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CHAPTER 1

Forgetting is a phenomenon we both loathe and love. Almost without exception we 
take pictures of precious events in our lives (e.g., weddings, graduations, births). This 
illustrates that without memory aids we sometimes struggle to retrieve our most 
valuable memories, and that habits to counteract forgetting can become anchored 
in culture. Our desire to retain more events in memory than we are capable of is also 
reflected in popular music. The experiences and frustrations that accompany the 
searching of memory have been a source of inspiration for many artists (e.g., Robert 
Plant: “I am a traveler of both time and space, to be where I have been”2

1; Eddie Vedder: 
“I cannot find the candle of thought to light your name”). At the same time, forgetting 
can be very helpful when we need to overcome adversity (e.g., moving on after a painful 
break-up). Moreover, since we store an extremely large amount of information in the 
brain, forgetting is not only desired under sad circumstances, but a general requirement 
to thrive in our environment. If we remembered everything we once knew, we would 
become overloaded with details and fail at the ultimate purpose for which we rely on 
memory: having the right information available at the right time (Roediger et al., 2010).

The need to forget is illustrated by a case description showing what problems can 
occur when someone possesses what many would describe as an almost perfect 
memory (Parker et al., 2006). In 2000, a woman sought help from James L. McGaugh 
(a pioneer in the science of learning and memory) for a highly unusual memory problem. 
She described that her memory of personally experienced events was so extensive and 
powerful that she would often be overwhelmed by her own recollections of the past. 
In short, the triggering of one detailed memory led to the triggering of another and 
another, resulting in an endless, uncontrollable, and exhausting stream of associations. 
Dr. McGaugh and colleagues, both curious and skeptical about the story, met with this 
woman and performed memory tests over the course of several years to gain insight 
into her mnemonic abilities. They found that even though most of her abilities were 
average and some even below average, she could recall personally experienced events 
extremely well, most notably in relation to dates. One could for example mention a 
random date, years ago from today, and she would retrieve the day of the week (e.g., 
Wednesday) and many details of what happened during that day with ease. She was 
extremely consistent and nearly perfectly accurate, as shown by a diary she had kept 
from the age of 10 to 34 and news facts over several decades. Neuropsychological 
testing also revealed that she had an exceptional ability to form what is termed episodic 
memory (i.e., memories that include remembering what happened during an event, 
where it happened, and when, leading to a recollective experience during recall, Tulving, 
2002). The authors proposed that her abilities could perhaps be traced back to a rather 
obsessive tendency to memorize what had happened on every day in a highly structured 
manner. It seemed that this woman had gotten so good at this, she now had to face 

1 Interestingly, as elegantly pointed out by Ekstrom and Ranganath (2018), Robert Plant in this line 
specifies the defining feature of episodic memories: Recollection of an event’s time and place.
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consequences not even an experienced memory researcher could have had foreseen: 
regular bothersome intruding of irrelevant memories of past events.

Although convincing evidence for disruptive effects of “too little forgetting” is limited 
by the rarity of such problems and the few possibilities to firmly fact-check someone’s 
past, this case exemplifies how at present the functional nature of memory is viewed. 
The most effective memory system is not analogous to a storehouse that contains 
as much information as possible. It is the flexibility of memory that is key for optimal 
adaption to one’s environment. In other words, rather than retaining as many events as 
possible in as much detail is possible, having the crucial pieces of information available 
that one particularly needs at the right moment is where the challenge lies (Roediger 
et al., 2010). For this purpose, the selection of the most valuable pieces of information 
during learning is essential, but also the updating of one’s memory. Our environments 
change regularly and therefore our memory should be adapted accordingly. If this 
would not happen, all we could rely on are outdated representations of the past and 
we would be poorly equipped to deal with future challenges. For these reasons, it is not 
surprising that flexible changes of memory are very topical in psychological science 
and neuroscience. Many decades of research have already provided highly important 
insights into how memories transform: from being lost, to being strengthened, to being 
distorted. At the same time, a detailed understanding of how memories change is 
far from achieved, as a multitude of key questions remain unresolved. The present 
dissertation aims to unravel parts of the dynamic nature of memory and focuses on 
several classic factors in particular.

1. Time and spatial context

Perhaps the most well-known change in memory is its natural development over time. 
A very recent memory that can be retrieved vividly and in much detail today is often 
reduced, stripped of its rich details, at a later time. Research shows that during this 
process of decay, the central element of an event (e.g., the person one was interacting 
with) is retained to a larger degree than more peripheral aspects of the event (e.g., Cox 
et al., 2014; Sekeres et al., 2016; Talamini & Gorree, 2012). Memory thus undergoes 
a transformation with time, becoming increasingly more gist-like. Neurobiologically, 
memory is thought to be initially mediated by representations in the hippocampus, 
a brain region that is crucial for episodic memory (Burgess et al., 2002). With the 
passage of days, weeks, or years, the memory gradually becomes more dependent on 
the neocortex, a brain region that mediates fact-like knowledge (i.e., semantic memory, 
Barry & Maguire, 2019; Frankland & Bontempi, 2005; Meeter & Murre, 2004; Moscovitch 
et al., 2016; Tonegawa et al., 2018). This so-called schematization of memory is believed 
to be functional by enabling abstraction or generalization of knowledge, which can be 
applied in a wide range of new situations.

Since it is useful to preferentially remember those pieces of information that will 
likely be valuable in the future, it is not surprising that some events have an exceptional 

1
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status in the process of memory decay: emotional experiences. These are events 
that are of most personal significance and, therefore, crucial to preserve. Indeed, a 
wealth of research shows that emotional material both draws more attention than 
neutral material (i.e., enters memory more often), and is retained to a larger degree 
(i.e., stays in memory more often, Hamann, 2001). However, recent studies suggest 
that not all aspects of emotional events are strengthened relative to neutral events. It 
seems that even though emotional items are well retained, the more peripheral aspects 
(such as the spatial context in which the event took place) are not enhanced or even 
impaired in memory (Bisby & Burgess, 2014; Kensinger, 2009; Kensinger et al., 2007; 
Matsumoto & Kawaguchi, 2020; van Ast et al., 2013, 2014; Yonelinas & Ritchey, 2015). 
One of the frequently mentioned explanations for this effect, the narrowing-of-attention 
hypothesis, posits that increased attention drawn by threatening features of an event 
(i.e., emotional items) is consequently shifted away from the less relevant, peripheral 
details (Easterbrook, 1959; Kensinger et al., 2007; Loftus et al., 1987). As a result, strong 
item memory and weak contextual memory is formed (see Kensinger 2009 for a review 
of the empirical evidence).

Although privileged remembering of particularly important information (i.e., 
emotional items) is generally an adaptive mechanism, it sometimes comes at a cost. 
Approximately 30% of the population at some point in life meets the diagnostic criteria of 
an anxiety disorder or posttraumatic stress disorder (PTSD) (Kessler et al., 2005, 2012), 
which are characterized by excessive emotional memories (Kindt, 2014). It is believed 
that enhanced memory for central emotional elements, together with reduced contextual 
memory may play an important role in the aetiology of such disorders (Maren et al., 
2013). It is well-established that retrieval of memory is usually much stronger when one 
returns to the spatial context in which an event took place, compared to a context that is 
unrelated to the learning event (Godden & Baddeley, 1975; Smith, 1979). In fact, spatial 
context is regarded as a primary determinant of memory accessibility and together 
with time constitutes the hallmark of episodic memory (Tulving, 2002). However, 
due to its strong item but weak context representations, contextual dependency 
of memory is lower for emotional than neutral events (van Ast et al., 2013, 2014). 
Consequently, emotional memory could become prone to reactivation in safe situations, 
which is manifested in symptoms that typify anxiety disorders and PTSD (e.g., fear 
generalization and memory intrusions). In this way, emotional memories may develop 
such that a pathological manifestation of fear emerges (Acheson et al., 2012; Brewin et 
al., 2010; Ehlers & Clark, 2000; Lambert & McLaughlin, 2019; Liberzon & Abelson, 2016).

Nevertheless, thorough insights into the decay of human emotional memory 
components are lacking so far. In previous studies, memory testing was mostly 
performed relatively quick after learning and limited to one time point (e.g., on the 
same day or one day later, Bisby & Burgess, 2014; Kensinger, 2009; Kensinger et al., 
2007; Matsumoto & Kawaguchi, 2020; van Ast et al., 2013, 2014; Yonelinas & Ritchey, 
2015). Thus, whether emotional memories are truly characterized by strengthened 
item and weakened contextual dependency at the long term is unclear. Assuming 
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that they are, the development of treatments that specifically target the reduced 
contextual dependency of emotional memory may be important. Current treatments 
are usually focused on “emotional hotspots” and do not necessarily deal with contextual 
dependency of memory (de Voogd et al., 2018; Holmes et al., 2005; Mineka & Oehlberg, 
2008). Provided that emotional memories are indeed characterized by low contextual 
dependency and that this poses a problem for patients, strategies to bolster contextual 
dependency of memory may be useful to complement existing interventions.

In short, time and spatial context are crucial factors in the flexible nature of memory, 
by enabling access to the right information at the right moment. It seems that some of 
the involved processes (e.g., preferential remembering of emotional aspects of an event) 
sometimes operate to such a powerful extent that excessive emotional memories arise. 
Gaining more detailed insights into these mechanisms may help to better understand 
the development of dysfunctional memory and to optimize treatments that effectively 
target its roots.

2. Interference

Another well-known influence on memory retrieval is interference from new learning 
events. Müller and Pilzecker (some of the founding fathers of experimental psychology) 
performed the first study into this phenomenon in 1900 (Lechner et al., 1999; Müller & 
Pilzecker, 1900). They presented participants (often their spouses or themselves) with a 
list of nonsense syllable pairs to study. A second list of pairs was studied afterwards or 
no further studying took place. Then, memory of the first list was tested by presenting 
the first syllable of each pair as a cue. The result showed that cued recall performance 
was worse when learning of the second list had taken place, compared to when no 
interpolated learning was performed. Based on a total of 40 of such experiments 
involving paired associates learning, the authors eventually concluded that memories 
are prone to interference from new learning events, particularly those that occur in close 
temporal proximity to the original learning. This seminal study marked the beginning 
of the interference era (Anderson, 2003), during which retroactive memory effects 
(influences from new events on existing memory), but also proactive ones (influences 
from existing memory on new learning), were extensively studied. One of the most 
central claims that originated from this research is that interference is most likely 
to occur when learning events are somehow similar (e.g., when paired associates 
belonging to two lists contain the same cue syllable, McGeoch, 1932). At present, there 
remains little doubt that interference between overlapping memories can indeed be a 
cause of forgetting.

However, somewhat more recent research shows that memory overlap does not 
necessarily lead to interference. The occurrence of a new overlapping event can trigger 
retrieval of the original memory, which in fact can have enhancing – instead of impairing 
effects – on later recall (Chanales et al., 2019; Jacoby & Wahlheim, 2013; Schlichting & 
Preston, 2014; Szpunar et al., 2008; Wahlheim, 2015). Interestingly, in modern research, 

1
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paired associates learning is employed to study both of these phenomena (e.g., 
Ellenbogen et al., 2006; Schlichting & Preston, 2014), even though it is not understood 
when one (i.e., interference) or the other (i.e., enhancement) occurs. Thus, despite that 
decades of research show that similar memories can interfere with each other, it seems 
that there are currently unknown factors at play which modulate whether overlapping 
memories indeed impair - or rather facilitate – memory performance.

