SECPT was evaluated as being unpleasant, 

painful and stressful compared to the control task (ps < 0.05). There were no differences 

between the reactivation/stress group and no-reactivation/stress group (ps > .079). 

To summarize, the SECPT caused an increase in autonomic activity and subjective experience 

of stress. Note that although the stress manipulation was successful in some respect, it was 

clearly less successful in inducing stress than in our first experiment. 

Memory Performance

Encoding (Day 1). As expected, recall performance on day 1 increased from the first to the 

second retention test (Time: F (1,53) = 345.26, p < .001, ηp
2 = .87). On the second retention 

test participants remembered on average 32 out of 120 words (range: 14-54). There was a 

significant effect of Valence (F (2,106) = 22.52, p < .001, ηp
2 = .30), showing that participants 

recalled more emotional than neutral words (Table 5.4). There were no differences between 

groups in recall performance on day 1 (Fs < 1.34). 

Recall Performance (Day 3). As can be seen in Figure 5.2a, there was a significant main effect 

of Group (F (2,53) = 4.07, p  = .023, ηp
2 = .13). Planned contrasts demonstrated that on day 

3 participants in the reactivation/stress group performed significantly better on the free recall 

task than participants in the no-reactivation/stress group (p = .006) and marginally better than 

the reactivation/no-stress group (p = .068). There was no effect of Valence (Valence: F (2,106) 

< 1; Valence x Group: F (4,106) < 1, see Figure 5.2b). So, the current results replicate the 

results of our first experiment and demonstrate that stress exposure after memory reactivation 

enhances memory performance irrespective of valence.

2   Excluding participants that showed a deviant cortisol response (i.e., increase in cortisol response in 
the reactivation/no-stress group and decrease in cortisol response in both stress groups; n=19) did 
not alter the results on memory performance. Therefore, the reported analyses are performed over the 
entire group. 
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Table 5.4 Recall performance (day 1) – experiment 2

The table presents recall performance on the first and second free recall task for each valence 

category (mean ± S.E.M). The data are presented for the three experimental groups separately.
a Note that one participant of the reactivation/no-stress group was identified as outlier and removed 

from the analyses for the free recall task.

Reactivation/ 
stress group (n=18)

Reactivation/ 
no-stress group (n=17)a

No-reactivation/ 
stress group (n=21)

Free Recall task 1

Negative   5.77 ± 0.41   6.76 ± 0.87   6.24 ± 0.62

Positive   5.06 ± 0.49   6.06 ± 0.64   6.24 ± 0.55

Neutral   3.39 ± 0.51   4.59 ± 0.78   3.48 ± 0.40

Overall 14.22 ± 1.06 17.41 ± 1.87 15.95 ± 1.16

Free Recall task 2

Negative 11.44 ± 0.81 11.53 ± .1.14 12.62 ± 0.75

Positive 11.11 ± 1.06 11.65 ± 0.88 10.90 ± 0.68

Neutral   9.39 ± 1.14   9.24 ± 1.24   9.57 ± 0.73

Overall 31.94 ± 2.26 32.41 ± 2.26 33.10 ± 1.73

Recognition Performance (Day 3). Analyses on Hit rates revealed a main effect of Valence 

(F (1.76, 93.15) = 19.54, p < .001, ηp
2 = .27), but no differences between groups (Fs < 1.0). 

In contrast to the findings of experiment 1, we also found no group differences in FA rates 

(Fs  < 1.0) (see Table 5.5). For FA rates there was also a main effect of Valence (F (2,102) = 

80.34, p < .001, ηp
2 = .61). A possible explanation for the absence of an effect of Group may 

be that participants in the second experiment lost their motivation during the recognition task, 

since the task contained twice as many words as in the first experiment. However, additional 

analyses over the first part of the task (i.e., the first 20 neutral ‘old’ words, 20 neutral ‘new’ 

words, etcetera) did not reveal any group differences either (Fs < 1.41). 
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Figure 5.2 Experiment 2 – Percentage Recall performance (day 3)

Recall performance indexed by percentage recalled words at test (day 3) relative to performance 

on day 1. Panel A shows that overall recall performance was better in the reactivation/stress group 

compared to the reactivation/no-stress group and no-reactivation/stress group. Panel B depicts 

recall performance as a function of Valence and Group. 

# p < .08; * p < .05; Error bars represent S.E.M. 

 

Explorative analysis – mediation

A question that arises from both experiments is whether the relation between group and recall 

performance could be ascribed to stress responsiveness. Given that the stress response typically 

consists of a physiological and psychological component, we explored whether the different 

components of stress mediated the effect on recall performance between the two reactivation 

groups. In order to increase statistical power, we combined the data from the reactivation groups 

of experiment 1 and experiment 2 (n = 79). We performed a multiple mediation analysis with 
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increase in cortisol (i.e., index of glucocorticoid activity), increase in heart rate (i.e., index of 

sympathetic arousal) and the subjective experience of stress (i.e., indicator of psychological 

stress) as potential mediators of the effect between the independent variable group (reactivation/

stress = 1; reactivation/no-stress = -1) and overall recall performance as the dependent variable. 

For HR we calculated the increase in response by subtracting the pre-stress response from the 

response during the task. Increase in cortisol was calculated by subtracting baseline level of 

cortisol from cortisol peak level (square root transformed). For the subjective experience of the 

SECPT, we calculated a sum score of the likert-scale ratings (i.e., unpleasantness, stressfulness, 

painfulness). All mediators were centered around the grand mean. 

X:  
Group 

    Y:  
Recall 

Performance 

M1:  
Cortisol 

M2:  
Heart Rate 

M3:  
Subjective Stress 

Path C’: b= 4.39; 95% CI: 0.94 – 7.99 
Path C:  b=0.11 (2.64) 

Figure 5.3 Multiple mediation model of the relation between group (reactivation/stress and 

reactivation/no-stress) and recall performance with cortisol response, heart rate and subjective 

stress as mediators. The point estimates (S.E.M.) are presented in the figure. 

* p < .05; ** p < .01

 

Preacher and Hayes (2008) method was followed for assessing multiple mediation, with 5000 

bootstrap iterations and 95% bias corrected confidence intervals, using Mplus version 6.1 

(Muthén & Muthén, 2007). As shown in Figure 5.3, the direct effect between Group and Recall 

performance disappeared when cortisol, HR and subjective stress was entered as mediators 

(path c). The mediators fully explained the relation between Group and Recall performance 

(path c’). Examination of the contribution of individual mediators showed that only subjective 
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stress (b = 5.07, 95% CI: 1.68 – 8.71) was a significant mediator 3. Thus, an increase in 

subjective stress resulted in an increase in recall performance. Note that if an increase in 

negative affect was entered as an index of psychological stress in the mediation model, no 

significant mediation effect was observed. 

Table 5.5 Recognition performance (day 3)

Mean (S.E.M) values of Hit rate and False Alarm (FA) rate as a function of valence for the experimental 

groups. * p < 0.05 compared to the reactivation stress group.

Experiment I Experiment II

Reactivation/ 

stress group

Reactivation/ 

no-stress group

No-reactivation/ 

stress group

Reactivation/ 

stress group

Reactivation/ 

no-stress group

No-reactivation/ 

stress group

Hit Rate

Neutral .86 ± .02 .85 ± .03 .82 ± .03 .69 ± .04 .68 ± .04 .68 ± .04

Negative .86 ± .02 .84 ± .03 .87 ± .02 .77 ± .02 .81 ± .03 .82 ± .02

Positive .87 ± .02 .86 ± .02 .86 ± .02 .75 ± .03 .77 ± .03 .75 ± .03

Overall .86 ± .01 .85 ± .02 .85 ± .02 .73 ± .03 .75 ± .03 .75 ± .02

FA Rate

Neutral .18 ± .03 .13 ± .02 .14 ± .02 .15 ± .02 .18 ± .03 .20 ± .02

Negative .30 ± .04 .22 ± .03 .25 ± .03 .30 ± .03 .37 ± .05 .39 ± .04

Positive .36 ± .04 .23 ± .03 .26 ± .03 .30 ± .03 .35 ± .05 .39 ± .03

Overall .28 ± .03 .19 ± .02* .22 ± .02 .25 ± .02 .30 ± .04 .33 ± .03

Explorative analysis: gender differences

Explorative analyses were performed to examine 1) gender differences in stress response 

and 2) gender differences in the effect of stress on reconsolidation of declarative memory. In 

experimental settings, men typically show higher cortisol responses than women (Kudielka 

& Kirschbaum, 2005). Stress responses in women seem to depend on their hormonal cycle; 

women in the luteal phase and women using oral contraceptives show diminished cortisol 

responses (Kirschbaum, Kudielka, Gaab, Schommer, & Hellhammer, 1999). For reasons of 

convenience, many studies test only male participants to examine the effects of stress on 

3  Excluding participants of experiment 2 that showed a deviant cortisol response (n=10) altered the 
results of the mediation analysis to some extent. Subjective stress as well as increase in HR significantly 
contributed to the relation between stress exposure and memory performance. Remarkably, an 
increase in subjective stress resulted in an increase in recall performance, whereas an increase in HR 
was related to a decrease in recall performance. Thus, there is a competing mediation effect between 
subjective experience of stress and change in HR. It is unclear how to fathom these opposing roles of 
subjective and physiological stress. However, as we observed an improved recall performance in the 
reactivation/stress group, the subjective experience of stress seems to have more weight in affecting 
reconsolidation of the words than the physiological stress response.
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learning and memory thereby discarding potential gender differences in stress-related learning 

and memory performance. The few studies that have addressed gender differences indicate 

that the effects of stress and stress hormones may differentially affect memory processes for 

men and women (e.g., Andreano & Cahill, 2006; Cornelisse, van Stegeren, & Joëls, 2011; Wolf, 

Schommer, Hellhammer, McEwen, & Kirschbaum, 2001). 

By combining the data from experiment 1 and experiment 2, our sample of male and 

female participants is large enough to detect possible gender differences 4. First, we examined 

whether men and women responded differently to the SECPT. Mixed ANOVAs with Time as 

within-subject factor and Gender as between-subject factor revealed that, men showed a 

higher systolic BP than women (main effect of Gender: F (1,80) = 38.62, p < 0.001, ηp
2 = .33) 

and a lower HR (F (1,80) = 3.63, p = .06, ηp
2 = .04), but no significant interactions were found 

between Time and Gender (BP, HR and Cortisol) (Fs < 2.01, ps > 0.1). Thus, on a physiological 

level men and women did not differ in their response to the SECPT. Furthermore, no gender 

differences were observed for the response on the negative affect scale of the PANAS (F < 

1.0). Interestingly, men and women differed in how they subjectively experienced the SECPT. 

Women rated the SECPT as being more stressful (women M = 3.88 ± .40, men M = 2.60 ± .40), 

painful (women M = 5.85 ± .29, men M = 4.21 ± .38) and unpleasant (women M = 7.03 ± .23, 

men M = 6.00 ± .28) (Fs > 5.36, ps < .05, ηsp
2 = .06) than men. 

Second, we examined whether the observed differences in subjective stress experience 

resulted in gender differences in recall performance. A repeated-measure ANOVA with 

Valence as within-subject factor and experimental Group and Gender as between-subject 

factors showed no interactions between Gender and Group or Gender, Group and Valence 

(Fs < 1.58, ps > 0.1). The analysis did yield two main effects of gender. Male participants in 

general performed slightly worse on the free recall task (F (1,113) = 3.69, p = .057, ηp
2 = .03) 

and they erroneously recognized more ‘new’ words as ‘old’ in the recognition task (F (1,113) = 

11.28, p < .001, ηp
2 = .08).

In sum, our explorative analyses showed no differences between men and women in 

cortisol response or in the effect of stress after memory reactivation on recall performance. 

Although, many experimental stress manipulations induce higher cortisol responses in men 

than in women (Kudielka & Kirschbaum, 2005), the results on the CPT are equivocal (al’Absi, 

Petersen, & Wittmers, 2002; Andreano & Cahill, 2006). Note, however, that the current analyses 

were explorative in nature. To examine the differences between men and women in stress 

responsiveness and the effect of post-reactivation stress on memory performance future 

research is needed that take hormonal parameters, like natural menstrual cycle, into account. 

4   Excluding participants that showed a deviant cortisol response in the second experiment did not alter 
the explorative analyses on gender differences. 
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General discussion

In two independent experiments, we demonstrated that stress exposure after memory 

reactivation improved recall performance 24 h later. This finding implies that mild stress can 

enhance reconsolidation and thus strengthen declarative memory performance. A crucial 

finding is that memory enhancement cannot be attributed to non-specific stress effects, given 

that stress exposure without memory reactivation did not alter recall performance. Remarkably, 

post-reactivation stress enhanced recall performance, irrespective of the valence of the word 

stimuli. The finding that a stressful event can enhance memory reconsolidation is consistent 

with the idea that reconsolidation serves an adaptive function. The possibility to boost memories 

by enhancing reconsolidation may serve the function to specifically maintain those memories 

that are relevant (Hardt, Einarsson, & Nader, 2010; Lee, 2009). 

The current results are in line with previous findings in humans and animals showing that 

stressful events can enhance memory reconsolidation (e.g., Coccoz et al., 2011; Coccoz et 

al., 2013; Frenkel et al., 2005). In contrast to our expectations, post-reactivation stress did 

not differentially affect memories of emotional versus neutral content. This result seems to be 

at odd with the study of Marin et al., (2010), which showed that post-reactivation stress only 

affected memories of emotional content. A possible explanation for this apparent discrepancy 

might be the success of encoding. In contrast to Marin et al., (2010), we controlled for initial 

encoding effects, because we indexed recall performance by the percentage of recalled 

words on day 3 relative to the recalled words on day 1 for each valence category separately. 

By doing so, we controlled for potential differences in encoding due to the emotional content 

of the to be remembered material. As expected, initial learning was better for emotional words 

than neutral words (Kensinger & Corkin, 2003). However, post-reactivation stress did not 

further enlarge this difference, but affected memory performance for all words. It is suggested 

that the superiority of memories for emotional content is the result of the interaction between 

arousal – evoked by the emotional material – and stress (Kensinger & Corkin, 2004). Given 

that participants in the current study were only generally reminded of the study words without 

explicit recall, it is likely that this procedure did not elicit stimulus specific arousal, which may 

explain the absence of a post-reactivation stress effect on emotional content. Note that we did 

not incorporate a post-reactivation short-term memory test. Since reconsolidation is a time-

dependent process, memory performance should not be affected at a post-reactivation short-

term memory test. Hence, the current design does not allow being conclusive on whether the 

stress manipulation actually affected the process of reconsolidation. 

The explorative multiple mediation model revealed that an increase in stress response 

fully explained the between-group (reactivation/stress and reactivation/no-stress group) effect 
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on recall performance. Participants that experienced the SECPT as more stressful showed 

stronger improvements in recall performance. Remarkably, an increase in cortisol response 

did not independently contribute to the mediating effect of stress. The observed changes in 

cortisol levels in response to the SECPT were rather low. Another potential shortcoming of 

cortisol assessments is that both the baseline levels as well as the response to the SECPT 

are known to show large inter-individual variability (Kudielka, Hellhammer, & Wüst, 2009). The 

relatively small stress response combined with the large inter-individual differences may have 

suppressed the (potential) role of cortisol on memory performance in the mediation model. The 

advantage of using the SECPT over pharmacological manipulations is that it mimics a real-

life stress experience and elicits a wide range of physiological and psychological reactivity. 

Mediation analysis provides the opportunity to clarify the specific contribution of each stress 

response system. Nevertheless, the response systems cannot be completely disentangled 

given that activation of those systems act in concert. Given that the cortisol response did not 

contribute to the mediating effect of stress, it could be that enhanced recall performance was 

simply due to arousal elicited by the experience of an aversive event. A previous study in 

humans indeed showed that post-retrieval arousal elicited by aversive pictures enhanced recall 

performance (Finn & Roediger, 2011). It bears mentioning that the study of Finn and Roediger 

(2011) was performed on one day and is therefore not informative on reconsolidation effects. 

Earlier work in animals indicated that post-reactivation stress may disrupt memory 

reconsolidation and impair rather than enhance memory performance (Akirav & Maroun, 

2012). The impairing effects of stress in animals can be induced by post-reactivation stress 

exposure (Maroun & Akirav, 2008; X. Wang, Zhao, Ghitza, Li, & Lu, 2008) or infusion of 

corticosterone (Abrari et al., 2008; Cai, Blundell, Han, Greene, & Powell, 2006), but also by 

infusion of glucocorticoid receptor (GR) antagonists (Jin, Lu, Yang, Ma, & Li, 2007; Taubenfeld, 

Riceberg, New, & Alberini, 2009; Tronel & Alberini, 2007). The paradoxical observation that 

post-reactivation infusion of both GR-agonists and GR-antagonists can disrupt memory 

reconsolidation underlines the complexity of the interaction between stress experience, stress 

hormones and memory processes (Akirav & Maroun, 2012). Possibly, effects of stress on 

memory reconsolidation follow an inverted U-shape curve (Marin, Hupbach, Maheu, Nader, & 

Lupien, 2011), similar to the observed effects of stress on memory consolidation (Abercrombie, 

Kalin, Thurow, Rosenkranz, & Davidson, 2003). In addition, two human studies showed that 

stress exposure after memory retrieval impaired memory recall of neutral autobiographical 

memories in healthy participants (Schwabe & Wolf, 2010b) and drug-related words in abstinent 

heroin addicts (Zhao, Zhang, Shi, Epstein, & Lu, 2009). The opposing results may be explained 

by experimental differences between those studies and ours, such as stimulus material (i.e., 

word stimuli, heroin-related words or autobiographical memories), differences in delay-interval 
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between reactivation and memory test (i.e., delay interval of one day compared to one week) 

and the strength of the stress response. 

Stress during the reconsolidation window only improved memory performance on the free 

recall task and not on the recognition task. Both experiments showed no differences between 

groups in correct recognition rates. This discrepancy may be explained by differences 

between recognition and recall memory. Remarkably, in the first experiment we showed that 

participants in the reactivation/stress group erroneously recognized more ‘new’ words as ‘old’ 

(i.e., FA rate) than participants in the reactivation/no-stress group, but not compared to the no-

reactivation/stress group. This enhancement in false recognition in the absence of enhanced 

correct recognition may suggest that stress during the reconsolidation process facilitates 

generalization of declarative memory (Adolphs et al., 2005; Payne, Nadel, Allen, Thomas, 

& Jacobs, 2002). Nevertheless, given that the difference in false recognition rate was not 

observed between the reactivation/stress group and no-reactivation/stress group, we cannot 

rule out that stress exposure enhanced false recognition in a non-specific way rather than by 

affecting reconsolidation. To clarify this finding, we doubled the number of study items in the 

second experiment to optimize the possibility that stress could affect recognition memory (Hit 

rate and FA rate). In the second experiment we found no effect of post-reactivation stress on 

false recognition. However, by doubling the amount of study words, the encoding context 

was also changed. An alternative way to further explore whether or not stress during the 

reconsolidation window can affect false recognition is to extend the time between memory 

reactivation and test. 

To conclude, the current findings demonstrate that exposure to a stressful event after 

memory reactivation can enhance memory reconsolidation and strengthen declarative 

memories, irrespective of the emotional content of those memories. Our findings may have 

implications for the understanding of the persistence of declarative memories in humans. 

Following a traumatic event, memory retrieval is often accompanied by the experience of 

stress. This post-reactivation stress may amplify the traumatic memory trace by enhancing the 

reconsolidation process thereby contributing to the persistence of traumatic memories. Taken 

together, this study emphasizes the adaptive value of memory reconsolidation by showing that 

stress exposure after memory retrieval can improve memory performance. 
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Chapter 6

Stress-induced cortisol responses 
enhance the contextualization of 

emotional memory

This chapter is based on the article that is under revision as: Bos, M.G.N., Jacobs van Goethem, T., 

Beckers, T., & Kindt, M. Stress enhances reconsolidation of declarative memory. 
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Abstract
Traumatic experiences tend to be very well remembered. When trauma memory generalizes to 

other cues and situations, it may become maladaptive resulting in excessive fear and anxiety such 

as in patients with post-traumatic stress disorder (PTSD). Retrieval of traumatic experiences is 

often accompanied by strong feelings of distress. Yet, it is unknown whether this post-reactivation 

experience of stress affects the contextual-dependency of emotional memory. Here, we examined 

in healthy participants the role of post-reactivation stress exposure on memory contextualization. In 

a mixed-design, participants had to learn emotional words of two distinctive emotional categories 

(i.e., war and disease) against a category-related background picture. One day later, participants 

received a selective reminder of the words of one emotional category followed by exposure to the 

Maastricht Acute Stress Test (Stress group, n = 22) or an equivalent control task (Control group,  

n = 24). Six days later, memory contextualization was tested. The results showed that participants 

recalled more words when they are retrieved in the original encoding context (i.e., intact context) 

than in another context (i.e., shuffled context). Participants in the stress group showed enhanced 

contextualization of the reactivated words compared to the control group. But there were no 

differences between the reactivated and non-reactivated words in both groups, indicating that the 

selective reactivation procedure was unsuccessful. Interestingly, the cortisol response mediated 

the effect between stress exposure and overall memory contextualization (i.e., reactivated and 

nonreactivated words). The stronger the post-reactivation cortisol response, the more the memory 

performance relied on the contextual embedding of these words. Taken together, the current findings 

suggest that stress-induced elevations of cortisol levels after memory reactivation prevent emotional 

memory from generalizing over contexts.
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Introduction

Threatening situations tend to be very well remembered. The ability to vividly remember contextual 

and specific cues that predict future catastrophes is highly adaptive. Accordingly, memories 

are generally better retrieved in their original encoding context than in unrelated situations (i.e., 

memory contextualization, Godden & Baddeley, 1975). When emotional memories generalize 

over contexts, they may become maladaptive and result in a disproportionate amount of fear 

and anxiety. Indeed, patients with post-traumatic stress disorder (PTSD) are hindered by 

superior memory for a traumatic event along with a reduced capacity to associate trauma-

related cues to the trauma-situation (Elzinga & Bremner, 2002; Liberzon & Sripada, 2007). As 

a result, the trauma memory is retrieved and relived frequently, which causes an enormous 

amount of stress. The effect of this post-retrieval stress on emotional memory and specifically 

on memory contextualization is still largely unknown. Here, we address this issue by examining 

the role of post-retrieval stress on memory contextualization in healthy participants. 

Upon retrieval, a memory trace enters a labile phase followed by a protein synthesis 

dependent restabilzation phase, in which the memory trace is sensitive to change (Nader et 

al., 2000; Sara, 2000). The alleged functional role of this two-phased reconsolidation process is 

to keep our memories up to date by either altering their strength (Frenkel et al., 2005; Nader et 

al., 2000; Soeter & Kindt, 2010; Soeter & Kindt, 2011a; Soeter & Kindt, 2012b) or incorporating 

new information into a memory trace (e.g., Forcato et al., 2007; Hupbach et al., 2007). A 

prerequisite to enter the reconsolidation window is that something can be learned during 

memory retrieval (e.g., Lee, 2009; Sevenster et al., 2013). 

A naturalistic event that can affect memory reconsolidation is the experience of a stressor. 

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

adrenal (HPA) axis, which eventually results in the release of catecholamines ((nor)adrenaline) 

and glucocorticoids (GCs). Previous studies in animals show a complex interaction between 

stress and memory reconsolidation, in a sense that stress exposure or the administration of 

stress hormones can either strengthen memory reconsolidation (Frenkel et al., 2005; Gazarini, 

Stern, Carobrez, & Bertoglio, 2013) or disrupt memory reconsolidation (e.g., Maroun & Akirav, 

2008; Tronel & Alberini, 2007). Likewise, human studies show that post-reactivation stress 

exposure can enhance (Bos, Schuijer, Lodestijn, Beckers, & Kindt, 2014; Coccoz et al., 2011; 

Coccoz et al., 2013) as well as impair (Schwabe & Wolf, 2010b; Zhao et al., 2009) memory 

performance. These apparently contradictory results may be explained by differences in 

experimental set-up, type of memory and the strength of the stress response.

Human studies on reconsolidation of declarative memory focused primarily on isolated 

memories (e.g., list of study words) and neglected the fact that memories are typically 



110  |  Chapter 6 Stress-induced cortisol responses enhance the contextualization of emotional memory  |  111

embedded in a contextual setting (time and place). It has been suggested that context can 

play an important role in triggering memory reconsolidation (Hupbach et al., 2008), but whether 

the contextual-dependency of memory is affected during reconsolidation is still unknown. The 

hippocampus is the key area for binding together multiple elements of an experience into 

a conjunctive representation (O’Reilly & Rudy, 2001) and for the contextual embedding of 

memories (e.g., Davachi, 2006). Previous studies on memory consolidation have shown that 

stress can affect memory contextualization in humans (van Ast, Cornelisse, Meeter, Joëls, 

& Kindt, 2013; van Ast, Cornelisse, Meeter, & Kindt, 2014), which is explained by the high 

sensitivity of the hippocampus to stress hormones (Joëls & Baram, 2009). Depending on the 

timing of cortisol elevations relative to memory encoding (van Ast et al., 2013), cortisol may 

either strengthen or weaken the integration of memories in their original encoding context. The 

hippocampus is also involved in the process of reconsolidation (Dębiec et al., 2002), specifically 

for context-specific memories (Winocur, Frankland, Sekeres, Fogel, & Moscovitch, 2009). 

Recent studies in humans and animals suggest that manipulations during the reconsolidation 

window not only affect the strength of the memory trace itself, but may affect the contextual-

dependency of this memory trace as well (Gazarini et al., 2013; Soeter & Kindt, 2012a; Soeter 

& Kindt, 2012b; Winocur et al., 2009). We showed that pharmacological blockade of the 

noradrenergic system during the reconsolidation window diminished the subsequent fear 

response and that this fear-reducing effect generalized to a novel context (i.e. background)

(Soeter & Kindt, 2012a). Furthermore, research in animals showed that pharmacological 

enhancement of the noradrenergic system during the reconsolidation window augmented the 

expression of fear, which generalized over contexts (Gazarini et al., 2013). 

Here, we examined the role of post-reactivation stress exposure on the contextual 

dependency of emotional memories. In a mixed design, participants learned emotional words 

against a related background picture (i.e., war or disease). We used words of two distinctive 

emotional categories in order to stimulate the acquisition of two separate categories of 

memories. This procedure allows for selective reactivation of a class of memories and by 

this means a within-subject comparison between reactivated and non-reactivated memories. 