Germane to the previous discussion on memory decay, emotional events seem to be 
a special case for interference by new learning. Indeed, emotional memories are much 
more difficult to interfere with than neutral memories. This resistance to change that 
typifies emotional memory is a huge challenge in clinical psychology (Kindt, 2014). In 
exposure-based interventions (the current gold standard to treat anxiety disorders) 
patients are confronted with situation(s) they fear (e.g., public speaking in case of a 
social phobia). Consequently, a memory is formed that includes new information (e.g., 
public speaking is no dangerous activity) that interferes with the fear memory (e.g., 
public speaking is highly threatening, Bouton, 2002). Although usually experiencing a 
short-term alleviation, many patients encounter relapse after such exposure-based 
interventions (Vervliet et al., 2013), which illustrates the tenacity of emotional memories 
and poses a problem for effective treatment.

Fear-conditioning experiments in the laboratory shed light on the exact mechanisms 
underlying this prevalent return of fear. In this research paradigm, participants are 
commonly presented with two visual stimuli on a computer screen, of which one is 
sometimes followed by a mild electrical stimulus administered to the wrist. This leads 
to the formation of a fear memory, involving an association between the conditioned 
stimulus (CS, visual stimulus) and the unconditioned stimulus (US, electrical stimulus). 
After sufficient pairing of these two stimuli, a conditioned response (CR, fear) develops 
when presented with the CS alone. When this creation of a fear memory is followed up 
by repeated presentation of the CS without occurrence of the US (extinction training, the 
experimental analogy of exposure treatment), the fear response is initially extinguished. 
However, fear responding resurfaces when the CS is presented in a different context 
than during learning (renewal), the US is presented without occurrence of the CS 
(reinstatement), or simply time has passed (spontaneous recovery, Bouton, 2002). 
These mechanisms thus show that extinction training does not cure fear but merely 
offers a temporary solution, providing an explanation for the frequent relapse seen in 
clinical practice (Vervliet et al., 2013).

In sum, apart from time and spatial context, the occurrence of a new event that 
resembles an event stored in memory is an important determinant of memory 
accessibility. It remains unclear however when similar memories interfere with each 
other or rather facilitate later recall. Furthermore, since interference with aversive 
memories by extinction training often leads to a merely transient reduction of fear, 
it seems important to develop ways through which a more permanent change in 
emotional memory can be achieved.
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3. Reconsolidation

Interestingly, neuroscientific developments point at a new way of targeting emotional 
memory through which relapse after treatment may be avoided. In 2000, it was 
rediscovered that memories can become subject to change upon their reactivation. 
Using an animal fear-conditioning paradigm, researchers observed that infusing a 
protein synthesis inhibitor (anisomycin) into the amygdala after exposure to a CS (a 
tone that was previously paired with a shock, i.e., the US) reduces freezing behavior 24 
hours later (Nader et al., 2000). Such reductions in fear responding were not found (or to 
a lesser degree) in animals that received a placebo solution after exposure to the CS or 
were infused with anisomycin in the absence of exposure to the CS. These researchers 
thus demonstrated that the combination of memory reactivation and protein synthesis 
blockade neutralized fear responding. Importantly, this reactivation-dependent 
reduction in freezing was later shown to be more durable than the effects of extinction 
training (e.g., Debiec et al., 2002; Dȩbiec and Ledoux, 2004; Duvarci, 2004; Bustos et 
al., 2006, but see e.g., Eisenberg and Dudai, 2004; Lattal and Abel, 2004). As these 
findings resemble the labile phase that memories go through after initial learning (i.e., 
consolidation), this process was referred to as reconsolidation (Sara, 2000). Apart from 
purely theoretical considerations about the plasticity of memory, these studies sparked 
ideas about relevant clinical applications. If the emotional component of human fear 
memories can be disposed of, a powerful intervention for anxiety disorders and PTSD 
could perhaps be realized. However, studies involving experimental animals that learn 
an association between a tone and a shock do not perfectly reflect the complexity of 
fears and anxiety disorders in clinical practice.

Since the study of Nader et al. (2000), translational research has brought these 
findings a step closer to a treatment that is suitable for application in the clinic. It 
was shown that propranolol (a beta-adrenergic receptor antagonist), which unlike 
anisomycin is safe for use in humans, can interfere with reactivated fear memories as 
well (Dȩbiec & Ledoux, 2004). Subsequently, a successful translation to conditioned fear 
in humans was performed. In a series of studies it was found that oral administration 
of propranolol, combined with fear memory reactivation, reduces fear responding while 
leaving declarative knowledge (i.e., awareness of which stimulus was followed by a US 
during conditioning) unaffected (Kindt & Soeter, 2018; Kindt, Soeter, & Vervliet, 2009; 
Sevenster, Beckers, & Kindt, 2012, 2013, 2014; Soeter & Kindt, 2010, 2011, 2012b, 2012a, 
2015b, but see Bos et al., 2014; Schroyens et al., 2017; Chalkia et al., 2019). These fear 
reductions withstood tests for renewal (Soeter & Kindt, 2012a), reinstatement (e.g., Kindt 
et al., 2009), and spontaneous recovery (Soeter & Kindt, 2010). Another important step 
was taken when it became apparent that subclinical fear of spiders (i.e., developed 
outside the laboratory) can be treated by administration of propranolol after a short 
memory reactivation (Soeter & Kindt, 2015a). Therefore, based on this research a highly 
effective way of interfering with emotional memories may be within reach.

1
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However, the conditions that are necessary to induce reconsolidation are much 
more complex than they may initially seem. For instance, it has been shown that mere 
retrieval of a fear memory is not sufficient for it to become sensitive to modification. 
Only when exposure to the CS during reactivation has an outcome that is unexpected 
based on the original conditioning experience (e.g., less aversive due to the absence 
of the US) can amnestic drugs like propranolol induce a reduction in fear responding 
(Lee, 2009; Pedreira et al., 2004; Sevenster et al., 2012). Also, several boundary 
conditions of memory reconsolidation have been identified. Stronger fear memories 
(i.e., those that have been acquired with a higher intensity US or more frequent USs) 
and older fear memories are usually less sensitive to procedures aimed at disrupting 
memory reconsolidation (Bustos et al., 2009; Suzuki et al., 2004; Wang et al., 2009). 
Although these apparent boundary conditions of reconsolidation are not necessarily 
unconquerable, they do complicate translation to clinical practice where therapists 
attempt to target fear memories of varying strengths and ages (Elsey & Kindt, 2017). 
For a reconsolidation-based intervention to work consistently, insights into how the 
treatment procedure can be adjusted to overcome the general persistence of stronger 
and older fear memories is needed.

Ultimately, these issues underscore that the apparent ease through which memory 
can be changed is highly misleading. Not surprisingly, deciphering the conditions that 
drive the fate of memory upon its reactivation has been described as on the of the most 
fundamental questions in the field of memory today (Ritvo et al., 2019). Experiments 
aimed at elucidating how potential boundary conditions of reconsolidation may be 
circumvented can contribute to overcoming this challenge.

4. Aim and outline of the dissertation

In the work presented in this thesis, I aimed to further delve into the roles of time, 
spatial context, interference, and reconsolidation in the flexible nature of memory, 
to advance our understanding of these processes and eventually provide a basis for 
useful applications. This aim is somewhat different from the initial objective of my 
thesis. Originally, we planned to study in a human fear-conditioning paradigm how a 
reconsolidation intervention may be optimized to treat patients with fear memories of 
different strengths and ages. We also planned to perform a clinical study in which we 
intended to apply the insights from such fundamental research, as patient studies so 
far have yielded mixed results (Brunet et al., 2008, 2011, 2018; Elsey et al., 2020; Kindt 
& van Emmerik, 2016; Roullet et al., 2021; Wood et al., 2015). However, I faced several 
challenges when setting up and conducting this envisioned research. First, creating a 
robust human fear memory (let alone multiple ones of different strengths) proved to be 
more difficult than anticipated. Also, government measures in response to the COVID-
19 outbreak prevented the continuation and eventual completion of the clinical study.

For these reasons, we came up with alternative approaches to gain important insights 
into the dynamic nature of memory. We employed different experimental paradigms 
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and studied changeability of memory more broadly, from its natural development over 
time (Chapter 2), to manipulations of contextual dependency (Chapter 3), determinants 
of interference versus enhancement (Chapter 4), and boundary conditions of memory 
reconsolidation (Chapter 5). To study reconsolidation, I switched from human to 
animal fear-conditioning research. This enabled us to flexibly induce memories of 
different strengths, in line with our aim to study boundary conditions of this process. 
The switch to animal models also fit my personal desire to gain valuable experience 
with the starting point of translational research (i.e., preclinical work). In the other 
studies included in this dissertation, we employed well-established paradigms to study 
changes in episodic memory. I used a classic paired associates procedure (Chapter 4) 
and built on previously developed methods (Cox et al., 2014; van Ast et al., 2013, 2014) 
to study changes in contextual dependency of memory (Chapter 2 and 3).

Specifically, Chapter 2 was based on the observation that surprisingly little is known 
about how subcomponents of emotional memory (item and contextual dependency) 
develop over time. As described earlier, the strength of these components may 
ultimately pose a vulnerability for the development of fear generalization and intrusions. 
Therefore, to gain a better understanding of how emotional memories are characterized 
(and perhaps should be targeted), we conducted a large-scale study in which changes 
in item memory and contextual dependency of emotional and neutral memories over 
time were compared.

Chapter 3 is a study in which a novel promising approach to promote contextual 
dependency of emotional memory was tested. Animal research has shown that fear 
generalization can be weakened by reexposure to the context in which fear conditioning 
took place (Al Abed et al., 2020; de Oliveira Alvares et al., 2012; Sekeres et al., 2020; 
Sevenster et al., 2017, 2018; Wiltgen & Silva, 2007; Winocur et al., 2009; Zhou & Riccio, 
1994). Since exposure to a context that resembles the conditioning environment leads 
to enhanced fear generalization (de Oliveira Alvares et al., 2012; Fujinaka et al., 2016), it 
seems that a return to the exact same context as during learning is imperative for this 
therapeutic “recontextualization” of memory. We tested whether these findings could 
be translated to contextual dependency of human emotional memory. We predicted 
that reexposure to the encoding context improves, but exposure to a similar context 
impairs, contextual dependency of episodic memory.

In the study we report in Chapter 4, we aimed to uncover when similar episodic 
memories interfere with each other or enhance memory recall. Specifically, using a 
paired associates paradigm we tested if the spatial context in which learning takes 
place determines whether impairment or enhancement of memory occurs. Since paired 
associates learning has been used to study both memory interference and facilitation, 
the current state of the literature is somewhat paradoxical (i.e., memory overlap 
apparently can have two opposite consequences). We tested whether a modulating 
role of spatial context could solve this paradox.