Approximately 24 h later, participants returned to the lab and were briefly reminded of the 

words of one emotional category. Directly after the reminder procedure, half of the participants 

were confronted with a stress situation (Maastricht Acute Stress Test; MAST) whereas the 

other half of the participants received a control non-stressful task. Six days later participants 

returned to the lab and underwent a surprise memory test wherein half of the words were 

presented against the original encoding context (i.e., intact context) and half of the words 

were presented against the other context (i.e., shuffled context). Thus, in the intact context 

condition the contextual information of the encoding situation was present, whereas in the 
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shuffled context condition the contextual information was unrelated to the word at hand. 

The difference in memory performance between the intact and shuffled context reflects the 

contextual dependency of memories. We hypothesized that post-reactivation stress exposure 

would affect the contextual-dependency of declarative memory in humans. We left the direction 

of the memory contextualization effect open, given that we could argue either way. From a 

clinical point of view, we might expect that post-reactivation stress would impair the contextual-

dependency of memories, whereas based on experimental observation we might expect that 

post-reactivation stress would enhance the contextual-dependency of memory (van Ast et al., 

2014; Winocur et al., 2009). 

Methods

Participants

Fifty-one healthy participants (23 men and 28 women), ranging in age between 18 and 30 

years (M = 21.84, SD = 2.79) participated in the study. Exclusion criteria were: a neurological 

or psychiatric condition, blood pressure (BP)>140/90, Beck Depression Inventory (BDI) 

score>18 (Beck et al., 1996), taking medication known to influence the HPA-axis and taking 

drugs on a regular basis, screened with the drug use disorder identification test (DUDIT, 

Berman et al., 2004). All female participants used oral contraceptives. Participants received 

either course credits or a small amount of money (€30,-) for their participation. The study was 

approved by the local ethical committee of the University of Amsterdam and informed consent 

was obtained from all participants.

Stress and control manipulation

Psychosocial stress was induced with the Maastricht acute stress test (MAST, Smeets et al., 

2012). The MAST is an effective procedure to elicit subjective, autonomic and glucocorticoid 

stress responses. The procedure consist of a 5-min preparation period and a 10-min stress 

phase in which participants are required to immerse their hand in ice-cold water (M = 1.0°C 

± SD = 0.34) alternated with mental arithmetic challenges (i.e., counting backwards). The 

preparation period consists of detailed instructions about the procedure of the MAST on the 

computer screen. The MAST procedure was administered by another female experimenter. 

Participants were instructed to look straight in the video camera during the entire test and 

were explained that the computer signaled the start and the end of the hand immersion and 

mental arithmetic challenges. During the mental arithmetic test, participants received negative 

performance feedback from the experimenter concerning accuracy and/or speed of the 
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calculations. In total, participants engaged in 5 hand immersion trials (i.e., duration between 

60 and 90 sec) and 4 different arithmetic trials (i.e., duration between 45 and 90 sec).

The control task was equivalent to the MAST, except that the stressful elements were 

removed (Smeets et al., 2012). Participants were asked to immerse their hand in warm water  

(M = 35.6°C ± SD = 3.54) and the mental arithmetic test was replaced by counting aloud from 

1 to 25 at their own pace and to start again at 1 when having reached 25. The experimenter 

was in the room, but did not provide any feedback on performance. 

Declarative memory task

Encoding (day 1). During the encoding phase, participants were randomly shown 48 words on 

a small grey rectangle against a background picture (see Figure 6.1). 

War 
2 sec 

4 sec  

 4 sec 

   2 sec  Cancer 

War 

Torture 

 Intact 

Shuffled 

Day 1  
Encoding 

Day 2  
Reactivation 

Day 8 
Test 

1 
da

y 

6 
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Figure 6.1 Overview of the experimental design. 

Day 1 – Memory encoding, Day 2 – Memory reactivation, Day 8 – Memory test

On day 1, participants were shown 24 war-related and 24 disease-related words against a content-

related background picture (i.e., tank in war scene or hospital corridor). As shown in the figure, 

participants rated the words on a valence and arousal scale after each trial. At the second presentation 

of the words, participants were instructed to learn the words. The participants were exposed to a free 

recall task at the first as well as the second encoding task. On day 2, participants were selectively 

reminded of one word list. After a week on day 8, memory performance was assessed with a cued 

recall task. Half of the words were presented in the encoding context (intact) and half of the words 

were presented in a re-arranged context (shuffled). 
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To create two distinctive memory traces, words of two different emotional categories (i.e., 

24 war-related words and 24 disease-related words) were presented on a thematic related 

background picture. The words were chosen from a recently validated data set (Moors et al., 

2012) with each word having a unique stem (i.e., first 2 letters). Based on the data of Moors 

et al., (2012), the words of the two emotional categories did not differ in terms of Valence  

(war: M = 2.66, SD = .87;  disease: M = 2.53 , SD = .86), Arousal (war: M = 4.34, SD = .99;  disease: 

M = 4.06, SD = .59), Familiarity (log-transformed scores, war: M = .88 , SD = .70;  disease: M = .67,  

SD = .74) or Word length (war: M  = 6.79, SD = 1.79;  disease: M  = 6.67, SD = 1.58) (all  

Fs < 1.45, ps > .1). At the first trial, participants were instructed to rate the presented words 

on the dimensions of valence and arousal using self-assessment manikins (Bradley & Lang, 

1994; Hodes et al., 1985). Additionally, participants were asked to focus on the word-context 

combination. After the first presentation of the words, participants were confronted with two 

free recall tasks. In counterbalanced order, participants were asked to recall as many words 

they could remember that were presented on the war-related context and on the disease-

related context within 2 min. After a 1-min resting period, participants were shown the word-

context combinations for a second time. Word order was the same at the second presentation 

to stimulate the creation of a memory trace of each word list. The second time, participants 

were explicitly instructed to learn the word-context combinations. Afterwards, the two free 

recall tasks were presented again (counterbalanced). 

Memory reactivation (day 2). At the second session, memory for one emotional category was 

reactivated by presenting the free recall task related to these words. Participants were explicitly 

instructed to recall the words related to the presented context (i.e., background picture) and 

to perform the free recall task within 2 min. The instruction for the free recall task was similar 

to the instruction that they received the previous day. Yet, as soon as participants started to 

type in their response, the free recall task ended abruptly. Thus, participants were not allowed 

to type in the words they remembered. This procedure was similar to our previous study (Bos 

et al., 2014) and was used to induce a prediction error, which is a discrepancy between what 

was expected and what actually occurred (Forcato et al., 2007; Pedreira et al., 2004), which is 

considered crucial for triggering memory reconsolidation. 

Memory Test (day 8). Memory performance was assessed 6 days after memory reactivation 

with a cued recall task (i.e., word completion) and a recognition task (not reported here) 5. 

In the cued recall task, participants were presented with the first two letters of the study 

5  Due to procedural and programming errors in the recognition task, this task will not be presented here. 
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words. The word stems were shown in a grey rectangle against a background picture. To test 

contextualization of memory, half of the words were presented against their original encoding 

context (i.e., intact context), whereas the other half of the words were presented against the 

other context (i.e., shuffled context). Crucially, the words were randomly assigned to the intact 

and shuffled context, with the restriction that half of the recalled words on day 1 were presented 

in the intact context and half of the words were presented in the shuffled context. This semi-

random assignment of the words to the intact and shuffled context is necessary to ensure that 

contextualization effects are not due to encoding effects. Participants were asked to use the 

stem (i.e., 2 letters) as memory cue to complete the word by typing in the remaining letters. 

Furthermore, they were instructed that the background picture could be the same as at day 

1, but not necessarily so. If the participants could not remember the word, they were asked to 

type in “..”. The task was self-paced. 

Physiological and subjective measurements

Saliva collection. Saliva samples were obtained using cotton salivettes (Sarstedt, Nümbrecht, 

Germany) at 5 different time points (see Figure 6.2). For each collection, participants were 

instructed to place the salivette in their mouth for at least 1 min and allowed to lightly chew 

on it. The saliva samples were stored at -30 °C until biochemical analysis were performed. 

Free salivary cortisol concentrations were determined using an enzyme-linked immunoassay 

(Cortisol Elisa, RE52611; IBL international, Hamburg, Germany). Analyses were carried out 

according to the manufacturers’ instructions (intra-assay variability 1.2 -6.7%). Salivary alpha-

amylase concentrations were determined with a commercially available enzyme immunoassay 

(Alpha-Amylase saliva assay, RE80111; IBL international, Hamburg, Germany), following the 

instructions outlined by the kit manufacturer (IBL) (intra-assay variability .03 – 5.23%). Cortisol 

and alpha-amylase concentrations were assayed to test whether the stress manipulation 

succeeded. Given the difference in expected peak level between cortisol (peak level 20 min 

after stress manipulation) and alpha-amylase (peak level direct after the stress manipulation); 

we analyzed S1 to S4 for cortisol and S1 to S3 for alpha-amylase. 

Blood Pressure and Heart Rate. Blood pressure (BP) and heart rate were measured with a 

fully automated upper-arm oscillometric BP monitoring device (Omron M2). BP and HR were 

assessed at 7 different time point (see Figure 6.2). 

Subjective experience of stress. To assess to what extent participants experienced the MAST 

as stressful, painful and unpleasant, a Likert scale from 0 (‘not all all’) to 9 (‘extremely’) was 

used. 
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Figure 6.2 Timeline depicting the saliva, blood pressure and heart rate procedure.

Blood pressure (BP) and heart rate (HR) were assessed at seven time points throughout the 

experiment: at baseline of each session and 2, 5, 10 and 30 min after the start of the stress 

manipulation (BP/HR1 – BP/HR7). Saliva samples (S1 – S5) were taken five times: 5 min before and 

10, 20 and 30 min after the start of the stress manipulation and one sample was taken 6 days later.

Subjective ratings of the word stimuli. To ensure that the emotional words were experienced as 

negative and arousing, participants rated each word on the dimensions of valence and arousal 

using the SAM (Hodes et al., 1985). The SAM is a nonverbal self-report measure composed 

of five pictograms, depicting increasing levels of valence and arousal. The range is from 1 

(“negative” respectively “not arousing”) through 9 (“positive” respectively “highly arousing”).

Questionnaires. To examine possible differences between the experimental groups in 

personality variables that may have affected responses to the stress manipulation, processing 

of emotional stimuli or memory performance, participants filled out the trait scale of the State-

Trait Anxiety Inventory (STAI-T, Spielberger, 1970), the Anxiety Sensitivity Index (ASI, Peterson 

& Reiss, 1992), Beck Depression Inventory (BDI, Beck et al., 1996) and the Positive Affect and 

Negative Affect Schedule (PANAS, Watson et al., 1988). 

Working memory. The digit span subtest of the Wechsler Adult Intelligence Scale-revised 

(Wechsler, 1981) was assessed to control for possible differences between groups in working 

memory capacity. 

Experimental design and general procedure

Participants were randomly assigned to the stress group (n = 24) or control group (n = 27). 

The experiment consisted of three testing sessions on respectively day 1, day 2 and day 8. 

The testing sessions took place between 12 pm and 7 pm to reduce the impact of diurnal 

variation in cortisol level. All sessions took place in a laboratory setting in a closed cubicle 

(4.9 x 8.2 ft) with a computer screen. Given that sleep is essential for memory consolidation 

(Walker & Stickgold, 2006), we instructed participants to get enough sleep for all sessions. To 
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allow for controlled saliva collection, participants were asked to refrain from caffeine, alcohol 

and excessive exercise from twelve hours before the experiment and to not consume food or 

drinks (except for water), chew gum, smoke cigarettes or brush their teeth from two hours prior 

to testing (session 2 and session 3). Day 1. Participants were informed about the nature and 

general procedure of the experiment and asked to sign the informed consent form. Participants 

were told that they were participating in a larger project consisting of several unrelated tasks 

(i.e., word task, cold pressor challenge, questionnaires and a puzzle task) that were divided 

over different days to minimalize the possibility that performance on the tasks would interfere 

with each other. We used this cover-story to ensure that participants would not study the words 

outside the experimental context and would not expect the memory test at day 8. Eligibility 

of the participant was screened using a self-report medical screening, BDI and the DUDIT. 

After BP and HR were measured, participants were subjected to the digit span test. Next, the 

STAI-T, ASI and PANAS were administered. Thereafter, the encoding phase of the declarative 

memory task was administered. Day 2. Session 2 started with a 15-min resting period during 

which participants could read magazines. After the resting period, the first saliva sample (S1) 

was obtained. Furthermore, BP, HR and the PANAS were assessed. The experimenter started 

the memory reactivation part of the declarative memory task, which was directly followed 

by the instructions of the MAST. During the first and third hand immersion trial, BP and HR 

were assessed. At the end of the MAST a second saliva sample (S2), the PANAS and the 

subjective stress scales were taken. This was followed by a 20 min resting period during which 

participants could read magazines again. Ten min after the MAST, a third saliva sample (S3) 

was taken and participants filled out the PANAS. Twenty min after the MAST, a fourth saliva 

sample (S4) was obtained, BP and HR were measured and participants filled out the PANAS. 

Day 8. Upon arrival, participants provided a saliva sample (S5) and filled out the PANAS. Next, 

the experimenter started the final memory test (i.e., cued recall and recognition task). At the 

end of the experiment, participants were asked about their expectations and motivation during 

the task and were debriefed about the stress procedure and the surprise memory test. 