Finally, Chapter 5, was concerned with the malleability of conditioned fear responses 
by reconsolidation. We conducted a series of 12 experiments of which the aim was 

1
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twofold. First, by systematically varying fear-conditioning procedures (e.g., the intensity 
and number of the USs), we aimed to gain more insights into boundary conditions of 
reconsolidation and how these may be overcome. Second, we attempted to improve 
understanding of the neurobiological ways through which propranolol influences 
reconsolidation of contextual fear memories, which so far is not well described. To be 
certain that we blocked protein synthesis sufficiently, we not only included conditions 
in which propranolol was administered, but also used the powerful protein synthesis 
inhibitor anisomycin (like Nader et al. (2000) used in their classic paper described 
earlier). We additionally included a molecular marker of reconsolidation (Bhattacharya 
et al., 2017; Rao-Ruiz et al., 2011) to verify whether we actually triggered this mechanism. 
Finally, in Chapter 6, I summarize the studies included in my dissertation and discuss 
their individual and shared contributions to the understanding of the dynamic nature 
of memory.
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CHAPTER 2

Time-dependent emotional 
memory transformation: 
divergent pathways of item 
memory and contextual 
dependency

This chapter is currently under review in Journal of Experimental Psychology: General as:  
Cox, W.R., Meeter, M., Kindt, M., & van Ast, V.A. Time-dependent emotional memory 
transformation: divergent pathways of item memory and contextual dependency.
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ABSTRACT

Emotional memory can persist strikingly long, but it is believed that not all its elements 
are protected against the fading effects of time. So far, studies of emotional episodic 
memory have mostly investigated retention up to 24h post-encoding, and revealed that 
central emotional features (items) are usually strengthened, while contextual binding 
of the event is reduced. However, even though it is known for neutral memories that 
central versus contextual elements evolve differently with longer passage of time, the 
time-dependent evolution of emotional memories remains unclear. Hypothetically, 
compared to neutral memories, emotional item memory becomes increasingly stronger, 
accompanied by accelerated decay of – already fragile – links with their original 
encoding contexts, resulting in progressive reductions in contextual dependency. Here, 
we tested these predictions in a large-scale study. Participants encoded emotional 
and neutral episodes, and were assessed 30 minutes (N = 40), one day (N = 40), one 
week (N = 39), or two weeks (N = 39) later on item memory, contextual dependency, 
and subjective quality of memory. The results show that, with the passage of time, 
emotional memories were indeed characterized by increasingly stronger item memory 
and weaker contextual dependency. Interestingly, analyses of the subjective quality of 
memories revealed that stronger memory for emotional items with time was expressed 
in familiarity, whereas increasingly smaller contextual dependency for emotional 
episodes was reflected in recollection. Together, these findings uncover the time-
dependent transformation of emotional episodic memories, thereby shedding light on 
the ways healthy and maladaptive human memories may develop.
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1. INTRODUCTION

Memories are not permanent records of past experiences, but can fade over the course 
of years, days, or even hours, after the original event. Not all memories of personally 
experienced events (i.e., episodic memories, Tulving, 1972) fade equally with the 
passage of time though. A wealth of empirical research emphasizes that especially 
emotionally arousing events are easily retrieved and recognized well after their initial 
occurrence (Hamann, 2001). However, despite their strong nature, emotional memories 
likely do not remain stable, preserved exactly in their original form. For example, it 
is evident that conditioned fear memories are highly specific one day after learning 
but gradually become more generalized (Wiltgen & Silva, 2007). Yet, it remains largely 
unknown how exactly emotional episodic memories may transform over time.

Most of what is understood about long-term changes of episodic memories stems 
from studies that have used emotionally neutral material (Cox et al., 2014; Sekeres 
et al., 2016; Talamini & Gorree, 2012). These studies typically show that the central 
feature of an event (often referred to as item memory) is remembered longer than 
associations between the item and the surrounding context (contextual memory). 
This preferential loss of contextual information has been attributed to the process of 
systems consolidation, in which the slow transfer of memory representations from the 
hippocampus to the neocortex is accompanied by memory schematization and decay 
of contextual memory (Barry & Maguire, 2019; Frankland & Bontempi, 2005; Tonegawa, 
Morrissey, & Kitamura, 2018; see Meeter & Murre, 2004 and Moscovitch, Cabeza, 
Winocur, & Nadel, 2016 for reviews of alternative theories). During this time-dependent 
process, contextual memory representations in the hippocampus are thought to be 
overwritten rather quickly (McClelland et al., 1995). In contrast, item memory is thought 
to be mediated by extra-hippocampal brain regions where memories decay at a slower 
rate (Talamini & Gorree, 2012).

As opposed to neutral episodic memory, so far, long-term fading of emotional items 
and their contexts remains poorly understood, although some studies did investigate 
these memory characteristics relatively shortly after learning. At such recent time points 
(i.e., immediately after learning, or 24h later), emotional episodes are characterized 
by strong item memory but weak contextual memory, in comparison to neutral 
episodes (Bisby & Burgess, 2014; Kensinger, 2009; Kensinger et al., 2007; Matsumoto 
& Kawaguchi, 2020; van Ast et al., 2013, 2014; Yonelinas & Ritchey, 2015). This co-
occurrence of enhanced item memory and impaired contextual memory directly after 
learning is believed to be an important factor in the development of trauma intrusions 
and fear generalization: Strong emotional item memory that is just loosely bound to the 
encoding context may be readily cued in irrelevant contexts, such that disproportionate 
emotional responses can occur in safe situations (Brewin et al., 2010; Ehlers & Clark, 
2000). Weak contextual dependency of recently encoded memories has indeed been 
found to be associated with more frequent analogue trauma intrusions (Bisby et al., 
2010; Meyer et al., 2017) and more severe reexperiencing symptoms in posttraumatic 

2
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stress disorder (Sierk et al., 2019). However, emotional memories may remain subject 
to ongoing transformations much further in time. In rodents, fear generalization can 
accelerate over the course of several weeks after conditioning, which points to important 
changes of emotional memories that drive excessive fear responding well beyond initial 
learning (Biedenkapp & Rudy, 2007; Jasnow et al., 2017; Poulos et al., 2016; Wiltgen & 
Silva, 2007). Insight into time-dependent transformations of human emotional episodic 
memories could therefore have great relevance for understanding the alterations of 
healthy episodic memories, but may also shed light on the development of emotional 
memory generalization and intrusions.

Neurobiologically, strengthened memory for emotional items is thought to be 
mediated by upregulated amygdala activity during and after memory encoding (see 
Yonelinas & Ritchey, 2015 for a review). Memory for associations between separate 
items and between items and context is mediated by hippocampal-dependent activity 
(Burgess et al., 2002; Davachi, 2006), and undergoes an emotion-induced impairment 
related to downregulation of the hippocampus (Berkers, Klumpers, & Fernández, 
2016; Bisby, Horner, Hørlyck, & Burgess, 2016; Murray & Kensinger, 2014; Okada et al., 
2011, but see Madan, Fujiwara, Caplan, & Sommer, 2017). For item memory, the rapid 
emotion-induced enhancement by amygdalar upregulation results in not only high 
initial strength, but also a particularly slow decay. As time passes, emotional memories 
should therefore become increasingly characterized by strengthened item memory 
(Yonelinas & Ritchey, 2015). Conversely, contextual memory of emotional episodes 
might show accelerated time-dependent weakening. Namely, the already fragile 
contextual memory representations immediately after encoding might be particularly 
sensitive to overwriting processes in the hippocampus (McClelland et al., 1995). Also, 
since systems consolidation is believed to be a competitive process in which weak 
memories are sacrificed in favor of the endurance of stronger ones (Frankland & 
Bontempi, 2005; Meeter & Murre, 2004; Talamini & Gorree, 2012), contextual memory of 
emotional events might be transferred to the neocortex to a particularly small degree and 
therefore decay quickly. Hence, with time, emotional episodic memories may become 
increasingly characterized by strong item memory and weak contextual memory.

These conceivable long-term changes of emotional item and contextual memory 
likely become evident in specific subjective memory qualities with which events 
are remembered. Two separate subjective qualities of remembering have been 
characterized: a sense of recollection that includes vivid reexperiencing of the learning 
event, and a sense of familiarity where no specific associations come to mind (Yonelinas 
& Levy, 2002). Several studies suggest that enhanced recollection – not familiarity - 
underlies increasingly better memory for emotional than neutral items across short 
time frames (e.g., on the same day versus one day after learning, see Yonelinas & 
Ritchey, 2015 for a review). Furthermore, contextual dependency of episodic memory 
has sometimes been shown to manifest itself in altered recollective experiences 
(Macken, 2002). Therefore, both increasingly stronger retention of emotional items, as 

Binnenwerk Wouter - V4.indd   22Binnenwerk Wouter - V4.indd   22 24-05-2022   13:4924-05-2022   13:49



23

TIME-DEPENDENT EMOTIONAL MEMORY TRANSFORMATION

well as accelerated loss of contextual dependency for emotional episodes, would likely 
be reflected specifically in recollection, but not familiarity.

Thus, in the present study, we aimed to test whether emotional episodes show, 
relative to neutral episodes, (i) retainment of item memory, and (ii) loss of contextual 
dependency, that both become increasingly pronounced with the passage of time. 
Furthermore, we assessed whether (iii) the stronger retainment of emotional items and 
(iv) the faster loss of contextual dependency for emotional episodes are specifically 
expressed in recollective experiences. We tested these predictions in a large-scale 
study where participants encoded emotional and neutral events and performed memory 
tests at one of several later time points. Specifically, during encoding, participants 
were shown neutral and negative words on white backgrounds and were instructed to 
focus on the meaning of the words, to eventually assess item memory. Participants 
were also presented with neutral and negative words on background pictures, for a later 
assessment of contextual dependency. They were instructed to come up with vivid 
scenes that include the words in the context images (van Ast et al., 2013). Time-dependent 
changes in item memory and contextual dependency of neutral and emotional episodes 
were determined by allocating participants to groups that performed memory testing 30 
minutes, one day, one week, or two weeks after encoding. To assess item memory, words 
that were presented without a context image during encoding were again displayed 
on a white background for cued recall and recognition tests. To assess contextual 
dependency, half of the words that were initially presented with a context image were 
tested on the same background as during encoding, while the other half was shown 
on a different context image during testing (Cox et al., 2014; van Ast et al., 2013, 2014). 
In addition, we assessed the subjective qualities of memories by having participants 
perform a remember/know/guess procedure (Eldridge et al., 2002; Tulving, 1984).

2. MATERIALS AND METHODS

2.1 Participants. Dutch-speaking participants, aged between 18 and 40 years, 
participated in exchange for course credit or €20, -. The inclusion criteria were: no 
psychiatric or neurological disorder requiring psychological or pharmacological 
treatment and no diagnosis of dyslexia. Participants were excluded if they had 
previously participated in similar experiments. The local ethical committee of the 
University of Amsterdam approved all procedures.

A total of 181 participants consented to take part. Twenty-three participants met 
one of the exclusion criteria (psychiatric disorder, n = 13; prior participation in similar 
research, n = 5; dyslexia, n = 1). Furthermore, three participants encountered a technical 
error, and one prematurely ended his participation. Consequently, we analyzed data 
of 158 participants (120 females) with a mean age of 22 years (SD = 3.53, range = 18 
- 38). The participants were allocated to one of four groups that performed item and 
contextual dependency tests either on the same day as encoding (n = 40), one day later 
(n = 40), one week later (n = 39), or two weeks later (n = 39).

2
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2.2 Stimuli
2.2.1. Words. The words for the memory task were 120 nouns obtained from a 
validated database of Dutch words (Moors et al., 2013), as has been used in previous 
studies (van Ast et al., 2013, 2014). The words consisted of three to ten letters, and 
contained no more than four syllables. Half of the words were of neutral valence (range 
3.09 – 4.69, total scale = 1 – 7), and the other half of negative valence (range = 1.16 – 
2.77, total scale = 1 – 7). For the creation of different task versions, the words were 
assigned to 12 sets of 10 words each (i.e., 6 neutral word sets and 6 negative word 
sets). The average valence scores of all individual negative word sets were significantly 
lower than those of all individual neutral word sets, as assessed by a univariate ANOVA 
(F11,108 = 81.42, p < .001) and Tukey HSD tests (all p < .001). The negative word sets did not 
differ in valence from each other (F5,54 = 1.39, p = .242). Likewise, there was no significant 
difference in valence between the neutral word sets (F5,54 = 1.07, p = .387). In addition, 
the 12 sets were matched such that they did not differ in word length (F11,108 = 0.59, 
p = .837), and familiarity (F11,108 = 1.23, p = .280).

2.2.2. Contexts. Context images were in total forty color pictures of indoor and outdoor 
spatial environments (e.g., a living room, city landscape, van Ast et al., 2013, 2014).

2.3 Experimental task
2.3.1. Encoding. The experimental paradigm (Fig. 1) was based on Cox et al. (2014) 
and van Ast et al. (2013, 2014). During encoding, in total 60 words were presented on 
a computer screen, of which 10 neutral (1 set) and 10 negative (1 set) were displayed 
on a white background, and 20 neutral (2 sets) and 20 negative (2 sets) words in a 
background picture. The 40 words in a context image were paired with the background 
pictures in such a way that each word set contained an equal number of indoor 
and outdoor spatial environments. Each trial started with the background (white or 
picture) being displayed for 1 second, after which the word was shown in the middle 
of the background for 5 seconds (see 2.3.4 Trail order for more information). Then 
the word disappeared, and the background was shown alone for 1 additional second. 
Subsequently, participants rated the arousal and valence of the imagined scene, using 
self-assessment manikins (Bradley & Lang, 1994). For each rating, participants were 
given four seconds to respond during which their reaction times were recorded. The 
next trial started after presentation of a black background screen for 1 second (intertrial 
interval). The participants were presented with three practice trials before the start of 
the task.
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Fig. 1. Experimental paradigm. During encoding on day 1, neutral and negative words were 
presented on background pictures or white backgrounds, and presented intermixed. Participants 
vividly imagined scenes with the words in the context images, or just the words in case of a 
white background. Afterwards, participants performed a baseline cued recall test. Here, the first 
two letters were presented as cues on the same background image as during encoding. Thirty 
minutes, one day, one week, or two weeks later, participants returned and completed another cued 
recall test, followed by a recognition test. Crucially, the cues (for cued recall) or complete words 
(for recognition) were now presented either in the same context as during encoding (intact), or in 
a different context (rearranged). For the words that had been encoded without contexts, a white 
background was again presented. During recognition an equal number of new words was shown 
as well (not displayed here).

2
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2.3.2. Baseline cued recall test. After encoding of all 60 words, participants 
completed a self-paced cued recall test. Specifically, the first 2 letters of each word 
were presented on the same background (white or picture) as during encoding to cue 
the memory. Each trial started with the background being displayed for 1 second, after 
which the word cue appeared and stayed on the screen until participants had typed in 
their response and pressed enter. Reaction times were recorded. The next trial started 
after the presentation of a black screen for 1 second.

2.3.3. Assessment of item memory and contextual dependency.
2.3.3.1. Cued recall. During the second session, participants again performed a self-
paced cued recall test. For the assessment of item memory, the cues of the 20 words 
that were encoded without a context image were - like during baseline cued recall - 
presented on a white background (itemneutral, itemnegative). The 40 words that had been 
presented in a picture during encoding were used to assess contextual dependency. 
Crucially, the letters of the words appeared in the same context image as before for 
half of the trials (1 neutral set, 1 negative set), whereas for the other half (1 neutral set, 
1 negative set) the combination of context images and cues were randomly shuffled, 
such that the letters appeared in a different - yet earlier seen – context. In doing so, 
we created two conditions in which contextual information was present to support 
memory recall (intactneutral, intactnegative), and two conditions that also included contextual 
information but not for the presented word (rearrangedneutral, rearrangednegative). The 
timing of individual trials was the same as during the baseline cued recall test.

2.3.3.2. Recognition. During the subsequent recognition test, all 60 words that 
participants had seen before, and 60 new words (lures) were presented. Specifically, 
to assess item memory, the 20 old words that had been encoded without a context 
image were again presented on a white background. Also, 20 new words (1 neutral set, 1 
negative set) were presented without a context image. For the assessment of contextual 
dependency, the 40 old words that had been paired with a context – like for the previous 
recall test - were either shown on the same background image as during encoding, 
or on a different image. The combination of contexts and words in the rearranged 
conditions were shuffled anew, so that they were not the same as in the cued recall test. 
Furthermore, 40 new words (2 neutral sets, 2 negative sets) were presented on one of the 
context images that also had been presented with one of the old words. The new words 
were assigned to a background image in such a way that the contexts that were paired 
with the intactneutral, intactnegative, rearrangedneutral, and rearrangednegative within-subject 
conditions were equally distributed over the new neutral, and new negative words.

Each trial started with the background being displayed for 1 second, after which 
the word appeared and stayed on the screen until participants had indicated whether 
they recognized the word (old) or not (new). To assess the subjective qualities of 
recognition (i.e., recollection and familiarity), participants were, if they responded “old”, 
shown three response option (remember, know guess) of which they could select one 
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(Eldridge et al., 2002). If participants responded “new”, they were instead presented 
with three options to indicate their confidence in the response (sure, not sure, guess). 
We included this confidence rating task to ensure that the number of responses would 
be equal for both recognition responses (old/new), so that responding “new” would 
not enable participants to shorten the duration of the experiment (van Ast et al., 2013). 
These confidence ratings were thus used as a filler task only and not further analyzed. 
Reaction times of old/new, remember/know/guess, and sure/not sure/guess responses 
were recorded. The next trial started after presentation of a white fixation cross on a 
black background image for 1 second.

2.3.4. Trial order. The order of trial presentation during all phases of the experiment 
was semi-randomized with the restriction that words from the same within-
subject condition (e.g., itemneutral, itemnegative, intactneutral, intactnegative, rearrangedneutral, 
rearrangednegative) would not be presented more than two times consecutively. 
Furthermore, the trials that were presented during the first half of the encoding task 
(i.e., the first 30 trials) were also presented in the first half of the memory tests. We 
included this separation of trials in two blocks as we anticipated potential floor effects 
in the cued recall test that was performed during the second session. That is, if memory 
performance in one or several groups would be low overall (most likely in the one week 
and two weeks conditions), we could validly analyze the first half of the trials that might 
show relatively improved retention due to primacy effects.

2.3.5. Experimental task versions. We created 6 versions of the experimental task 
that were equally divided across the groups. Across all versions, the same 60 words (3 
neutral sets, 3 negative sets) were presented during encoding and all tests, whereas the 
other 60 words (3 neutral sets, 3 negative sets) were always used as lures during the 
recognition test. To rule out that any effects are driven by specific word sets, we made 
sure that the word sets were assigned to different-within subject conditions across 
the versions. Furthermore, in each version, the context images were assigned to the 
words in the intact and rearranged context conditions in a random fashion.

2.4 Procedure. Upon arrival on day 1, as a cover story, participants were told that 
the purpose of the experiment was to study practice effects of an imagination task. 
They were informed that the imagination task involved words - including negatively 
valenced ones - and background images. It was stated that they would perform an 
imagination task during both sessions. We deliberately kept participants unaware 
that they would perform memory tests to preclude active memorizing of the imagined 
scenes in between sessions. Subsequently, participants gave written informed consent 
and were screened for the exclusion criteria. Before the start of the experimental task, 
participants filled in questionnaires. These data were collected for potential exploratory 
analyses, but not analyzed.

2
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2.4.1. Encoding task. Participants were seated in front of a computer in a dimly lit 
room, and were explained that they would be shown words depicted against background 
images. They were instructed to come up with a vivid scene that involves the meaning 
of the word in the context image while the word and the image were on the screen (van 
Ast et al., 2013). They were also informed that some of the words would appear on a 
white background, instead of a context image. Participants were asked to imagine the 
content and meaning of these words without the background. It was explained that 
after presentation of the word and the image, they would rate the valence and arousal 
of their imagined scenes.

2.4.2. Baseline cued recall test. Upon completion of the encoding task, participants 
were explained that the first two letters of the words they had just seen would be 
presented as cues on the same background images as during encoding. They were 
instructed to finish the words by typing in the missing letters. If they did not remember 
the correct word, they were asked to type in “xx”. Upon completion of the baseline cued 
recall test, participants were informed that they would perform a similar imagination 
task in the second session. Participants in the same day condition were given a short 
break (i.e., half an hour), before starting the second session.

2.4.3. Assessment of item memory and contextual dependency.
2.4.3.1. Cued recall. Upon their return to the laboratory, participants were explained 
that they would perform a similar cued recall test as during the first session. They were 
informed that during this test, however, the background image presented with the cue 
letters would not always be the same as during encoding, but could sometimes also be a 
different one. The other instructions were the same as during the baseline cued recall test.

2.4.3.2. Recognition. Next, participants were explained that they would be presented 
with complete words they had seen during the first session and words they had not seen 
previously. They were asked to indicate whether they recognized the word as one that 
had been presented before (old) or not (new). It was made clear that if they recognized 
the word, they would subsequently be asked to indicate if they actively remembered 
the word or whether their response was based on a sense of knowing instead. The 
difference between remembering and knowing was explained using validated 
instructions (Geraci et al., 2009; Rajaram, 1993). In summary, participants were asked 
to give a “remember” response if the word elicited a conscious recollection of specific 
thoughts or images from when they encoded the word, and a “know” response if they 
were certain that they had seen the word before but no specific associations came to 
mind. They were informed that they also had the option of indicating that their response 
was a guess (Eldridge et al., 2002). In addition, participants were explained that if they 
did not recognize the word (new), they would then indicate the level of confidence in 
their response (van Ast et al., 2013)
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Upon completion of the recognition test, participants were interviewed regarding 
encoding characteristics, such as the use of background picture while imagining the 
scenes. These data were collected for potential exploration but not further analyzed. 
Finally, participants were debriefed and rewarded for participation.

2.5 Data analysis. The Statistical Package for the Social Sciences (SPSS) 
version 25.0 (Armonk, NY: IBM Corp.) was used to preprocess and analyze the data. 
The preprocessing and analyses of valence and arousal ratings, as well as the cued 
recall data (baseline and assessment of time-dependent effects) are described in 
Supplementary Methods. The data and analysis code have been deposited at Open 
Science Framework (OSF) and are available at https://osf.io/emxgv/. The study was 
not preregistered.

2.5.1. Preprocessing for assessment of item memory and contextual dependency.
2.5.1.1. Recognition. Hit rates were calculated for each of the within-subject conditions 
(itemneutral, itemnegative, intactneutral, intactnegative, rearrangedneutral, rearrangednegative), and false 
alarm rates for neutral and negative lure words per background type (picture, white). 
From these hit and false alarm rates, we computed d-prime sensitivity index. For this 
purpose, hit rates of 1 were truncated at 0.95, and false alarms rates of 0 at 0.025 
(picture) or 0.05 (white)2. Next, contextual dependency scores for neutral and negative 
memories were calculated in two ways. First, we calculated contextual dependency 
using d-prime difference scores: contextrecognition = intactrecognition - rearrangedrecognition. 
We also calculated contextual dependency hit rate scores based on proportions: 
contexthits = 1 - (rearrangedhits / intacthits). This second measure was included because 
initial differences between the intact and the rearranged context conditions could 
confound interpretations of time-dependent changes of contextual dependency 
when difference scores are used. That is, a higher accuracy score in the intact versus 
rearranged context condition in the same day group could lead to a differential decrease 
in accuracy over time (i.e., a larger decrease in the intact than the rearranged condition 
due to baseline differences), such that concluding a loss of contextual dependency 
would be invalid. As the false alarm rates are the same for the intact and rearranged 
context conditions (presentations of new words are not related to context manipulations 
from encoding to testing), and when false alarm rates are constant d-prime is a 
nonlinear measure of memory accuracy (Stanislaw & Todorov, 1999), proportional 
d-prime scores to assess contextual dependency could not be calculated to circumvent 
this issue. However, we could use hit rates for this purpose as this is a linear measure 
of memory accuracy (proportional scores can thus be calculated to control for initial 

2 To avoid invalid scores, it is recommended to replace values of 1 with (n – 0.5)/n and values 
of 0 with 0.5/n, where n refers to the number of trials (Stanislaw & Todorov, 1999). As hit rates 
of all within-subject conditions are based on 10 trials, 1 is replaced with 0.95. As false alarms 
of items in context images are based on 20 trials, but in white backgrounds on 10 trials, 0 is 
replaced with 0.025 and 0.05, respectively.