Statistical analysis

Statistical analyses were performed using the SPSS statistical software package (SPSS Inc., 

Chicago, Illinois). Sample characteristics were analysed by one-way analyses of variance 

(ANOVAs) with Group (Stress versus No Stress) as between-subject factor. Effect of the stress 

manipulation was tested by mixed ANOVAs with Time as within-subject factor and Group as 

between-subject factor. To normalize distributions, PANAS ratings, cortisol concentrations and 

alpha-amylase were log-transformed. One participant did not provide enough saliva to assay 

cortisol and alpha-amylase. 
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Encoding performance was analysed by a mixed ANOVA with word category (war versus 

disease) as within-subject factor and Group (stress versus control group) as between-subject 

factor. Memory performance was defined as percentage correct recall on day 8 relative 

to recall performance on day 1 (second free recall test). To assess differences in memory 

reactivation and contextualization, memory performance was calculated for each category 

separately (i.e., reactivated intact context, reactivated shuffled context, non-reactivated intact 

context, non-reactivated shuffled context). No outliers were detected. Memory performance 

(i.e., percentage correct recall for each category) was analysed with a mixed-design ANOVA 

with the within-subject factors Reactivation and Context and between-subject factor Group. 

Furthermore, we explored the contribution of stress responsiveness to memory 

contextualization. First, we tested whether the indicators of stress responsiveness were 

correlated with memory contextualization using Pearson’s product-moment correlations. 

In order to obtain a single value of memory contextualization, we subtracted memory 

performance for the shuffled context from the intact context. Thus, a larger contextualization 

index represents more contextual dependency of memories. Increase in stress response was 

calculated for all stress indices by subtracting the maximum response from baseline response. 

For the subjective experience of the MAST, we calculated a sum score of the Likert-scale 

ratings. Indices of stress were screened for possible outliers (-3.29 < Z > 3.29). One participant 

showed a strongly deviating alpha-amylase response (Z = - 5.34) and one participant showed 

a strongly deviating cortisol response (Z = - 3.76). Both data points were discarded. Second, 

we examined whether stress responsiveness mediated memory contextualization by using a 

multiple mediation model. Preacher and Hayes’ (2008) method was followed for assessing 

multiple mediation, with 5000 bootstrap iterations and 95% bias-corrected confidence intervals, 

using Mplus version 6.1 (Muthén & Muthén, 2007). Mediators (i.e., cortisol, HR and subjective 

stress) were centered around the grand mean. Alpha-level was set at .05 for all statistical tests. 
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Results

Participant characteristics

Five participants were excluded from further analyses due to either procedural errors  

(n = 3), taking medication at session 3 (n = 1; propranolol) or dizziness during the MAST (n = 1).  

The analyses were performed over 46 participants, 22 participants in the Stress group and 24 

participants in the control group. The stress and control group did not differ on the digit span, 

ASI, BDI and STAI-T (Fs < 1.63, ps > .1). The stress group was however two years older (M  = 

22.81 ± S.E.M. = .70) than the no stress group (M = 20.91 ± S.E.M. = .38) (F (1, 32.63) = 5.60, 

p = .024, ηp
2 = .12). Groups did not differ in motivation for the memory tasks (Fs < 1.0, ps > .1). 

None of the participants studied the words outside the experimental context. 

Stress responses to the MAST

Cortisol concentrations. Exposure to the MAST increased cortisol responses in the stress 

group (see Figure 6.3). The mixed ANOVA revealed a significant interaction between Time and 

Group (F (1.34, 57,61) = 20.47, p < .001, ηp
2 = .32) and a main effect of Group (F (1.43) = 4.86, 

p = .033, ηp
2 = .10). As can be seen in Figure 6.3 and confirmed by planned comparisons, 

participants in the stress group showed higher cortisol responses 20 and 30 minutes after 

the start of the stress manipulation in comparison to the control group (Fs > 12.17, ps < .01,  

ηsp
2 > .22). There were no group differences at baseline or directly after the stress manipulation 

(Fs < 1.0). In addition, simple contrasts compared to baseline revealed a difference in slope 

between the stress and control group at 10, 20 and 30 min after the stress manipulation (Fs > 

10.45, ps < .003, ηsp
2 > .19). 

Alpha-amylase. Analysis of alpha-amylase showed a marginally significant interaction between 

Time and Group (F (2,86) = 2.62, p = .079, ηp
2 = .06), in the absence of a main effect of Time 

and Group (Fs < 1.0). Planned comparisons did not reveal a difference between groups at 

one of the time points (Fs < 2.11, ps > .1). However, simple contrasts compared to baseline 

showed a significant difference between groups in slope at 20 min after the start of the stress 

manipulation (F (1,43) = 5.17, p  = .028, ηp
2 = .11). 

Systolic BP. As expected, the MAST resulted in a strong increase in systolic BP compared to 

the control task (see Table 6.1). Repeated measures ANOVAs yielded a significant main effect 

of Time (F (2.94,129.17) = 20.57, p < .001, ηp
2 = .32) and Group (F (1,44) = 29.01, p < .001,  

ηp
2 = .38) as well as a significant Time by Group interaction (F (2.94,129.17) = 29.60, p < .001,  

ηp
2 = .40). Planned comparisons demonstrated higher systolic BP in the stress group than 
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in the control group at t2, t5 and t10 (Fs > 24.97, ps < .001, ηsp
2 > .36), but no pre- or post-

assessment difference (Fs < 1.0). Furthermore, simple contrasts compared to baseline 

confirmed a difference in slope at t2, t5 and t10 (Fs > 23.45, ps < .001, ηsp
2 > .34).
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Figure 6.3 Psychosocial stress effects on hormonal reactivity. 

Panel A depicts stress effects on salivary cortisol concentrations (nmol/ml). Panel B depicts stress 

effects on salivary alpha-amylase concentrations (U/ml). 

** p < .01; Error bars represent S.E.M.

Diastolic BP.  Like systolic BP, diastolic BP increased by exposure to the MAST. Analysis revealed 

a main effect of Time (F (2.83,124.57) = 15.79, p < .001, ηp
2 = .26) and Group (F (1,44) = 22.42,  

p < .001, ηp
2 = .34) and a Time by Group interaction (F (2.83,124.57) = 16.19, p < .001, ηp

2 = 

.27). As can be seen in Table 6.1 and demonstrated by planned comparisons, participants in 

the stress group showed higher levels of diastolic BP than participants in the control group 

during and directly after the MAST (Fs > 18.61, ps < .001, ηsp
2  > .29). There were no differences 

between groups at pre- or post-assessment (Fs < 1.0). In addition, simple contrasts compared 

to baseline showed also a difference in slope at t2, t5 and t10 (Fs > 16.87, ps < .001, ηsp
2 > .27).

Heart rate. Analysis of HR resulted in a significant main effect of Time (F (3.02,132.89) = 6.34,  

p < .001, ηp
2 = .13) and an interaction between Time and Group (F (3.02,132.89) = 3.71, p  = .013,  

ηp
2 = .08), in the absence of a main effect of Group (F < 1.0). Planned comparisons could 

not reveal a difference between groups at any time point (Fs < 1.89, ps > .1) (see Table 6.1). 

However, simple contrasts compared to baseline revealed a significant difference between 

groups in slope from baseline to t2 exposure (F (1,44) = 7.77, p = .01, ηp
2 = .15) and a marginally 

significant difference in slope from baseline to t5 (F (1,44) = 3.92, p = .054, ηp
2 = .08), 
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Table 6.1 Effects of psychosocial stress exposure on systolic and diastolic blood pressure (BP; in 

mmHg), heart rate (HR, in beat per minute) and negative affect ratings assessed before (tpre), during 

(t2min and t5min) and after (tpost10, tpost20, tpost30) the stress manipulation in the two experimental groups. 

Subjective experience of stress was assessed directly after stress exposure (tpost10). 

Means ± S.E.M.; # p < .06, ** p < .01.   

Stress
n=22

Control
n=24

Systolic BP

tpre_-5min 116.27 ± 2.18 113.29 ± 2.17

t2min 135.68 ± 3.32** 112.88 ± 2.17

t5min 140.00 ± 3.18** 109.29 ± 1.95

tpost_10min 132.36 ± 3.88** 110.50 ± 2.21

tpost_30min 114.27 ± 2.18 112.17 ± 2.21

Diastolic BP

tpre_-5min   71.14 ± 2.10   69.46 ± 1.39

t2min   87.86 ± 2.62**   70.38 ± 1.49

t5min   89.32 ± 3.00**   68.92 ± 1.32

tpost_10min   81.77 ± 2.62**   69.00 ± 1.51

tpost_30min   73.09 ± 2.81   69.88 ± 1.89

Heart Rate

tpre_-5min   66.09 ± 1.88   69.29 ± 2.71

t2min   72.86 ± 2.56   68.50 ± 1.93

t5min   69.50 ± 2.22   68.17 ± 1.79

tpost_10min   66.09 ± 2.35   68.63 ± 1.69

tpost_30min   62.14 ± 2.47   66.38 ± 2.01

Negative Affect

tpre_-5min     1.19 ± 0.05#     1.40 ± 0.09

tpost_10min     1.73 ± 0.17**     1.25 ± 0.06

tpost_20min     1.38 ± 0.10     1.18 ± 0.04

tpost_30min     1.28 ± 0.08     1.12 ± 0.03

Subjective Stress

Unpleasant     7.41 ± 0.40**     3.04 ± 0.40

Painful     6.14 ± 0.52**     0.17 ± 0.10

Stressful     4.91 ± 0.60**     1.00 ± 0.37

Negative Affect. The MAST was successful in inducing negative affect. A mixed ANOVA of 

the negative affect scale of the PANAS yielded a main effect of time (F (2.10, 92.25) = 9.87,  

p < .001, ηp
2 = .18) and an interaction of Time and Group (F (2.10, 92.25) = 11.36, p < .001,  

ηp
2 = .21), in the absence of a main effect of Group (F (1,44) = 1.43). As expected, participants in 
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the stress group showed significantly higher negative affect ratings directly after the MAST than 

participants in the control group (F (1,44) = 6.44, p = .015, ηp
2 = .13). Furthermore, the groups 

trended towards a difference at baseline (F (1,44) = 3.74, p = .06, ηp
2 = .08). Participants in the 

stress group showed lower negative affect ratings at baseline than participants in the control 

group. There were no significant differences between groups at post stress assessments 

(Fs < 2.69, ps > .1). In addition, simple contrasts compared to baseline revealed significant 

differences in slopes between the groups at every time point (Fs > 7.47, ps < .009, ηsp
2 > .14)

(see Table 6.1).

Subjective ratings. As expected, participants in the stress group experienced the MAST as 

more unpleasant, painful and stressful than participants in the control group (ts > 5.54, ps < 

.001, ds > 1.65) (see Table 6.1). 

SAM Ratings

In contrast to our expectations and the data of Moors et al. (2012), participants rated the word 

categories slightly differently on the valence and arousal scale of the SAM. The war-related 

words were rated as somewhat more negative and arousing (Valence: M = 3.12, SD = .61; 

Arousing: M = 5.19, SD = 1.34) than the disease-related words (Valence: M = 3.30, SD = .63; 

Arousing: M = 4.51, SD = 1.19) (Fs > 7.83, p < .008, ηsp
2  > .15). There was no difference in 

SAM ratings between the stress group and the control group (Fs < 1.0). 

Memory Performance

Encoding. Participants memorized on average 29 out of 42 words (range: 18 – 38). The mixed 

ANOVA revealed an increase in recall performance from the first to the second retention test 

(F (1,44) = 212.74, p < .001, ηp
2 = .83). There were no differences between groups in recall 

performance (Fs < 2.97, ps > .09). Remarkably, participants learned more disease-related 

words (M = 15.41, SD = 2.83) than war-related words (M = 13.41, SD = 3.19), as indicated by a 

main effect of Category (F (1,44) = 57,44, p < .001, ηp
2 = .57). This latter finding together with the 

SAM ratings seems to contradict previous studies showing a positive relation between recall 

performance and stronger emotionality of the words (Kensinger & Corkin, 2004). However, 

both word categories were rated as negative. Possibly, disease related words were more easily 

personalized than war related words and therefore better recalled. 

Cued Recall. To control for individual differences in learning performance, we assessed cued 

recall performance relative to initial learning (i.e., percentage correct recall on day 8 relative to 

recall performance on day 1 for each category). The mixed ANOVA showed only a significant 
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main effect of Context (F (1,44) = 31.06, p < .001, ηp
2 = .41). The expected interaction between 

Context, Reactivation and Group was not significant (F (1,44) = 2.43, p = .13). Overall, 

participants recalled more words in the intact context than in the shuffled context. 
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Figure 6.4 Memory performance (day 8)

Memory performance indexed by percentage recalled words at test relative to performance on day 

1 as a function of Context. Panel A depicts memory performance for the reactivated words. Panel 

B depicts memory performance for the non-reactivated words. Controlled for age, the stress group 

showed somewhat more contextual dependency of reactivated words than the control group. 

# p < .09; * p < .05; Error bars represent S.E.M. 

Next, we re-analyzed the data with age of the participant as covariate. We consider an analysis 

of covariance (ANCOVA) appropriate here, given that we randomly assigned participants to 

condition. Thus, entering age as covariate in the analysis would only remove noise variance 

from group and not something substantive about group (Miller & Chapman, 2001). The mixed 

ANCOVA now revealed a marginally significant interaction between Context, Reactivation and 
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Group (F (1,43) = 3.85, p = .056, ηp
2 = .08). Follow-up analyses for the reactivated words 

revealed a marginally significant difference of Context (F (1,43) = 3.47, p = .07, ηp
2 = .08) and 

an interaction between Context and Group (F (1,43) = 4.02, p = .051, ηp
2 = .09) (see Figure 6.4). 

Planned comparisons confirmed a Context effect in the stress group (F (1,43) = 19.83, p < .001, 

ηp
2 = .32), but not in the control group (F (1,43) = 2.78, p = .10, ηp

2 = .06). Follow-up analyses for  

the non-reactivated words revealed no significant main or interaction effects of Context and 

Group (Fs < 1.0). Critically, to attribute the group difference to post-reactivation stress, a 

difference between the reactivated and non-reactivated word list is necessary. Yet, follow-

up analyses for the stress group and control group separately did not reveal a significant 

difference between the reactivated and non-reactivated word list, neither in the stress group 

(Reactivation x Context: F < 1.0) nor in the control group (Reactivation x Context: F < 3.03,  

p = .096, ηp
2 = .12). 

To conclude, the results demonstrate an overall effect of context, indicating that participants 

more easily recalled words in the original encoding context than in the shuffled context. After 

controlling for age differences, we showed that the contextual dependency of the reactivated 

words was stronger in the stress group than in the control group. However, the absence of a 

difference between the reactivated and non-reactivated words within groups indicates that the 

selective reactivation procedure did not fully succeed. 

Table 6.2 Pearson correlations between stress reactivity and contextual dependency of memories.

  1 2 3 4 5 6 7 8 9 10

Contextualization 
– Reactivated

Contextualization 
– Non-reactivated

.587**

Contextualization 
– General

 .901**
 
.876**

Subjective Stress .265  .041 .175

ΔNegative Affect .139 -.003 .082 .619**

Δcortisol .345* .277# .362* .669** .428**

ΔsAA .152 .062 .119 .390** .296#  .231

ΔsysBP .298* .193 .282# .649** .383** .520** .338*

ΔdiaBP .397** .171 .323* .596** .272# .566** .476** .766**

ΔHR .252 .140  .231 .439**  .211 .453** .275# .449** .392**

 

Note: Δ means peak level minus baseline level; # p < .09; * p < .05; ** p < .01
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X:  
Group 

    Y:  
Memory 

Contextualization 

M1:  
Δ Cortisol 

M2:  
Δ Heart Rate 

M3:  
Subjective Stress 

Path C’: b= 2.85; 95% CI: -3.73 – 9.50 
Path C:  b=-0.054 (4.37) 

Figure 6.5 Multiple mediation model of the relation between group (Stress and Control Group) 

and memory contextualization (i.e., recall performance for the intact context (reactivated and 

non-reactivated words) minus recall performance for the shuffled context (reactivated and non-

reactivated words) with increase in cortisol, heart rate (HR) and subjective stress as mediators. The 

point estimates (S.E.M) are presented in the figure. 

# p < .07; * p < .05; ** p < .01

Stress response as mediator of memory contextualization

Correlations. Given that we assume that the selective-reminder procedure did not succeed, 

we examined whether stress responses correlated with memory contextualization overall (i.e., 

reactivated and non-reactivated words). As can be seen in Table 6.2, memory contextualization 

was related to cortisol response, systolic and diastolic BP. Increase in physiological stress was 

related to stronger contextual dependency of the words (i.e., larger difference between memory 

recall in the intact context versus the shuffled context). Note that memory contextualization of 

the reactivated and non-reactivated words separately showed similar results.

Next, we examined whether stress reactivity also mediated the contextual dependency 

of memory. We performed a multiple mediation analysis with group as independent variable 

(stress=1; no-stress=-1), memory contextualization (overall) as dependent variable and increase 

in cortisol (i.e., index of glucocorticoid activity) increase in heart rate (i.e., index of sympathetic 

arousal) and the subjective experience of stress (i.e., indicator of psychological stress) as 

mediators. As shown in Figure 6.5, group predicted subjective stress, cortisol and HR response 
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(path a1, a2 and a3). Adjusting for group, there was a marginally significant relation between 

cortisol and contextual dependency of memory (p = .07), but not for subjective stress or HR 

(ps > .1). Importantly, even though there was no direct relation between stress and memory 

contextualization, the cortisol response was a unique mediator of the effect of stress on memory 

contextualization (b = 4.38, 95% CI: 0.78 – 9.66). Heart rate and subjective experience of stress 

did not mediate the effect between stress and memory contextualization. Thus, post-reactivation 

increase in cortisol resulted in more dependency of contextual information at memory recall.

Discussion

The aim of the current study was to examine whether stress during the reconsolidation window 

affects the contextualization of emotional declarative memories. There are two main findings: 

(1) post-reactivation stress did not selectively affect the contextual-dependency of reactivated 

words relative to the non-reactivated words, (2) cortisol response mediated the effect between 

post-reactivation stress exposure and memory contextualization for all words (both reactivated 

and non-reactivated). This latter result indicates that the stronger the post-reactivation cortisol 

response, the more the recall performance of the study words was dependent on the contextual 

embedding of these words. The theoretical and clinical implications of the current findings are 

discussed below. 

Remarkably, we found no within-subject differences between the reactivated and non-

reactivated words neither in the stress group nor in the control group. Hence the stress 

manipulation did not selectively affect the reactivated memory. This finding suggests that either 

the selective reactivation procedure or the creation of two distinct memories was unsuccessful. 

One possibility is that the spatial context was critically involved in encoding as well as retrieval 

of the study material. We used two separate emotional categories and a related background 

picture in order to facilitate the creation of two to be memorized context-specific categories. At 

test, participants in both groups recalled more words in the intact context than in the shuffled 

context indicating that the word-context (i.e., background picture) association was successful. 

Nevertheless, the spatial context of the lab setting could have served as a common (meta-)

context for the participants, connecting both categories into one memory representation. 

Moreover, the reminder procedure was carried out in the same spatial context as encoding. 

The combination of our reminder procedure and the spatial context could have reactivated 

the memory representation of both word categories instead of the intended word category 

alone. A previous study in humans demonstrated that a spatial context in itself could already 

be sufficient to reactivate a declarative memory and open-up the reconsolidation window 
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(Hupbach et al., 2008). However, several fear conditioning studies on reconsolidation were 

successful in selective reactivation, while the distinct fear memory associations were acquired 

in the same spatial context (Soeter & Kindt, 2011a; Soeter & Kindt, 2012b). It bears mentioning 

however that traditional fear conditioning involves rather simple associations between a neutral 

stimulus and an aversive outcome. Thus, each stimulus has a unique predictive value for the 

occurrence of the aversive outcome and the distinct fear associations may be less strongly 

connected through the spatial context than the two word-categories in the current study. 

Critically, one might suggest that our reminder procedure failed to open-up the 

reconsolidation window. A notable shortcoming of the present study design is that we did not 

incorporate a post-reactivation short-term memory test (PR-STM), whereas reconsolidation is 

a time-dependent process and the effects on memory reconsolidation should therefore not 

be observed at PR-STM test. Hence, the stress exposure following memory reactivation could 

have directly affected memory contextualization instead of affecting the process of memory 

reconsolidation. However, other memory processes, like retrieval or consolidation, cannot 

easily explain the findings that cortisol response mediated the effect between post-reactivation 

stress and contextual-dependency of declarative memory because we induced stress after 

memory reactivation. But given that the selective reminder procedure failed, we cannot rule 

out that stress exposure enhanced memory contextualization in a non-specific way rather than 

by affecting reconsolidation. 

The second main finding is that stress-induced cortisol response after memory reactivation 

mediated the contextual-dependency of the words. We induced stress experimentally by 

exposing participants consecutively to cold pressor tests and arithmetic challenges. The 

advantage of using an experimental stress manipulation is that is mimics a real-life stress 

experience and elicits a wide range of physiological and psychological reactivity. Indeed, 

stress exposure activated the ANS, HPA axis and induced psychological distress. A mediation 

analysis provides the opportunity to clarify the specific contribution of each stress response 

system on the relation between post-reactivation stress and memory contextualization 

(MacKinnon, 2007; Preacher & Hayes, 2008). Furthermore, mediation analysis may even be 

preferred over group analysis (Kosslyn et al., 2002) when large inter-individual variability is 

expected, such as in psychophysiological stress responses (Kudielka et al., 2009). 

Cortisol response uniquely contributed to the relation between post-reactivation stress 

and memory contextualization, whereas other parameters of stress such as HR increase and 

subjective stress did not. The critical role of cortisol is in line with the literature that strongly 

emphasizes the effects of glucocorticoids on learning and memory processes in general 

(Joëls, Pu, Wiegert, Oitzl, & Krugers, 2006) and memory contextualization in specific (van 

Ast et al., 2013; van Ast et al., 2014). A previous study showed that cortisol administration 
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three hours before encoding enhanced emotional memory contextualization, whereas cortisol 

administration 30 min before encoding impaired contextualization in healthy participants (van 

Ast et al., 2013). The current findings extend our knowledge on contextualization of emotional 

declarative memory by showing that stress-induced cortisol can also enhance the contextual-

dependency after memory reactivation. Even though it remains speculative, it seems likely that 

the hippocampus mediated the current observations. The critical role of the hippocampus to 

changes in context-specificity during memory reconsolidation is suggested by an earlier study 

in rats (Winocur et al., 2009). Winocur and colleagues (2009) tested the effect of hippocampal 

lesions during the reconsolidation window of remote contextual fear memories. They showed 

that only when the fear acquisition context served as a reminder, the fear memory regained its 

context-specificity and became susceptible to hippocampal lesions. In contrast, exposure to a 

different context only reactivated general features of the remote contextual fear memory, which 

was less affected by hippocampal lesions.

Our findings indicate that a stress-induced cortisol response enhances the context-

specificity of emotional memory and suggest that post-reactivation cortisol can prevent 

memory generalization. Over time, memory transfers from specific to more general and gist-

like memory representations (Nadel & Hardt, 2010; Winocur et al., 2009). This transformation is 

to a certain degree observed in the control group, which showed less contextual-dependency 

for the reactivated words compared to the stress group. The suggestion that post-reactivation 

stress prevent memory to generalize over contexts seems to be at odd with the idea that stress 

facilitates gist processing (Payne et al., 2002), for example in patients with PTSD (Ehlers & 

Clark, 2000; Liberzon & Sripada, 2007). This apparent discrepancy in cortisol effects may 

partly be explained by differences in memory reactivation. In the current study, we reactivated 

the memory of the study words by presenting participants a contextual reminder (background 

picture) in the encoding context, which may have triggered context-specific memory (Winocur 

et al., 2009). In contrast, retrieval of trauma memory in patients with PTSD is characterized 

by re-experiencing gist-like aspects of the trauma memory, which lacks temporal and spatial 

context (Ehlers & Clark, 2000). Thus, when retrieval of trauma memory is accompanied by 

post-retrieval stress, generalization is facilitated rather than context-specificity of the memory. 

In addition, it has been suggested that patients with PTSD may predominantly process the 

sensory impressions and perceptual characteristics of the event (i.e., data-driven processing) 

rather than the meaning and context of the event (i.e., conceptual-driven processing, Ehlers & 

Clark, 2000; Kindt, van den Hout, Arntz, & Drost, 2008). Following this line of reasoning, stress-

induced cortisol after memory reactivation may have facilitated conceptual-driven processing 

during reactivation (i.e., attention to contextual information). 
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Alternatively, post-reactivation stress effects may follow an inverted U-shape curve (Marin et 

al., 2011), like stress effects on memory consolidation (Abercrombie et al., 2003; Andreano 

& Cahill, 2006). Strong elevations of cortisol after reactivation have been shown to disrupt 

memory performance, whereas weak cortisol elevations enhanced memory performance 

(Marin et al., 2011). But it is still unclear whether post-reactivation stress effects on memory 

contextualization follow a similar pattern. 

A few other limitations of the current study should be mentioned. First, we used words 

that were related to two emotional categories. During encoding on day 1, the disease-

related words were better recalled than the war-related words. Even though we corrected 

for initial recall performance by using percentage scores and counterbalancing the selective 

reactivation procedure, this encoding difference may have affected the results. Second, we 

did not incorporate neutral control words. Previous studies have shown that stress exposure 

and stress hormones typically affect memory performance for emotional stimuli (e.g., Cahill 

et al., 2003; McGaugh, 2004) as a result of the typical interaction between emotion-induced 

arousal by the study material and stress hormones (Roozendaal et al., 2009). But the current 

design did not enable us to test this interaction.

To conclude, the current results demonstrate that stress-induced cortisol strengthens the 

contextual dependency of emotional declarative memories. This finding suggests that moderate 

levels of post-reactivation stress might serve an adaptive function against generalization of 

emotional memories over contexts.
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The general objective of this thesis was to gain more insight into the malleable nature of 

emotional memory. In five empirical chapters we experimentally challenged emotional memory, 

by combining insights from neuroscience, neurobiology and experimental psychopathology. 

Emotional memory is a broad concept that can be studied by different methodologies. In 

this thesis three different experimental paradigms (fear conditioning, emotion-induction by film 

clips and word-list learning) were used to test different components of emotional memory 

and several measures were utilized to assess the expression of emotional memory, such as 

physiological indices (startle reflex, skin conductance) and cognitive indices (US-expectancy 

ratings, free recall, recognition). In search of altering the strength of earlier formed emotional 

memory, we applied pharmacological and behavioral manipulations before or after memory 

reactivation to interfere with reconsolidation. In this final chapter, the empirical findings will 

be summarized, integrated and discussed, concluding with suggestions for future directions. 