2
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differences between the context conditions), and these scores are based on the same 
data as d-prime (since false alarms rates are the same for the context conditions, both 
measures only include hit rates). As a final step to obtain the variables for the analyses, 
we computed difference scores between negative and neutral memories for both item 
and contextual dependency (neutral subtracted from negative).

2.5.1.2. Recollection and familiarity. Recollection and familiarity scores were 
calculated for all within-subject conditions (itemneutral, itemnegative, intactneutral, intactnegative, 
rearrangedneutral, rearrangednegative) using the formulas provided by (Yonelinas et al., 
1998). For recollection, this is: (rememberhits - rememberfalse alarms) / (1 - rememberfalse 

alarms). Familiarity scores were calculated from an adjusted signal detection procedure: 
d’ = knowhits / (1 - rememberhits) versus knowfalse alarms / (1 - rememberfalse alarms). 
Contextual dependency of memory recollection was calculated using proportional 
scores: contextrecollection = 1 - (rearrangedrecollection / intactrecollection). For contextual 
dependency of familiarity-based recognition, we calculated difference scores, and hit 
rate proportional scores, similar to the d-prime recognition contextual dependency 
scores: contextfamiliarity = intactfamiliarity - rearrangedfamiliarity, and contextfamiliarity = 1 - 
(rearrangedknowhits / (1 - rearrangedrememberhits)) / (intactknowhits / (1 - intactrememberhits)). Again, 
differential item memory and contextual dependency scores (neutral subtracted from 
negative) were calculated for both recollection and familiarity.

2.5.2. Statistical analyses of item memory and contextual dependency.
2.5.2.1 Recognition. For our primary analyses, ANOVA linear contrast tests were 
performed, in which Time (same day, one day, one week, two weeks) was entered as 
independent variable. To assess the predictions of better retainment of emotional item 
memory and stronger decay of emotional contextual dependency that both become 
more pronounced with time in comparison to neutral memories, we performed these 
linear contrast analyses using the recognition difference scores (negative -neutral, see 
3.2 primary results). We used -3, -1, 1, and 3 (item), or 3, 1, -1, -3 (context) as contrast 
weights, reflecting a positive relationship and a negative relationship with the passage 
of time for the item memory and contextual dependency difference scores, respectively. 
Note that such a contrast analysis is well suited to test one specific hypothesized 
pattern across time, whereas a significant effect in a conventional ANOVA may reflect 
a (unpredicted) difference between just two time points (Haans, 2018).

As secondary analyses, we investigated if general reductions over time occurred in 
item memory and contextual dependency (Cox et al., 2014; Talamini & Gorree, 2012), and 
if overall stronger item memory and weaker contextual dependency could be observed 
for emotional versus neutral memories (Yonelinas & Ritchey, 2015). Specifically, we 
tested for effects of Time (using the same contrasts weights as described above) and 
a main effect of Emotion on the item (negative and neutral) and context (negative and 
neutral) scores (see 3.3 secondary results).
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2.5.2.2. Recollection, and familiarity. We performed these same (primary) analyses 
with the recollection and familiarity difference scores to test if stronger retainment of 
emotional items than neutral items, and a faster loss of contextual dependency for 
emotional versus neutral episodes, is specifically expressed in memory recollection.

3. RESULTS

3.1. Manipulation checks. Analyses of valence and arousal scores confirmed 
that the creation of negative versus neutral episodes had succeeded, and revealed 
that no significant differences in subjective ratings of valence and arousal occurred 
between the groups. Furthermore, effects of negative versus neutral words on valence 
and arousal were found to depend on background (picture, white) (see Supplementary 
Results, and Fig. S1 for more details).

The baseline cued recall data confirmed that there were no significant differences in 
baseline accuracy between the groups (see Supplementary Results). Additionally, we 
observed better memory for negative items than neutral items, and for items in context 
images as compared to items in white backgrounds (Fig. S2).

3.2. Primary results.
3.2.1. Cued recall. No time-dependent differences were found between negative and 
neutral memories in either item memory or contextual dependency (see Supplementary 
Results).

3.2.2. Recognition. In line with the predictions, the contrast analysis of d-prime 
item memory difference scores (itemnegative - itemneutral, white backgrounds) confirmed 
that negative items were recognized increasingly more accurate over time, relative 
to neutral items (C = 2.32, 95% CI [1.22, 3.43], F1,154 = 17.31, p < .001, ηp

2 = .10, Fig. 2A). 
Conversely, contextual dependency of negative episodes compared to neutral episodes 
(Contextnegative - Contextneutral) indeed became increasingly smaller over time (C = -1.17, 
95% CI [-2.06, -0.27], F1,154 = 6.61, p = .011, ηp

2 = .04, Fig. 2B, S6).
Analyses of hit rates mirrored these effects (Supplementary Results, Fig. S4, S7), 

ruling out that the contextual dependency results can be explained by differences 
between the intact and rearranged context conditions at the first time point (i.e., the 
same day condition). Note that generally high hit rates in the same day and one day 
conditions could have contributed to the gradual development of higher contextual 
dependency scores over time (see 3.3 secondary results).

2
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Fig. 2. (A) Item memory results displayed for neutral and negative memories separately (left), 
and differences scores (negative – neutral, right). We observed a stronger retainment of negative 
items versus neutral items that became more pronounced with time. (B) Contextual dependency 
results displayed for neutral and negative memories separately (left), and differences scores 
(negative – neutral, right). Over time, contextual dependency of negative memories became 
increasingly smaller relative to neutral memories. * p < .05, ** p < .01, ns = not significant. Error 
bars represent SEM.

3.2.3. Recollection and familiarity. The analyses of subjective memory ratings did 
not reveal convincing evidence for the hypothesis that better retention of negative items 
versus neutral items over time is expressed in the subjective experience of recollection 
(C = 0.28, 95% CI [-0.03, 0.60], F1,154 = 3.10, p = .080, ηp

2 = .02, Fig. 3A). Contrary to our 
predictions, the time-dependent enhancement of negative versus neutral items was 
in fact significantly expressed in measures of familiarity (C = 1.45, 95% CI [0.12, 2.77], 
F1,147 = 4.67, p = .032, ηp

2 = .03, Fig. 4).
Furthermore, in line with our expectations, we observed that the loss of contextual 

dependency for negative episodes compared to neutral episodes was expressed in 
recollection (C = -1.06, 95% CI [-1.94, -0.19], F1,150 = 5.76, p = .018, ηp

2 = .04, Fig. 3B, S7). In this 
analysis, four participants (two in the same day condition, one in the one week condition, 
and one in the two weeks condition) were excluded due to invalid scores (i.e., minimum 
recollection in the intact context condition leading to dividing by zero). The assessment 
of contextual dependency for familiarity-based recognition was compromised by missing 
data in a large proportion of participants (0.34), most notably in the same day (0.58), and one 
day conditions (0.43). This was due to rememberhits scores of 1, such that familiarity scores 
were zero. Therefore, the familiarity contextual dependency scores were not analyzed.
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Fig 3. (A) Results of item recollection displayed for neutral and negative memories separately 
(left), and differences scores (negative – neutral, right). No significant retainment of negative 
versus neutral items that becomes increasingly pronounced over time was observed. (B) 
Assessment and results of contextual dependency of recollection displayed for neutral and 
negative memories separately (left), and differences scores (negative – neutral, right). Over time, 
contextual dependency of negative memories became increasingly smaller compared to neutral 
memories. * p < .05, ns = not significant. Error bars represent SEM.

Fig. 4. Results of item familiarity displayed for neutral and negative memories separately (left), 
and differences scores (negative – neutral, right). A significant retainment of negative versus 
neutral items that becomes increasingly pronounced over time was observed. * p < .05, ns = not 
significant. Error bars represent SEM.

2
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3.3. Secondary results. Regardless of emotion, item memory d-prime scores 
generally decreased with time (F1,154 = 261.35, p < .001, ηp

2 = .63, Fig. 2A). Surprisingly, 
contextual dependency, conversely, showed a time-dependent gradual enhancement 
(F1,154 = 31.89, p < .001, ηp

2 = .17, Fig. 2B, S6). The hit rate data show that this development 
of larger contextual dependency scores over time could be due to near-maximal hit 
rates in the same day group and the one day group. That is, contextual dependency 
scores were particularly small in the groups that performed the memory tests relatively 
shortly after learning (same day and one day groups) as performance was high in both 
the intact and rearranged context conditions, whereas for the later groups (one week 
and two weeks) overall performance was lower such that better memory in the intact 
versus rearranged context condition emerged (Fig. S8). False alarm rates were not 
minimal, however, such that recognition was not perfect in any group, and thus memory 
itself was not at ceiling (Fig. S5).

Furthermore, d-prime accuracy was overall not higher for negative items than neutral 
items (F1,154 = 1.54, p = .217, ηp

2 = .01). This is likely due to the same day condition, 
interestingly, showing superior recognition for neutral items, rather than negative 
items (t39 = -2.91, p = .006), whereas at later time points the pattern reverses such that 
negative items are recognized better (one day: t39 = -0.75, p = .461, one week: t38 = 2.12, 
p = .041, two weeks: t38 = 2.66, p = .011, Fig. 2A). Finally, contextual dependency of 
negative memories was overall indeed lower than neutral memories (F1,154 = 4.19, 
p = .042, ηp

2 = .03, Fig. 2B, S6).

4. DISCUSSION

Overall, the findings confirm that time-dependent development of item memory and 
contextual dependency is notably different for negative memories compared to neutral 
memories. With the passage of time, recognition of negative items versus neutral items 
indeed becomes increasingly accurate. The analyses of memory in context, conversely, 
suggest a relative reduction in contextual dependency for negative episodes when time 
passes. In contrast with our hypothesis, the increasingly stronger negative item memory 
with time was expressed in increases in familiarity, whereas this same analysis for 
recollection was only marginally significant. We also found that the reduced contextual 
dependency for negative episodes over time was expressed in recollection, in line with our 
predictions. Together, these findings shed light on the way episodic memories develop on 
the long term and how they may guide behaviour after the occurrence of an emotional event.

The observation that negative items are retained to a larger degree than neutral 
items is consistent with many earlier studies showing generally enhanced memory for 
emotional materials at shorter time intervals (Hamann, 2001). Data addressing a time-
dependent benefit for emotional items in human episodic memory research is, however, 
surprisingly scarce. Previous studies in which emotional and neutral item memory 
were found to differ after a delay are often limited to tests performed immediately 
after learning and one day later (Sharot & Phelps, 2004; Sharot & Yonelinas, 2008). 
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Furthermore, studies that included longer learning-test intervals often did not find 
time-dependent differences in accuracy between emotional and neutral items (e.g., 
Ritchey et al., 2008; Wang, 2014, 2018; Wang & Fu, 2011; Weymar et al., 2011, but see 
e.g., Anderson et al., 2006). This could be due to relatively small samples (Ritchey et al., 
2008; Weymar et al., 2011), or repeated testing of the same learned material (Weymar et 
al., 2011), which can bias results (Burke et al., 1992). Also, in some studies interaction 
ANOVA tests were performed (Wang, 2014, 2018; Wang & Fu, 2011). Such an analytic 
strategy is not well suited to assess time-dependent changes, because of its sensitivity 
to differences in accuracy at any time point instead of a specifically predicted gradual 
change with time (for which contrast analysis is needed, Haans, 2018). The large sample 
size in the present study (N = 158), and the between-subjects design in which separate 
groups performed tests at different time points, likely contribute to the reliability of 
the results, showing that retainment of emotional items does grow stronger with time. 
This finding cannot be explained by simply greater attention to emotional than neutral 
stimuli, because on the same day as learning recognition of negative items was lower 
– not higher – than neutral items. It was only with time that negative items developed a 
memory advantage compared to neutral items, suggesting that post-encoding memory 
processes underlie this effect. This observation is in line with traditional consolidation 
theory (McGaugh, 2000), as well as contemporary alternative accounts of memory 
storage, such as emotional binding theory (Yonelinas & Ritchey, 2015), which both 
predict increasingly stronger memory for emotional items with the passage of time.

With regard to contextual memory, we presumed that the transfer of memory 
representations from the hippocampus to the neocortex (systems consolidation) would 
occur to a relatively small degree for emotional episodes, such that these memories are 
characterized by increased reductions in contextual dependency with time. Emotional 
versus neutral episodes indeed displayed increasingly smaller contextual dependency 
with the passage of time. However, we did not observe a general time-dependent 
decrease of contextual dependency. We instead observed a general increase, which 
seems to indicate that a different process than systems consolidation is at play. How 
can these observations be explained? The data show that recognition was initially (i.e., 
in the same day and one day conditions) strongly item-based for both emotional and 
neutral memories. Since item memory was strong, context could therefore aid little in 
recognition, such that contextual dependency was low. Only after item memory had 
somewhat decreased (i.e., in the one week and two weeks conditions) there was room 
for the memories to become dependent on their encoding context. It seems that only 
at this point – when item memory was not dominating anymore – smaller contextual 
dependency for emotional versus neutral memories could be expressed. For this reason, 
proposed mechanisms for low contextual dependency of recent emotional memories 
(e.g., emotional arousal impairing contextual memory processing in the hippocampus, 
Bisby et al., 2016, or neutral episodes profiting from extra-hippocampal associative 
encoding, Madan et al., 2017) are plausible explanations for our findings. Attentional 
processes during encoding (Easterbrook, 1959; Kensinger et al., 2007; Loftus et al., 

2
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1987) are, however, not a straightforward explanation as these often result in a memory 
trade-off immediately after learning (improved item memory accompanied by impaired 
contextual memory), which we did not observe. Note that some earlier studies have 
also assessed contextual memory of emotional versus neutral episodes at multiple 
time points. These studies mostly addressed incidentally encoded source information 
though (e.g., task instructions, Sharot & Yonelinas, 2008), which are usually not affected 
by the presence of emotional items (Yonelinas & Ritchey, 2015), and often did not include 
assessments beyond one day after learning (Waring & Kensinger, 2009). Our data reveal 
that in case of strong item memories, dependency on local context is initially low, and 
only likely to increase with the passage of time. Critically, this enhanced contextual 
dependency is slowed down for emotional memories. In subsequent studies it could be 
worthwhile to include even more remote time points and test if contextual dependency 
increases at first like we observe here, but eventually could decrease again (in line with 
systems consolidation theory), perhaps particularly for emotional memories (Barry & 
Maguire, 2019; Frankland & Bontempi, 2005; Tonegawa et al., 2018).

Interestingly, the observed time-dependent pattern of contextual dependency fits 
well with previously identified predictors of trauma intrusions and the way intrusions 
naturally develop over time. Our data show that shortly after learning, contextual 
dependency of well-learned items is low. Likewise, immediately after the experience 
of trauma, initial recognition of central trauma aspects conceivably does not require 
presence of the original encoding context either, and can be remembered in any 
potential context, given the strength of trauma memories. Since reduced contextual 
dependency of memory has been related to increased number and distress of analogue 
traumatic intrusions (Meyer et al., 2017; Voorendonk et al., 2021), the risk of distressing 
intrusions immediately after the occurrence of a traumatic event should therefore be 
high. Indeed, trauma analogue studies (Rattel et al., 2019) and clinical observations 
(O’Donnell et al., 2007) show that shortly after an emotional event reexperiences occur 
frequently. The present data show that over time however, contextual dependency, even 
of strong memories, clearly develops. Based on the relationship between contextual 
dependency and analogue intrusions (Meyer et al., 2017), the number of intrusions 
should hence decrease with the passage of time. Our study also reveals that emotional 
memories remain poorly contextualized relative to neutral memories at remote time 
points though, and may thus keep intruding to some extent even after a substantial 
delay. This is again in line with the analogue (Rattel et al., 2019) and clinical (O’Donnell 
et al., 2007) studies, revealing that with time intrusions may fade but not completely, 
thus following the pattern that one would predict based on the present contextual 
dependency data. For these reasons, it may be worthwhile to assess in future studies 
if time-dependent changes in contextual dependency of emotional memories indeed 
correlate with, or can even predict, the development of intrusions over time.

Not all aspects of memory were similarly affected by our manipulations. For example, 
the cued recall data did not show time-dependent differences in item memory or 
contextual dependency for emotional versus neutral episodes. Also, and crucial in light 
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of our hypotheses, the analyses of the subjective quality of recognition suggested that 
recollection and familiarity were not always impacted in the exact same way. Contrary to 
our hypothesis and earlier studies (Yonelinas & Ritchey, 2015), we found that the time-
dependent enhancement of negative versus neutral items was expressed in stronger 
familiarity-based recognition, rather than in recollection (only a trend was observed in 
the predicted direction for recollection-based recognition). This discrepancy between 
the present work and earlier studies may be explained by differences in the presentation 
of emotional items: we displayed negative words on white backgrounds, whereas 
many previous studies presented emotional images during encoding (Anderson et al., 
2006; Atienza & Cantero, 2008; Dolcos et al., 2005; Ochsner, 2000; Ritchey et al., 2008, 
2019; Sharot et al., 2004; Wang, 2018). Emotional images contain negative objects 
within a specific environment, and thus in all likelihood contain more contextual 
information than words on a white background. Since retrieval of contextual memory 
is an inherent part of recollective experiences (Perfect et al., 1996), it is possible that 
strengthened memory for negative words that are presented on white backgrounds is 
particularly expressed in familiarity-based recognition due to the absence of contextual 
information. On the other hand, current theory (Yonelinas & Ritchey, 2015) and previous 
studies (Ritchey et al., 2019; Sharot et al., 2004) suggest that enhanced recollection 
of emotional versus neutral material is not so much driven by retrieval of contextual 
memory, but more so by enhanced item-emotion associations through involvement 
of the amygdala. As negative items were rated with higher arousal and lower valence 
than neutral items in our study, one would still expect a particularly strong effect on 
recollection and not necessarily familiarity. Hence, our data indicate that the role of 
emotion in familiarity-based item recognition may be worth investigating further to 
refine current theory, which assumes that enhanced memory for emotional items is by 
and large exclusively expressed in recollection (Yonelinas & Ritchey, 2015).

Our findings also show that time-dependent reductions in contextual dependency 
for emotional versus neutral memories is expressed in recollective experiences. This 
finding does align with previous research showing that effects of context on recognition 
is only observed when it is accompanied by conscious recollection (Macken, 2002). Note 
though that whether recollection or familiarity is impacted by contextual stimuli seems 
to depend on subtle conditions (e.g., response time, McKenzie & Tiberghien, 2004, and 
encoding instructions, Hockley, 2008). For this reason, and since contextual dependency 
of familiarity-based recognition could not be determined in the present study, it remains 
possible that familiarity is likewise or particularly impacted under different circumstances.

In conclusion, with this study we provide evidence that item memory and contextual 
dependency of emotional episodic memories, as well as their subjective qualities, show 
a markedly different development over time than neutral memories. Indeed, it seems 
that remote emotional memories are especially characterized by strong item memory 
and small contextual dependency. These findings shed important light on how our 
everyday memories of times past transform after learning. Furthermore, they point 
to processes that may lead to emotional memories intruding when in safe contexts.

2
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SUPPLEMENTARY MATERIAL

1. Supplementary Methods
1.1. Data analysis.
1.1.1. Preprocessing.
1.1.1.1. Manipulation checks. The average valence and arousal ratings of the partici-
pants’ imagined scenes were calculated for each of the Background (picture, white) and  
Emotion (neutral, negative) within-subject conditions.

For baseline cued recall, all individual responses were inspected. Misspellings, 
singularity versus plurality mistakes, and diminutives of the target word were treated 
as correct responses. Like the valence and arousal ratings, the proportion of correct 
responses during the baseline cued recall test were calculated for the Background and 
Emotion within-subject conditions.

1.1.1.2. Assessment of item memory and contextual dependency: Cued recall. We 
first calculated the proportion of correct responses for all six within-subject conditions 
(itemneutral, itemnegative, intactneutral, intactnegative, rearrangedneutral, rearrangednegative,) per 
time point (same day, one day, one week, two weeks). Next, contextual dependency 
scores for neutral and negative memories were computed using the following formula: 
contextrecall = 1 - (rearrangedrecall / intactrecall). Finally, we calculated difference scores 
between negative and neutral memories for both item memory (itemnegative - itemneutral), 
and contextual dependency (contextnegative - contextneutral).

1.1.2. Statistical analyses.
1.1.2.1. Manipulation checks. For both the valence and arousal ratings, as well the 
baseline cued recall data, a mixed ANOVA was performed with Background (picture, 
white) and Emotion (neutral, negative) as within-subject factors and Time (same day, 
one day, one week, two weeks) as between-subject factor. We performed planned 
contrasts to assess if negative items indeed resulted in visualizations with lower 
valence and higher arousal than neutral items.

1.1.2.2. Assessment of item memory and contextual dependency: Cued recall. The 
same analyses as for the recognition data were used (i.e., linear contrast analyses, see 
Main Manuscript).
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2. Supplementary Results
2.1. Manipulation checks. Negative items elicited lower valence and higher arousal 
ratings than neutral items (Emotion, valence: F1,152 = 1094.57, p < .001, ηp

2 = .88, arousal: 
F1,152 = 432.36, p < .001, ηp

2 = .74, Fig. S1). These effects did not differ between the groups 
(Time × Emotion, valence: F3,152 = 0.52, p < .670, ηp

2 = .01, arousal: F3,152 = 1.29, p = .279, 
ηp

2 = .03). We also found that the differences between negative and neutral items in 
both valence and arousal scores were larger for items on context images than white 
backgrounds (Background × Emotion, valence: F1,152 = 19.67, p < .001, ηp

2 = .12, arousal: 
F1,152 = 19.39, p < .001, ηp

2 = .11). Nevertheless, for both background types the valence 
scores were lower - and arousal scores higher - for negative versus neutral items (all t > 
18.78, all p < .001). Furthermore, any difference between items in context images versus 
items in white backgrounds did not differ between the groups (Time × Background, 
Time × Background × Emotion, all F < 1.23, all p > .301). These findings (i) demonstrate 
that the creation of negative versus neutral scenes had succeeded, (ii) show that no 
significant differences occurred between the groups in subjective ratings of valence and 
arousal, and (iii) underscore the necessity to analyze item and contextual memory in 
independent analyses, due to differently sized effects of negative versus neutral items 
in white backgrounds versus context images.

Negative items were recalled more often than neutral words in the baseline cued 
recall test (Emotion, F1,154 = 8.59, p = .004, ηp

2 = .05, Fig. S2). Also, the accuracy of items in 
background images was higher compared to items in white backgrounds (Background 
F1,154 = 1857.74, p < .001, ηp

2 = .92). These effects did not interact, however (Emotion 
× Background, F1,154 = 0.03, p = .859, ηp

2 < .01). Crucially, there were no significant 
differences in baseline cued recall accuracy between the groups (Time, Time × Emotion, 
Time × Background, Time × Emotion × Background, all F < 0.69, all p > .560). 

Fig. S1. Valence and arousal ratings during encoding on day 1. Ratings during neutral and negative 
item encoding on a white background (left) or a context image (right). ***p < .001. Error bars 
represent SEM.