Memory retrieval, reconsolidation and extinction

The first aim of the current thesis was to disentangle the process of reconsolidation and extinction 

learning, specifically the transition from reconsolidation-induction to extinction-induction upon 

recall of associative fear memory. To this end, we tested the effect of noradrenergic blockade 

on these two processes in two separate studies. Chapter 2 and 3 present these studies where 

we varied the number of reactivation trials to the extreme to ascertain two possible outcomes 

of retrieval: reconsolidation and extinction. The objective of Chapter 2 was to firstly replicate 

the previously established effect of pharmacological disruption of reconsolidation to further 

explore the alleged rivalry between both processes. However, in sharp contrast to previous 

studies in our lab (Kindt et al., 2009; Sevenster et al., 2012b; Sevenster et al., 2013; Soeter & 

Kindt, 2010; Soeter & Kindt, 2012a; Soeter & Kindt, 2011a; Soeter & Kindt, 2012b), we found 

that noradrenergic blockade during a single memory reactivation trial did not affect startle 

responding the next day. Propranolol HCl administration prior to memory reactivation left the 

fear memory intact. Even though we modified the instruction to optimize the procedure, we 

failed to replicate the finding that propranolol HCl before memory reactivation eliminates the 

startle fear response (Kindt et al., 2009; Sevenster et al., 2012b; Soeter & Kindt, 2010; Soeter 

& Kindt, 2011a; Soeter & Kindt, 2012b). Obviously, this result was unexpected and remains 

difficult to fathom. 

Our understanding of the optimal and boundary conditions of disrupting reconsolidation 

has advanced since we obtained the results described in the previous paragraph. Initially, we 

expected that the key to explain this unexpected result was the expression of fear (startle reflex) 
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during memory retrieval. The data of Chapter 2 could however not reveal a relation between 

the strength of differential startle response on day 2 and day 3. Very recently, data from our 

lab suggest that the expression of fear during memory retrieval (i.e, startle potentiation) is not 

a reliable index of the underlying process that is ultimately engaged by memory reactivation. 

Furthermore, research in animals (Morris et al., 2006; Pedreira et al., 2004) and humans (Forcato 

et al., 2009; Sevenster et al., 2013; Sevenster et al., 2012b) showed that reconsolidation is only 

triggered when there is an opportunity for new learning during memory retrieval. The experience 

of a prediction error (PE) – the mismatch between the expected and actual experience based 

on prior learning – appeared to be a prerequisite to destabilize the initial memory trace. The 

interaction between learning history and memory reactivation determines whether memory 

retrieval triggers reconsolidation or new learning (extinction learning) (Bustos, Maldonado, & 

Molina, 2009; Sevenster, Beckers, & Kindt, submitted). Given that the experimental procedure 

of Chapter 2 was not designed to explicitly test PE-driven learning, it remains speculative 

what happened upon recall. We would argue that the most likely explanation for the failed 

replication is that during reactivation the memory was only retrieved without engaging the 

process of reconsolidation (see also, Bustos et al., 2009; Sevenster et al., submitted; Suzuki et 

al., 2004). It still remains unclear why the usually successful procedure to trigger the process 

of reconsolidation was unsuccessful in this particular study. 

In Chapter 3 we tested whether oral administration of propranolol HCl prior to repeated 

memory reactivation would affect extinction learning and can be considered as a boundary 

condition of disrupting reconsolidation. The results showed that propranolol HCl left the 

physiological expression of fear memory (startle reflex, skin conductance response) 

unaffected, but impaired extinction learning at a cognitive level (CS-US contingency). This 

indicates that a careful selection of the timing parameters upon recall is essential to ensure that 

the pharmacological agent interferes with the intended memory process.

Taken together, the results of Chapter 2 and 3 and our new insights acquired in the past few 

years suggest that there is a relatively small window of opportunity to target reconsolidation of 

emotional memory by pharmacological or behavioral interventions. Memory retrieval on itself 

is not sufficient to trigger memory reconsolidation, but recurrent retrieval may engage new 

learning. Both findings support the assumption that certain boundary conditions exist under 

which reconsolidation does not occur. However, it bears mentioning that it is very difficult 

to prove the existence of a boundary condition based on the behavioral expression of fear 

memory (Finnie & Nader, 2012). A negative finding, such as we described in Chapter 2, does 

not implicate that a memory cannot undergo reconsolidation under different circumstances. 

It only demonstrates that the experimental parameters to induce memory destabilization were 

not sufficient to do so. Hence, it cannot be ruled out that other possible reactivation procedures 
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(for instance, reactivation that is more or less similar to the encoding event) could have been 

effective in inducing memory destabilization. Our findings underline the importance to gain 

insight into the transition from retrieval to reconsolidation to new learning. To recap, if we are 

to target reconsolidation with pharmacological agents in clinical practice, careful selection of 

timing parameters of memory retrieval is crucial to trigger the intended memory process.

Physiological expression of fear

The results of Chapter 3 showed that propranolol HCl administration prior to repeated memory 

retrieval only affected the cognitive expression of fear (US-expectancy ratings), but not the 

physiological expression of fear (startle reflex and skin conductance response). In line with 

previous studies from our lab and other labs (Hamm & Vaitl, 1996; Sevenster et al., 2012b; 

Sevenster et al., 2013; Soeter & Kindt, 2010; Soeter & Kindt, 2011b; Soeter & Kindt, 2012b; 

Weike et al., 2007), this indicates that the different measures of the conditioned fear response 

represent different underlying response systems. Most remarkable is the observed difference 

between startle reflex and skin conductance in our reconsolidation studies (e.g., Soeter & 

Kindt, 2010). These findings together inspired us to investigate the underlying mechanisms 

of the different physiological response systems in more detail (Chapter 4). Even though our 

interest in diverging response systems originated from the fear conditioning studies mentioned 

above, a disadvantage of the prototypical fear conditioning paradigm is that it is very difficult 

to disentangle the underlying mechanisms that may account for the conditioned response 

(valence and/or arousal). This is particularly the case for the dimension of valence, given that 

a positive equivalent of the aversive US (i.e., commonly an electric shock) is difficult to obtain. 

Therefore, we used a film-viewing paradigm, which enabled us to vary the level of valence. In 

Chapter 4 we demonstrated that in contrast to SCR and HR, the startle response differentiated 

between negative, neutral and positive states. The startle response can therefore be considered 

as a reliable index of activation of the defense system, while the SCR is restricted to arousal 

regardless of the valence of the film clips (positive, negative). Our behavioral findings of the 

dissociation between startle response and SCR are in correspondence with the neurobiological 

underpinnings of these response systems. The amygdala, which is considered the emotional 

center of the brain, is critically involved in the neural circuit of potentiation of the startle reflex (Davis 

et al., 1993; Davis, 2006). Although amygdala activation is also associated with conditioned skin 

conductance responding (Cheng, Knight, Smith, Stein, & Helmstetter, 2003; Knight, Nguyen, & 

Bandettini, 2005; Phelps et al., 2001), the neural underpinning of SCR is far more widespread 

and not specifically related to the neural defense network (for a review, see Critchley, 2002). 
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Furthermore, we showed that HRV, a biological index of emotional responding (Appelhans & 

Luecken, 2006; Porges, 2007; Thayer & Lane, 2000), was associated with affect-modulated 

characteristics of the startle reflex, but not with SCR or HR. This finding emphasizes the 

potential of HRV as an interesting measure of individual differences in emotional responding in 

experimental research on emotion in general and fear in specific. 

In human fear conditioning research, multiple indices of conditioned fear are usually 

obtained for reasons of cross-validation. The findings of Chapter 4 and from other studies 

(e.g., Sevenster, Beckers, & Kindt, 2014; Soeter & Kindt, 2010) emphasize the unique 

contribution of each measure to understand the complex nature of fear (learning). Note that 

fear is characterized by high levels of negative valence and arousal (Lang, 1995). As shown 

in Chapter 3 and in other studies, the different indices do not necessarily converge (for a 

critical discussion, see Beckers, Krypotos, Boddez, Effting, & Kindt, 2013). It is therefore useful 

to obtain multiple indices of the conditioned response, but only when diverging response 

patterns are a priori predicted. 

Stress influences reconsolidation of declarative memory

The second aim of this thesis was to examine the effect of post-reactivation stress on emotional 

declarative memory (Chapter 5 and 6). It has been suggested that the functional role of 

reconsolidation is to keep our memories up to date. This adaptive function may explain why 

some memories are maintained, whereas the bulk of daily life experiences are not (Hardt et 

al., 2010; Lee, 2009). Behavioral manipulations such as methods of stress induction during the 

reconsolidation window could further support this adaptive role of reconsolidation.

In Chapter 5 we used a declarative memory procedure in two experiments in order to test 

the effect of stress exposure after memory reactivation on memory performance 24 hours later. 

The first experiment demonstrated that post-reactivation stress improved recall performance. 

Furthermore, the results tentatively indicated that stress enhanced false recognition (erroneously 

recognizing ‘new’ words as old). In the second experiment we replicated the first finding, 

but not the latter. Taken together, the results support the idea that reconsolidation serves an 

adaptive function and show that post-reactivation stress can be an important modulator of 

memory strengthening. 

The suggestion that post-reactivation stress enhances false recognition may imply that post-

reactivation stress also facilitates memory generalization. People tend to re-store the central 

thematic information of a memory - the so-called ‘gist’ of a memory - at the cost of specific 

details. It has been shown that stress during memory consolidation may enhance memory 
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generalization (Adolphs et al., 2005; Payne et al., 2002). When memories easily generalize to 

other stimuli or places, they may become maladaptive and result in a disproportionate amount 

of fear and anxiety, for example in patients with PTSD. In Chapter 6 we further examined whether 

post-reactivation stress affected the contextualization of emotional memory. We modified the 

memory task discussed in Chapter 5. In Chapter 6, participants had to learn the association 

between emotional words and a related background picture. Furthermore, we extended the time 

between memory reactivation and test with 5 days. The results showed that words were in general 

better retrieved in their original encoding context than in another context (contextualization). 

Importantly, cortisol level mediated the effect between post-reactivation stress exposure and 

contextualization of emotional words. That is, higher levels of cortisol was associated with 

stronger memory contextualization (i.e., differentiation between the amount of words retrieved 

in the original encoding context versus the amount of words retrieved in another context). Thus, 

increase in cortisol response prevented memories to generalize over contexts. 

Taken together, the findings of the last two empirical Chapters 5 and 6 are in accord with 

the idea that the process of reconsolidation serves an adaptive function. Post-retrieval stress 

can strengthen memory performance and memory contextualization. As explained in the 

general introduction, a stressful situation activates a complex physiological and psychological 

response system which is needed to activate a fight-flight response and subsequently to restore 

the homeostasis. The amount of stress and stress hormones seem to determine whether stress 

exerts a positive, adaptive or negative, maladaptive influence on memory performance in 

general. It has been suggested that stress effects on memory follow an inverted U-shape curve; 

mild levels of stress will enhance memory formation, whereas strong levels of stress impair 

memory formation (Abercrombie et al., 2003; Lupien & McEwen, 1997). We would suggest that 

stress exerts a similar effect on the process of reconsolidation. Whereas we currently seem to 

show the adaptive part of stress, stronger levels of stress might show the opposite pattern. 

Note that we can only retrospectively infer whether stress has exerted either an adaptive 

or a maladaptive influence on memory contextualization and generalization. It is difficult to 

experimentally induce strong levels of stress by behavioral manipulations in humans due to 

legitimate ethical constraints. A solution would be to increase the level of stress hormones by 

synthetic administration of cortisol. In this manner much higher levels of physiological stress 

can be obtained. Nevertheless, synthetic administration of cortisol has its own disadvantages. 
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General considerations

Each of the empirical chapters of this thesis has its own strengths and limitations, which 

are discussed in the relevant chapters. In the section below, we will discuss some general 

considerations related to the studies described in the current thesis. 

In this thesis we used an experimental approach to investigate the malleable nature of 

emotional memory in healthy individuals. The advantage of the experimental paradigms used 

in this thesis is that they reduce the complexity of emotional memory to such extent that it 

enabled us to examine specific aspects of emotional memory under controlled conditions. 

A disadvantage of the experimental approach is an inevitable lack of ecological validity of 

the utilized analogues of emotional events and subsequent retention tests. For example, in  

Chapter 5 we used a declarative memory procedure, in which participants had to learn neutral, 

positive and negative words. Even though imaging studies have shown that learning and 

remembering emotional words activate the neural defense network (e.g., Kensinger & Corkin, 

2004; Strange & Dolan, 2004), it remains (highly) questionable whether memory of emotional 

words can be seen as an adequate analogue of memory of emotional experiences in real life. 

We used different experimental paradigms to examine reconsolidation of fear memory 

(fear conditioning) and reconsolidation of emotional declarative memory (word-list learning). 