2
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Fig. S2. Assessment and results of baseline testing on day 1. Proportion of correct responses 
for neutral and negative items that were encoded and tested on a white background (left), or a 
context image (right). Error bars represent SEM.

2.2. Primary results.
2.2.1. Cued recall. The contrast analyses of cued recall difference scores (negative 
– neutral) did not reveal evidence for time-dependent changes in item memory or 
contextual dependency for negative versus neutral memories (item memory: C = -0.08, 
95% CI [-0.30, 0.13], F1,154 = 0.57, p = .450, ηp

2 < .01, contextual dependency: C = -0.07, 95% 
CI [-0.85, 0.71], F1,151 = 0.03, p = .856, ηp

2 < .001, Fig. S3, S9).

Fig. S3. (A) Item memory results displayed for neutral and negative memories separately (left), 
and differences scores (negative – neutral, right). (B) Contextual dependency results displayed 
for neutral and negative memories separately (left), and differences scores (negative – neutral, 
right). Error bars represent SEM.
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2.2.2. Hit rates. Analyses of hit rates showed increasingly stronger item memory 
and increasingly weaker contextual dependency over time for negative versus neutral 
memories (item: C = 0.80, 95% CI [0.54, 1.06], F1,154 = 36.35, p < .001, ηp

2 = .19, context: 
C = -0.53, 95% CI [-0.84, -0.22], F1,154 = 11.29, p = .001, ηp

2 = .07, Fig. S4, S8). These findings 
mirror the observations from the d-prime scores, thus ruling out that the findings are 
confounded by differences between the intact and rearranged context conditions at 
the first time point (i.e., the same day condition).

Fig. S4. (A) Item memory results displayed for neutral and negative memories separately (left), 
and differences scores (negative – neutral, right). We observed a stronger retainment of negative 
items versus neutral items that became more pronounced with time. (B) Contextual dependency 
results displayed for neutral and negative memories separately (left), and differences scores 
(negative – neutral, right). Over time, contextual dependency of negative memories became 
increasingly smaller relative to neutral memories. * p < .05, ** p < .01, ns = not significant. Error 
bars represent SEM.

2.2.3. False alarm rates. Another contrast analysis showed no time-dependent 
differences between negative and neutral memories for false alarms (C = 0.11, 95% CI 
[-0.12, 0.34], F1,154 = 0.93, p = .336, ηp

2 < .01). These patterns did not differ between lures 
on white backgrounds and context images (C = -0.08, 95% CI [-0.39, 0.23], F1,154 = 0.24, 
p = .628, ηp

2 < .01).

2
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Fig. S5. Item memory results displayed for neutral and negative memories separately (left), and 
differences scores (negative – neutral, right) for lues in white backgrounds (A) and in context 
images (B). Error bars represent SEM.

2.3. Secondary results.
2.3.1. Cued recall. A time-dependent overall decrease of item memory was found 
(F1,154 = 35.43 p < .001, ηp

2 = .19). Contextual dependency on the other hand did not show 
a reduction with the passage of time (F1,151 = 0.11, p = .736, ηp

2 < .01, Fig. S3, S9). We 
also did not observe differences between negative memories and neutral memories in 
overall item memory accuracy (F1,154 < 0.01, p = .961, ηp

2 < .01) or contextual dependency 
(F1,151 = 1.77, p = .185, ηp

2 = .01).

2.3.2. Hit rates. We observed an overall decrease of item memory, and increase 
in contextual dependency with time (item memory: F1,154 = 85.59, p < .001, ηp

2 = .36, 
contextual dependency: F1,154 = 36.76, p < .001, ηp

2 = .19, Fig. S4, S8). Also, item memory 
was larger, and contextual dependency smaller, for negative memories relative to 
neutral memories (item memory: F1,154 = 34.86, p < .001, ηp

2 = .19, contextual dependency: 
F1,154 = 6.85, p = .010, ηp

2 = .04).
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2.3.3. False alarm rates. We observed that with time false alarms generally increased 
(F1,154 = 63.27, p < .001, ηp

2 = .29, Fig. S5). Furthermore, false alarms were overall more 
frequent for negative than neutral lures (F1,154 = 45.06, p < .001, ηp

2 = .23). We found that 
none of these effects depended significantly on Background (picture versus white, all 
F < 3.02, all p > .084).

Together, the hit and false alarm rate data show exactly how recognition of negative 
items changes over time in comparison with neutral items. Even though false alarm rates 
are overall lower for neutral items than negative items, negative items show a retention 
of old item recognition relative to neutral items that becomes more pronounced over 
time. Consequently, neutral items show superior recognition at first, but with time the 
pattern reverses such that negative items are recognized better. 2

Binnenwerk Wouter - V4.indd   43Binnenwerk Wouter - V4.indd   43 24-05-2022   13:4924-05-2022   13:49



44

CHAPTER 2

3. Supplementary Figures

Fig. S6. Contextual dependency results displayed per group for neutral and negative items in 
intact and rearranged contexts. Error bars represent SEM.

Fig. S7. Contextual dependency results displayed per group for neutral and negative items in 
intact and rearranged contexts. Error bars represent SEM.
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Fig. S8. Contextual dependency results displayed per group for neutral and negative items in 
intact and rearranged contexts. Error bars represent SEM.

Fig. S9. Contextual dependency results displayed per group for neutral and negative items in 
intact and rearranged contexts. Error bars represent SEM.

2
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CHAPTER 3

Context reexposure to bolster 
contextual dependency of 
emotional episodic memory

This chapter is in preparation for publication as:  
Cox, W.R., Woelk, M., de Vries, O.T., Krypotos, A.-M., Kindt, M., Engelhard, I.M.,  
Sevenster, D., & van Ast, V.A. Context reexposure to bolster contextual  
dependency of emotional episodic memory.
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ABSTRACT

Contextual overgeneralization of emotional memory is believed to be a core aspect of 
affective disorders, which may manifest itself as fear generalization and intrusions. 
Identifying methods to restrict emotional memory activation to its original encoding 
context is therefore of significant clinical interest. Preliminary evidence from rodent 
research points to a promising approach: reexposure to the context in which fear 
conditioning took place seems to reduce fear generalization to other contexts. 
However, it remains unknown which mechanisms underlie these effects, even though 
such fundamental knowledge is crucial for successful translation to interventions. 
Importantly, exposure to a context that resembles – but is not identical to – the encoding 
context may lead to diminished contextual dependency of memory by integration 
of additional contextual cues. Here, we therefore assessed in a large-scale study 
(N=180) whether reexposure to the encoding context enhances contextual dependency 
of episodic memory and whether exposure to a similar context impairs it. We also 
tested whether such effects are predicted by the strength of memory retrieval during 
context (re)exposure. The results showed that episodic memory depends on context 
and that such contextual dependency is lower for emotional than neutral memories, 
which replicates prior research. However, exposure to the encoding context or a similar 
context did not affect contextual dependency of emotional or neutral memory. Also, 
retrieval strength did not predict any effects. Thorough insight into factors underlying 
the effects of context (re)exposure on contextual dependency seems key to eventually 
attain a therapeutic memory recontextualization intervention.
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1. INTRODUCTION

When one returns to the spatial environment in which an event has previously occurred, 
retrieval and recognition of that event often happens readily, whereas memories can be 
more difficult to reach in different contexts (Godden & Baddeley, 1975; Smith, 1979; Smith 
& Vela, 2001). Such contextual dependency of memory is, however, less pronounced for 
emotional compared to neutral memories, an observation that is partly attributed to 
relatively weak embedding of emotional events in their encoding context (Cox, Meeter, 
et al., 2021; van Ast et al., 2013, 2014). The reduced contextual dependency of emotional 
memory is believed to lie at the heart of dysfunctional memory development, resulting 
in symptoms that characterize a multitude of affective disorders (Maren et al., 2013). 
Influential clinical models, for example, posit that little processing of the context in 
which a trauma took place makes resulting emotional memories prone to reactivation 
by trauma-related cues in safe contexts. This may manifest itself in symptoms that 
are characteristic of anxiety disorders and posttraumatic stress disorder (PTSD) such 
as fear generalization and intrusive images (Acheson et al., 2012; Brewin et al., 2010; 
Ehlers & Clark, 2000; Lambert & McLaughlin, 2019; Liberzon & Abelson, 2016). In support 
of this idea, experimental studies have demonstrated that reductions in contextual 
dependency of memory indeed predict the occurrence or distress of analogue trauma 
intrusions (Bisby et al., 2010; Meyer et al., 2017; Voorendonk et al., 2021). Insights 
into how contextual dependency of emotional memory can be targeted is therefore of 
significant clinical interest.

Neuroscientific research points to the hippocampus – a brain region well-known for 
its crucial role in episodic memory (Eichenbaum, 2004) – as serving several functions 
that can either foster or distort contextual dependency of emotional events (Desmedt 
et al., 2015; Maren et al., 2013). A subregion of the hippocampus, the dentate gyrus, is 
involved in orthogonalizing a memory relative to similar memories, such that it becomes 
more distinct, ensuring that the memory remains exclusively linked to its context (i.e., 
pattern separation (Yassa & Stark, 2011). Other subregions, such as area CA1, are 
believed to aid in binding individual elements of a single experience (Dimsdale-Zucker 
et al., 2018). Hence, proper integration of events in their encoding context involves 
increased discrimination in the dentate gyrus and stronger binding in the hippocampal 
CA1 area, together likely protecting against memory retrieval by resembling experiences. 
How can involvement of these regions be promoted such that contextual dependency of 
memory is retrospectively enhanced? Several fear-conditioning studies have identified 
a promising method to this end: reexposure to the spatial context in which encoding 
took place seems to neutralize later fear responses in other contexts (Al Abed et al., 
2020; de Oliveira Alvares et al., 2012; Sekeres et al., 2020; Sevenster et al., 2017, 2018; 
Wiltgen & Silva, 2007; Winocur et al., 2009; Zhou & Riccio, 1994). Notably, brain regions 
involved in integration, such as hippocampal area CA1 (Al Abed et al., 2020), have been 
found to mediate such effects. It thus seems that integration of contextual information 

3
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in existing emotional memory may indeed facilitate the enhancement of contextual 
dependency by context reexposure.

Interestingly, interventions that target anxiety disorders and PTSD may partly work 
through this process. Indeed, contextual processing has been proposed as an important 
element of effective treatment (Ehlers & Clark, 2009) and interventions such as imaginal 
exposure (Foa et al., 1999) and imagery rescripting (Holmes et al., 2007) involve the 
(imagined) revisiting of the trauma context (in addition to other crucial elements, e.g. 
Kunze et al., 2019). A thorough understanding of these processes in relation to context 
reexposure may be imperative to ultimately improve treatment in clinical practice. 
For example, when executing in vivo exposure for anxiety disorders, a return to the 
same context as during the emotional event is very often not possible (e.g., in cases 
of impassable or untraceable environments related to war traumas). Clinicians may, 
therefore, be inclined to expose their patients to contexts that perceptually resemble the 
encoding context as an alternative to reach comparable therapeutic effects. Similarly, 
when applying imagery techniques, a shallow imagination of the traumatic event may 
not lead to reinstatement of the encoding context but result in reactivation of a different 
or degraded context representation. Provided that memory integration is at play, it 
is doubtful whether desirable treatment outcomes would then be reached. This is 
because binding of the original emotional memory with a context that resembles the 
encoding context could be triggered, which may result in a more generic – instead of 
specific - memory representation. This could in turn generate impaired – not enhanced 
– contextual dependency of memory (Sevenster et al., 2017). In line with this idea, 
rodent research suggests that when an animal is exposed to a context that is similar 
to the conditioning context, fear generalization is subsequently amplified (de Oliveira 
Alvares et al., 2012; Fujinaka et al., 2016). Thus, exposure to a similar context could 
inadvertently be counterproductive. Knowing if and when such effects occur is critical 
to promote favorable treatment outcomes.