By doing so, we artificially separated the physiological expression of fear memory from 

explicit, declarative memory. Even though the formation of a fear association in a Pavlovian 

conditioning paradigm also creates declarative knowledge of this CS-US contingency, US 

expectancy ratings cannot always be seen as a direct measure of declarative memory, as they 

can be sensitive to experimental demands (e.g., Boddez et al., 2013). The distinction between 

the physiological expression of fear memory and declarative memory helps to understand 

specific memory processes. A future challenge is to develop experimental paradigms that are 

suitable to investigate both processes together. One possibility is to increase the associative 

complexity in the fear conditioning paradigm (Boddez, Bayens, Hermans, & Beckers, in 

press). Typically, only simple associations are learned between a single CS (i.e., a picture) and 

a US (i.e., a shock), in which little is to learn on a cognitive level. Another possibility is to use 

validated stress-induction paradigms, such as the Trier Social Stress Test (Kirschbaum, Pirke, 

& Hellhammer, 1993), as analogue of an emotional experience. During this task, participants 

have to perform a speech task and an arithmetic task in front of a jury. This highly stressful 

situation is suitable to test physiological as well as declarative expressions of negative 

emotional memory. 
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In search of ways to alter the strength of emotional memory we applied pharmacological 

and behavioral manipulations. Each of these manipulations has its own advantages and 

disadvantages that are related to the research question at hand. In the first two empirical 

chapters, we aimed at blocking noradrenergic receptors in the basal lateral amygdala (BLA) 

by oral administration of propranolol HCl. This offered the opportunity to examine the role of 

noradrenergic signaling in relative isolation. A general disadvantage of systemic administration 

of pharmacological agents is the difficulty to assess whether the pharmacological agent exerts 

it effect at the intended brain area. Even though propranolol HCl passes the blood-brain barrier, 

we cannot proof that the BLA is indeed the affected area in our reconsolidation studies. In the 

last two empirical chapters we used a behavioral manipulation to induce stress, because we 

were interested in how reconsolidation can be affected by real life situations. The advantage 

of a behavioral manipulation to induce stress is the somewhat stronger ecological validity. 

Exposure to a stressful situation in the laboratory elicits a wide range of physiological response 

systems thereby mimicking a real-life stress situation. A disadvantage of experimental induction 

of stress is that the response systems cannot be completely disentangled given that activation 

of those systems acts in concert. However, mediation analysis can provide useful insights in 

the unique contribution of each response system (as shown in Chapter 5 and 6). A difficulty of 

both the pharmacological and behavioral stress manipulation is that we can only peripherally 

measure the effect of the intervention, like changes in blood pressure, heart rate and salivary 

cortisol. Future research should use both methods (synthetic and behavioral induction of stress) 

to clarify the complex interaction between stress and memory reconsolidation and the specific 

role of the different stress response systems (HPA axis and ANS) on memory reconsolidation. 

A final consideration is the recent turmoil in science, specifically in (social) psychology 

(Pashler & Wagenmakers, 2012) and neuroscience (Barch & Yarkoni, 2013; Button et al., 2013), 

about the replicability of research findings. This issue has received much attention in scientific 

journals (see for example a special issue on this topic in Psychological Science, 2012) as 

well as in the public media. The growing number of open-access journals and the recent 

initiative of the Open Science Framework support the increased attention to replication studies 

and null findings (Open Science Collaboration, 2012). Taking this subject into considerations, 

how should we interpret the findings of the current thesis? First, even though research on 

reconsolidation in humans is still in its infancy, many replication studies, whether successful 

(e.g., Forcato et al., 2009; Hupbach et al., 2011; Hupbach et al., 2009; Sevenster et al., 2012b; 

Sevenster et al., 2013; Sevenster et al., submitted; Soeter & Kindt, 2010; Soeter & Kindt, 2012a; 

Soeter & Kindt, 2011b; Soeter & Kindt, 2012a) or not (Golkar, Bellander, Olsson, & Öhman, 

2012; Kindt & Soeter, 2013; Soeter & Kindt, 2011b) have already been reported, emphasizing 

the recognition in this field of replications. Second, in Chapter 2 we did not replicate the 
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previously reported findings (Kindt et al., 2009; Sevenster et al., 2012b; Sevenster et al., 

2013; Soeter & Kindt, 2010; Soeter & Kindt, 2012a; Soeter & Kindt, 2011a; Soeter & Kindt, 

2012b); i.e., the elimination of the startle fear response as a result of disrupting reconsolidation 

with propranolol HCl. We argue that it is essential to communicate such findings, given that 

much can be learned from positive and negative findings. A difficulty of failed replications 

is, however, that it often remains speculative how the observed findings can be explained, 

such as in Chapter 2. Ideally, a set of experiments, rather than a single experiment, should be 

conducted to systematically explore alternative explanations of findings. A single study can 

make important steps forward, but replication studies and eventually meta-analyses of several 

studies are essential to determine the strength of the findings. Considering the broader picture, 

it seems that the null findings of Chapter 2 are an exception rather than the rule, given the 

multiple successful replications of disrupting reconsolidation of fear memory with propranolol 

HCl in our lab. 

Challenges & Future directions

As mentioned earlier, research on reconsolidation in humans is a relatively young field and 

many questions still need to be solved. In this section, we will highlight some challenges for 

future research that are related to the findings of the current thesis. 

An important theoretical and clinical question is how to control the different processes 

that may be engaged during recall. Research suggests that the interaction between learning 

history and memory reactivation determines which process will prevail upon recall (Sevenster 

et al., 2013; Sevenster et al., submitted; Merlo et al., 2014). A future challenge is to monitor the 

transition from memory retrieval, to reconsolidation to new learning (i.e., extinction learning). 

The experience of a PE seems to be essential to trigger reconsolidation (Sevenster et al., 

2013; Lee, 2009; Pedreira and Moldano, 2003), but PE is also involved in the formation of a 

new memory trace such as extinction learning. Importantly, US-expectancy ratings can serve 

as an independent index to assess PE learning and memory destabilization, independently 

from the occurrence of reconsolidation (Sevenster et al., 2013). One important future step is 

to determine whether US-expectancy ratings or other cognitive measures can be utilized as 

an online measure of PE learning during recall to monitor the dominant memory process at 

hand. If we can monitor which process prevails during recall, we could better control when 

to administer pharmacological or behavioral manipulations to be certain to disrupt memory 

reconsolidation. 
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A related issue that needs to be addressed is how the transition from retrieval to reconsolidation 

to new learning evolves. Is this a gradual process, suggesting a competition between memory 

traces? Is this a stepwise transition? Or are there intermediate stages, in which neither 

reconsolidation nor new learning occurs? Recently, an animal study suggests the latter (Merlo, 

Milton, Goozee, Theobald, & Everitt, 2014). Merlo and colleagues (2014) used a classical fear 

conditioning paradigm and manipulated the number of reactivation trials from 1, 4, 7 to 10. As 

expected, pharmacological agents interfered with memory reconsolidation as triggered by 

1 unreinforced reactivation trial and with extinction memory induced by 7 or 10 unreinforced 

reactivation trials. Importantly, if the memory was reactivated by only 4 unreinforced reactivation 

trials, pharmacological agents did not affect memory performance. This finding suggests 

that reconsolidation and extinction are separated by an insensitive phase in which neither 

process is actively involved and in which memory is insensitive to pharmacological agents. 

Moreover, very recently we showed a similar pattern in humans in our own lab (Sevenster et 

al., submitted). In this study, participants were subjected to a differential fear conditioning 

procedure that followed an alternating reinforcement schedule during acquisition (i.e., 50% 

reinforcement schedule). The next day participants received either 1, 2 or 4 reactivation trials 

(unreinforced CS1 trials) followed by an oral dose of 40 mg propranolol HCl. Importantly, only 

participants that were subjected to two reactivation trials showed an absence of fear 24 h later, 

indicating successful disruption of reconsolidation by propranolol HCl. In contrast, propranolol 

HCl administration following 1 or 4 reactivation trials left the fear memory trace unaffected. 

A question that is only indirectly addressed in the current thesis is the role of individual 

differences related to reconsolidation. To understand the demarcation from adaptive to 

maladaptive memory functioning, it is essential to relate individual differences to (fear) learning 

and memory. Research has shown that risk factors to develop anxiety-related disorders (e.g., 

high trait anxiety) are related to elevated fear to safety cues and impaired extinction learning 

(e.g., Gazendam, Kamphuis, & Kindt, 2013; Grillon & Ameli, 2001; for a review, see Lissek 

et al., 2005; but see Kindt & Soeter, 2014). Moreover, a recent study showed that disrupting 

reconsolidation with propranolol HCl resulted in a less pronounced reduction of fear in 

participants with high levels of trait anxiety (Soeter & Kindt, 2013). This finding might suggest 

that the single unreinforced reactivation trial was insufficient to destabilize the fear memory in 

this particular population. Individuals with high trait anxiety are known to interpret ambiguous 

situations (like a single memory reactivation trial) more fearful and thus use the so-called 

better-safe-than-sorry strategy (Eysenck, MacLeod, & Mathews, 1987). An interesting question 

is whether and how individual differences in for example trait anxiety are related to effective 

memory destabilization. For example, are more reactivation trials needed to induce memory 

destabilization? Or, are different reactivation procedures required to induce a PE, which is 
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essential to induce memory destabilization? Related to this latter issue is the question whether 

individual differences in processing emotional information are related to memory destabilization 

and restabilization. Patients with PTSD seem to process emotional situations and stimuli 

differently compared to healthy controls. It has been suggested that patients with PTSD are 

tended to process the sensory impressions and perceptual characteristics of emotional stimuli 

(i.e., data-driven processing) as opposed to conceptual processing such as the meaning and 

contextualization of an emotional event (i.e., conceptual-driven processing, Ehlers & Clark, 

2000; Kindt et al., 2008). An interesting question is whether the processing mode influences 

memory destabilization and restabilization. Retrieval of a traumatic experience is often 

followed by strong feelings of distress. One could hypothesize that if only general features of 

the traumatic experience are retrieved, post-reactivation stress would enhance the ‘gist’ of the 

memory. This would facilitate memory generalization and impair memory contextualization. 

Note, that we used a context-specific reminder procedure in Chapter 6. For the development 

of reconsolidation-based treatments, this would suggest that it is essential to denote patients’ 

attention to concrete and contextual features during memory retrieval.

A last issue that should be mentioned is that we examined the malleable nature of emotional 

memory in healthy participants. We used this approach to understand the adaptive as well as 

the maladaptive process of reconsolidation of emotional memory. For future research, individuals 

at risk to develop an anxiety disorder and studies including patients are needed to further 

understand the mechanism of reconsolidation and to translate our findings to clinical practice. 

Concluding remarks

Reconsolidation plays a key role in keeping our memories up to date. In the current thesis we 

demonstrated that post-reactivation stress exposure can strengthen memory and enhance 

the contextual embedding of emotional memory. This suggests that reconsolidation serves to 

maintain memory relevance and fulfills an adaptive function. On the other hand, reconsolidation 

can also be disrupted thereby weakening the expression of emotional memory. Several previous 

studies in our lab demonstrated the utility of disrupting reconsolidation with the noradrenergic 

beta-blocker propranolol HCl. Nevertheless, in the current thesis we showed that there are also 

certain conditions under which reconsolidation does not occur. Taken together, reconsolidation 

may explain the persistence of emotional memory, but may also be the solution if one aims 

to alter the strength of emotional memories that have become maladaptive and impair daily 

functioning. Yet, controlling all factors that exert an influence on reconsolidation remains a real 

challenge. 
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De geboorte van je kind, je trouwdag, maar ook het verlies van een geliefde en fysieke 

mishandeling zijn enkele voorbeelden van emotionele ervaringen die iedereen in zijn leven 

kan tegenkomen. Deze emotionele gebeurtenissen worden doorgaans zeer goed onthouden, 

terwijl we veelal onze dagelijkse ervaringen vergeten. Het feit dat emotionele ervaringen zo 

sterk gegrift staan in ons geheugen is niet voor niets. Vanuit een evolutionair oogpunt is het 

essentieel om voorspellers van beloning en dreiging te onthouden, zodat we in staat zijn om 

adaptief te reageren op toekomstige situaties. De kracht van emotionele herinneringen kan 

echter ook schadelijk zijn op het moment dat het iemands dagelijks leven (volledig) belemmert, 

zoals het geval is bij patiënten met een angststoornis of een post-traumatische stressstoornis 

(PTSS).  

Na het opdoen van een ervaring of het verkrijgen van bepaalde informatie wordt deze 

kennis geconsolideerd en opgeslagen in het lange termijn geheugen. Tot voor kort werd 

verondersteld dat deze herinnering op dat moment in een permanente en dus onveranderbare 

staat was opgeslagen in het brein. Een stabiel geheugensysteem is cruciaal voor het behouden 

van noodzakelijke kennis om te overleven. Er is echter geen enkele (contextuele) stimulus 

die toekomstig gevaar of beloning voor altijd zal voorspellen en enige mate van flexibiliteit 

lijkt dan ook noodzakelijk om ons geheugen actueel te houden. Recent is aangetoond dat 

wanneer een oude, geconsolideerde herinnering wordt opgehaald, oftewel gereactiveerd, 

deze herinnering in een labiele toestand kan komen waarin deze gevoelig is voor verandering. 

Het restabiliseren van deze herinnering berust op nieuwe eiwitsynthese in het brein (Nader, 

Schafé, & Ledoux, 2000). Het proces van destabilisatie en restabilisatie van geheugen wordt 

ook wel reconsolidatie genoemd (Nader, 2003). Dieronderzoek heeft veelvuldig laten zien dat 

op het moment dat de eiwitsynthese tijdens het reconsolidatieproces wordt geblokkeerd, de 

herinnering niet kan restabiliseren, wat leidt tot het verzwakken van deze herinnering (e.g., 

Dębiec, Nader, & Ledoux, 2002; Nader et al., 2000). 

In een serie van experimenten uit ons lab is gebleken dat het verstoren van reconsolidatie 

ook mogelijk is bij mensen door het toedienen van de noradrenerge ß-blocker propranolol HCl 

voorafgaande aan het reactiveren van een geconsolideerde angstherinnering (Kindt, Soeter, & 

Vervliet, 2009; Sevenster, Beckers, & Kindt, 2012b, 2013; Soeter & Kindt, 2010, 2011a, 2012a, 

2012b). Deze procedure resulteerde in het wissen van de emotionele expressie van angst 24 

uur later, terwijl de feitelijke herinnering – ook wel declaratief geheugen genoemd – intact bleef.

De plasticiteit van emotioneel geheugen was een belangrijk uitgangspunt voor dit proefschrift. 

In dit proefschrift zijn de condities waaronder emotionele herinneringen aangepast kunnen 

worden bestudeerd. We hebben dit onderzocht bij gezonde proefpersonen met behulp van 

verschillende experimentele paradigma’s. Eén van de modellen die veelvuldig gebruikt 

wordt om reconsolidatie te onderzoeken is klassiek conditioneren. In dit model wordt angst 
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aangeleerd door het koppelen van een oorspronkelijk neutrale stimulus (geconditioneerde 

stimulus (CS), bijvoorbeeld een plaatje of een toon) aan een natuurlijk aversieve stimulus 

(ongeconditioneerde stimulus (US), bijvoorbeeld een elektrische prikkel). Uiteindelijk leidt de 

geleerde associatie tussen de CS en US ertoe dat de CS op zichzelf al een angstrespons 

uitlokt. De klassieke manier om deze angstrespons af te leren is extinctieleren, waarbij de CS 

herhaaldelijk wordt aangeboden zonder de US. Extinctieleren leidt tot de vorming van een 

nieuw inhibitoir geheugenspoor (CS-geen US). Het oude angstgeheugen (CS-US associatie) 

blijft echter intact en kan onder bepaalde omstandigheden terugkeren. Extinctieleren is het 

experimentele model voor exposuretherapie; een belangrijke component van cognitieve 

gedragstherapie. Een andere manier om de angstrespons te reduceren is het aanpakken 

van de originele angstherinnering zelf door middel van het verstoren van reconsolidatie. 

Zoals hierboven beschreven, is het reactiveren van de herinnering noodzakelijk om het 

reconsolidatie proces te activeren. In een typisch reconsolidatie experiment wordt, minimaal 

24 uur na het aanleren van de CS-US associatie, de angstherinnering gereactiveerd door het 

eenmalig aanbieden van de CS zonder de US. Om het reconsolidatie proces te verstoren wordt 

voorafgaande of direct na de reactivatie van de angstherinnering een manipulatie toegepast 

(bijvoorbeeld het toedienen van propranolol HCl, waardoor indirect de eiwitsynthese deels 

wordt geblokkeerd). 

Opvallend is dat de reactivatieprocedure gelijk is aan de eerste extinctie trial, namelijk 

het aanbieden van de CS zonder de US. Een belangrijke vraag is dan ook hoe de overgang 

van reconsolidatie naar extinctieleren verloopt tijdens een reactivatieprocedure. Er wordt 

verondersteld dat farmacologische manipulaties toegediend voorafgaande of direct na het 

ophalen van een herinnering inspelen op het meest dominante geheugenproces op dat 

moment. Gezien het feit dat reconsolidatie en extinctie beide afhankelijk zijn van meerdere 

dezelfde moleculaire mechanismes, zoals noradrenerge transmissie, is het belangrijk om 

te weten of farmacologische middelen die gebruikt worden om het reconsolidatieproces te 

verstoren ook extinctieleren kunnen beïnvloeden. Deze vraag is ook van klinisch belang, 

omdat de reactivatie van een herinnering in de praktijk veel minder controleerbaar is dan in 

een experimenteel onderzoek. Men zou zich zo kunnen voorstellen dat een patiënt na een 

eenmalige reactivatieprocedure deze ervaring in zijn hoofd herhaalt en daarmee imaginaire 

exposure toepast. 

Het eerste doel van dit proefschrift was de transitie van reconsolidatie naar extinctie 

te bestuderen. Hiertoe zijn eerst deze twee processen, reconsolidatie en extinctieleren, 

afzonderlijk onderzocht. In hoofdstuk 2 werden de eerdere resultaten uit ons lab getoetst: 

verstoring van reconsolidatie door het toedienen van propranolol HCl voorafgaande aan het 

reactiveren van een angstherinngering (Kindt, Soeter, & Vervliet, 2009; Sevenster, Beckers, 
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& Kindt, 2012b, 2013; Soeter & Kindt, 2010, 2011a, 2012a, 2012b). In tegenstelling tot 

onze eerdere bevindingen had het toedienen van de propaonlol HCl voorafgaande aan de 

reactivatie sessie geen effect op de emotionele expressie van angst, zoals gemeten met de 

startle reflex. De resultaten toonden daarentegen aan dat de emotionele expressie van angst 

tijdens de test nog intact was. In hoofdstuk 3 hebben we vervolgens gekeken wat het effect 

van propranolol HCl was op extinctieleren. De resultaten lieten zien dat in vergelijking met 

een placebo pil, propranolol HCl geen effect had op de fysiologische expressie van angst 

(startle reflex en huidgeleidingsrespons), maar wel op de cognitieve verwachting van de 

aversieve stimulus (de US-verwachting). De verwachting dat de US na de CS zou optreden 

doofde minder snel uit in de propranolol conditie dan in de placebo conditie. De resultaten van 

hoofdstuk 2 en 3 geven aan dat er bepaalde grenzen zijn aan het verstoren van reconsolidatie. 

Het ophalen van een herinnering is niet voldoende om het reconsolidatie proces te activeren 

en het herhaald reactiveren van een herinnering kan leiden tot de vorming van een nieuw 

inhibitoir geheugenspoor. De bevindingen uit hoofdstuk 2 en 3 suggereren dat wanneer 

het farmacologisch verstoren van reconsolidatie ingezet wordt als een klinische interventie 

voor de behandeling van psychiatrische condities, het essentieel is om de tijdparameters 

van de reactivatieprocedure goed te kiezen, zodat in ieder geval de vorming van een nieuw 

extinctiegeheugenspoor wordt vermeden.   

De resultaten uit hoofdstuk 3 laten zien dat propranolol HCl voorafgaande aan herhaalde 

reactivatie leidt tot enkel het verstoren van de cognitieve expressie van angst, maar niet 

de fysiologische expressie van angst. Dit resultaat is in lijn met eerdere bevindingen uit 

ons lab en andere labs (Hamm & Vaitl, 1996; Sevenster et al., 2013; Sevenster et al., 2012; 

Soeter & Kindt, 2010, 2011b, 2012b; Weike, Schupp, & Hamm, 2007), en laat zien dat de 

verschillende maten (startle reflex, huidgeleiding en US-verwachtingsmaat) verschillende 

onderliggende mechanismen representeren. Het meest opmerkelijke was de dissociatie 

tussen de fysiologische maten, startle reflex en huidgeleiding, die geobserveerd werden in 

eerdere reconsoldiatie studies uit ons lab (e.g., Soeter & Kindt, 2010). Deze bevindingen 

hebben ertoe geleid dat we in hoofdstuk 4 de mechanismen onderliggend aan de startle 

reflex en huidgeleiding hebben onderzocht. In deze studie hebben proefpersonen positieve, 

neutrale en negatieve filmfragmenten bekeken. In deze studie is expliciet gekozen om emoties 

(variërend in valentie) te induceren door middel van filmfragmenten in plaats van gebruik 

te maken van een klassiek conditioneringsparadigma. Het voordeel van dit paradigma is 

dat filmfragmenten zowel negatieve als positieve emoties kunnen opwekken. De resultaten 

uit hoofdstuk 4 laten zien dat alleen de startle reflex een verschil laat zien tussen positieve, 

neutrale en negatieve filmfragmenten. Er is sprake van een verhoging in startle respons tijdens 

negatieve filmfragmenten en een verlaging in respons tijdens positieve filmfragmenten. De 
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startle reflex kan daarmee gezien worden als een betrouwbare index voor negatieve emoties, 

waaronder angst. Huidgeleiding, daarentegen, reageerde op zowel negatieve als positieve 

filmfragmenten en is daardoor meer een maat voor arousal dan een specifieke maat voor 

negatieve valentie. Deze bevinding komt ook overeen met de neurobiologische basis van beide 

responssystemen. De amygdala, een gebied in het brein dat gezien wordt als het emotionele 

centrum van het brein, is cruciaal betrokken bij het neurale circuit van de startle reflex (Davis, 

Falls, Campeau, & Kim, 1993; Davis, 2006). De neurobiologische basis van huidgeleiding is 

daarentegen veel wijdverspreider (Critchley, 2002). 

Het tweede doel van dit proefschrift was het bestuderen van het effect van stress op het 

reconsolidatieproces van emotioneel declaratief geheugen (hoofdstuk 5 en 6). De functie van 

reconsolidatie is om ons geheugen actueel te houden. Dit zou verklaren waarom sommige 

herinneringen behouden blijven, terwijl we de meeste ervaringen vergeten (Hardt, Einarsson, 

& Nader, 2010; Lee, 2009). Een mogelijke natuurlijke modulator van het reconsolidatie proces 

is stress.

In hoofdstuk 5 werd gebruik gemaakt van een declaratieve geheugentaak. Proefpersonen 

werden de eerste dag gevraagd om een aantal positieve, negatieve en neutrale woorden 

te leren. Een dag later kwamen de proefpersonen terug in het lab en werden kort aan de 

woorden van dag 1 herinnerd (reactivatie). Na de reactivatieprocedure werden proefpersonen 

blootgesteld aan een stressmanipulatie of een controletaak. Een extra controlegroep werd alleen 

blootgesteld aan de stressmanipulatie, zonder de reactivatieprocedure. Het eerste experiment 

uit hoofdstuk 5 toonde aan dat blootstelling aan stress na geheugenreactivatie leidt tot betere 

prestaties op de free recall taak in vergelijking met de controle condities. Daarnaast bleek dat 

stress tijdens het reconsolidatie proces ervoor zorgde dat er meer fouten werden gemaakt in de 

herkenningstaak. Deze proefpersonen gaven vaker aan dat ze nieuwe woorden reeds geleerd 

hadden dan proefpersonen uit de controlegroepen. Deze effecten werden voor alle woorden 

gevonden ongeacht de valentie van de woorden. In het tweede experiment repliceerden 

we de verbeteringen op het gebied van free recall prestatie, maar niet op het gebied van 

foutieve herkenning. De resultaten ondersteunen het idee dat reconsolidatie een adaptieve 

functie vervult en laten zien dat stress een belangrijke modulator is voor het versterken van 

geheugen. Het resultaat dat stress het foutief herkennen van woorden faciliteert, zou kunnen 

impliceren dat blootstelling aan stress tijdens het reconsolidatieproces tot generalisatie van 

het geheugen kan leiden. Wanneer herinneringen té makkelijk generaliseren naar andere 

stimuli en situaties, kan dit mogelijk resulteren in een disproportionele angst, zoals het geval 

is bij patiënten met PTSS. In hoofdstuk 6 werd onderzocht of stress na het ophalen van een 

herinnering ook de contextualisatie van een herinnering beïnvloedt. In een aangepaste versie 

van de taak uit hoofdstuk 5 leerden proefpersonen een associatie aan tussen emotioneel 
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negatieve woorden en een gerelateerde context (achtergrondfoto). Voorts hebben we de 

tijd tussen geheugenreactivatie en free recall test met 5 dagen verlengd. De resultaten laten 

zien dat woorden makkelijker opgehaald worden in de gerelateerde context, dan in een niet-

gerelateerde context. Hoewel er geen direct effect was van stress op de contextualisatie van 

herinneringen, bleek cortisol dit effect wel te mediëren. Hogere niveaus van cortisol waren 

gerelateerd aan meer contextualisatie (i.e., het verschil tussen de hoeveelheid woorden 

opgehaald in de gerelateerde context versus de hoeveelheid woorden opgehaald in de niet-

gerelateerde context). Dit geeft aan dat cortisol mogelijk het generaliseren van herinneringen 

kan voorkomen.

Hoofdstuk 7 geeft een samenvatting en discussie van de belangrijkste bevindingen uit dit 

proefschrift. De resultaten uit dit proefschrift laten zien dat blootstelling aan stress tijdens het 

reconsolidatieproces zowel de gereactiveerde herinnering als de contextuele inbedding van 

deze herinnering kan versterken. Dit suggereert dat een belangrijke functie van reconsolidatie 

is om herinneringen in stand te houden. Tevens lijkt het proces van reconsolidatie een 

mogelijke oplossing te zijn voor excessieve emotionele herinneringen, die het leven van een 

persoon volledig kunnen ontwrichten. Meerdere studies uit ons lab laten zien dat reconsolidatie 

verstoord kan worden door het toedienen van propranolol HCl voor of na het reactiveren van 

een herinnering, hetgeen leidt tot het verzwakken van emotionele herinneringen (Kindt, Soeter, 

& Vervliet, 2009; Sevenster, Beckers, & Kindt, 2012b, 2013; Soeter & Kindt, 2010, 2011a, 

2012a, 2012b). Een belangrijk resultaat uit dit proefschrift is dat er ook grenzen zijn aan de 

mogelijkheid om reconsolidatie te verstoren. Eén van deze condities waaronder reconsolidatie 

niet plaatsvindt is extinctieleren. Concluderend lijkt reconsolidatie zowel de verklaring als de 

oplossing te zijn van de persistentie van emotionele herinneringen. Een grote uitdaging voor 

de toekomst is om de factoren die invloed uitoefenen op dit proces te controleren. 
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