Mechanistic insight is likewise needed to know the optimal conditions for successful 
recontextualization of emotional memory when (imagined) revisiting of the original 
encoding context is in fact achieved. If integration of contextual information with the 
existing emotional memory underlies this therapeutic effect, strong memory retrieval 
during context reexposure is probably required. This can be expected as previous 
research suggests that memory reactivation of an earlier event drives the integration 
of additional information (Cox, Dobbelaar, et al., 2021; van Kesteren et al., 2018, 2020; 
Zeithamova et al., 2012). Based on these insights, it thus seems likely that stronger 
retrieval during context reexposure predicts larger increases in contextual dependency. 
This may especially be true for emotional memories that typically depend less on 
context than neutral memories (Cox, Meeter, et al., 2021; van Ast et al., 2013, 2014). 
Stronger retrieval during exposure to a similar context may also amplify memory 
integration, but in this case of the original learning event with a different context 
(Josselyn & Frankland, 2018). Because integration of contextually dissimilar memories 
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may reduce the specificity of memory (Sevenster et al., 2017), stronger memory retrieval 
should then predict smaller contextual dependency

In the present study, we thus aimed to test whether (i) reexposure to the encoding 
context improves contextual dependency of episodic memory and (ii) exposure to a 
similar context impairs it. Furthermore, we tested if both effects (iii) become more 
pronounced when memory retrieval is stronger during context (re)exposure and (iv) 
are different in magnitude for emotional versus neutral memories. Participants (N=180) 
were shown a series of images of faces (neutral faces: N=90, angry faces: N=90) on 
background pictures (spatial contexts). One day later, the two groups were divided in 
three subgroups (N=30) that were either (i) reexposed to the spatial contexts seen 
on day 1 (Same Context Exposure group), (ii) were shown similar contexts (Similar 
Context Exposure group), or (iii) did not come to the laboratory (No Exposure group). To 
stimulate memory retrieval and measure its strength, participants that were exposed 
to contexts (Same Context Exposure group or Similar Context Exposure group) were 
instructed to indicate to what extent they relived the episodes they had encoded on 
the first day. On the third and final day, all participants underwent a recognition test 
during which they were presented with targets (i.e., faces seen during encoding) and 
lures (i.e., unfamiliar faces). As a test of contextual dependency of memory, one third 
of the targets and lures were presented on one of the contexts that were seen on 
the first day, i.e., the same context for targets and random contexts for lures (Test in 
Original Context condition). Another third of the faces was shown on a similar context 
(Test in Similar Context condition) and the final third was shown on a completely new 
context (Test in New Context condition). Generally, context-dependent memory should 
be reflected by most accurate performance when testing takes place in the original 
encoding context, followed by testing in a similar context, and finally a new context (see 
Fig. 1, right pane for a graphical depiction of this rationale). To assess changes in this 
contextual dependency by context (re)exposure, we calculated two difference scores: 
Test in Original Context - Test in New Context (Contextualization Original Context score) 
and Test in Similar Context - Test in New Context (Contextualization Similar Context 
score). An increase in contextual dependency should be expressed as an enhanced 
Contextualization Original Context score, together with a decreased Contextualization 
Similar Context score (i.e., if contextual dependency is bolstered, memory should 
be highly specific for the original encoding context only, Fig. 1, left pane). Impaired 
contextual dependency should be reflected as a decreased Contextualization Original 
Context score, together with a decreased Contextualization Similar Context score (i.e., 
if contextual dependency is impaired, memory should become roughly equal in original, 
similar, and new contexts, Fig. 1, middle pane). We thus predicted that relative to the No 
Exposure group, participants in the Same Context Exposure group would show both a 
higher Contextualization Original Context score and a smaller Contextualization Similar 
Context score, whereas participants in the Similar Context Exposure group would show 
smaller scores for both Contextualization Original Context and Contextualization Similar 
Context. Furthermore, we expected that these effects would become more pronounced 
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when memories were relived to a larger degree during context (re)exposure on day 
2. Finally, as emotional memories should overall be characterized by relatively low 
contextual dependency, we predicted that the enhancing effect of context reexposure 
on contextual dependency would be larger, whereas the impairing effect of similar 
context exposure would be smaller, for emotional versus neutral memories.

Fig. 1. Illustration of increased and impaired contextual dependency of episodic memory (fictitious 
data). Generally, context-dependent memory (right pane) would be expressed as most accurate 
memory when testing takes place in the original encoding context (Test in Original Context), 
followed by a similar context (Test in Similar Context), and finally a new context (Test in New 
Context). An increase in this overall contextual dependency of memory (left) should be expressed 
as memory becoming highly specific for the original encoding context only. That is, the difference 
in performance between Test in Original Context and Test in New Context (Contextualization 
Same Context) would be enhanced, whereas the difference between Test in Similar Context and 
Test in New Context (Contextualization Similar Context) would be decreased. Impaired contextual 
dependency of memory (middle pane) should be expressed as memory becoming more equal for 
testing in original, similar, and new contexts. Hence, the difference in performance between Test 
in Original Context and Test in New Context (Contextualization Same Context), as well as Test 
in Similar Context and Test in New Context (Contextualization Similar Context) should become 
relatively decreased.

2. MATERIALS AND METHODS

2.1. Participants.
One hundred eighty subjects (138 females) with a mean age of 21.94 years (SD=2.83, 
range=18-35) participated in the study. We excluded 18 participants who performed at 
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chance level during the recognition test (i.e., in case of a higher than 5 percent change 
that recognition responses were random, assessed by way of a binomial test as in 
previous studies (Zhang et al., 2017). In exchange for participation, the participants 
received either €24, - (Same Context Exposure group and Similar Context Exposure 
group) or €16, - (No Exposure group), or an equivalent number of course credit. All 
procedures were approved by the ethical committee of the Faculty of Social and 
Behavioral Sciences at Utrecht University.

The participants were allocated to one of six groups. Half of these groups were 
shown angry faces in a spatial context (Negative Face, final N=79), and the other three 
groups were shown neutral faces (Neutral Face, final N=83). On the second day of the 
experiment, two of the groups were reexposed to the encoding context (Negative Face - 
Same Context Exposure, N=26; Neutral Face - Same Context Exposure, N=28), two other 
groups were exposed to similar contexts as during learning (Negative Face - Similar 
Context Exposure, N=24); Neutral Face - Similar Context Exposure, N=28), and the final 
two groups did not come to the laboratory in between encoding and testing (Negative 
Face - No Exposure, N=29; Neutral Face - No Exposure, N=27).

2.2. Stimuli.
2.2.1. Faces. Images of angry (45 male, 45 female) and neutral (45 male, 45 female) 
faces were drawn from the Radboud Faces Database (Langner et al., 2010), the NimStim 
set of Facial Expressions (Tottenham et al., 2009), and the Chicago Face Database (Ma 
et al., 2015) Version 2.0.3., July 2016.

2.2.2. Contexts. As context images, we used a total of 180 pictures of indoor and 
outdoor spatial environments (e.g., a forest, a kitchen), as in previous research (van Ast 
et al., 2013, 2014). Two thirds of the images were similar to one of the other images in 
the set (e.g., two kitchens), and one third of the images were unique.

2.3. Experimental task.
2.3.1. Encoding. An overview of the experimental paradigm is displayed in Fig. 
2. During encoding, participants were presented with 30 female and 30 male face 
images (angry in the Negative Face group, neutral in the Neutral Face group) on unique 
background pictures. Each trial started with presentation of the background picture 
for 2 seconds, after which the face was shown in the middle of the background for 4 
seconds. Then the face image disappeared, and only the background was shown for 
0.5 more seconds. Next, participants were asked to rate the vividness of their imagined 
scene on a visual analogue scale, ranging from “not vivid” to “very vivid”. Participants 
were given 2.5 seconds to respond, during which reaction times were recorded. The 
next trial started after the presentation of a black background (intertrial interval) for 
1, 2, or 3 seconds (randomized in blocks of 3 trials). The participants completed three 
practice trials before the task commenced.

3
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Fig. 2. Experimental paradigm. Participants performed an encoding task, underwent context 
(re)exposure, and completed a recognition test on three consecutive days. During encoding, 
participants were randomly assigned to one of two groups and viewed either angry (Negative 
Face group, displayed here) or neutral faces (Neutral Face group, not displayed), presented on a 
context image. On day 2, the participants were again randomized, but now to one of three groups. 
That is, they were either reexposed to all the contexts they had seen on the previous day (Same 
Context Exposure group), were shown similar contexts to the ones they had seen before (Similar 
Context Exposure group), or did not come to the laboratory (No Exposure group). On the final day, 
all participants performed a recognition test, and were presented with faces they had seen on 
day 1 (Old Face) and unfamiliar faces (New Face). The faces were presented on a context they 
had seen during encoding (Test in Original Context), a similar context (Test in Similar Context), 
or a novel context (Test in New Context).

2.3.2. Context (re)exposure. During the context (re)exposure session, participants 
were either presented with all 60 background pictures they had seen during encoding 
(Same Context Exposure group) or shown 60 background picture that resembled the 
original background picture (Similar Context Exposure group). The No Exposure group 
did not come to the laboratory. For the Same Context Exposure and Similar Context 
Exposure groups, the context images were presented – without face images - for 3 
seconds, during which participants rated reliving of their previously imagined scenes 
on a visual analogue scale, ranging from “no reliving” to “much reliving”. Reaction 
times were recorded. The next trial started after the presentation of a black background 
(intertrial interval) for 1, 2, or 3 seconds. The participants completed three practice trials 
before the task started.
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2.3.3. Test. During the recognition test, participants were shown 30 of the 60 face 
images they had seen during encoding (i.e., 15 male and 15 female, randomly selected), 
and 30 new faces (15 male and 15 female, all angry in the Negative Face group and all 
neutral in the Neutral Face group) as lures. To assess contextual dependency of the 
memories, 10 of the old face images were presented on the original encoding context of 
day 1 (Test in Original Context), another 10 on a context similar as the encoding context 
(Test in Similar Context), and the final 10 on a context that participants had not seen 
before (Test in New Context). Likewise, the lures were either shown on a context seen 
on day 1 (images that were not used for recognition of old faces in original contexts), 
a similar context (images that were not used for recognition of old faces in similar 
contexts), or a new context (10 new images).

For each trial, the context image was presented first for 3 seconds. Then, the face 
image appeared during which participants could indicate whether they had seen the 
face before or not (yes/no). After participants had pressed yes (old) or no (new), they 
were asked to indicate the level of confidence in their response. If they had responded 
“no”, they were shown three response options to indicate how sure they were that the 
face was new (1=sure, 2=probably, 3=guess). When participants had responded “yes”, 
they were asked to indicate their level of confidence that the face was old (4=guess, 
5=probably, 6=sure). Both the yes/no recognition as well as the confidence rating 
task were self-paced, and response times were recorded. The next trial started after 
presentation of a black background (intertrial interval) for 1,2, or 3 seconds. Participants 
performed three practice trial before the task commenced.

2.3.4. Trial order. For each of the three phases (encoding, context (re)exposure, test), 
the trials were presented in blocks of twelve, in which trials that correspond to each 
within-subjects condition were equally distributed (e.g., Test in Original Context, Test 
in Similar Context, Test in New Context for old and new faces). As such, trials from 
each within-subjects condition were not presented more than three times successively. 
The order of blocks was the same across the encoding, context (re)exposure, and test 
phases, but the order of trials within blocks was randomized for each phase.

2.4. Procedure. Upon arrival on day 1, participants were asked to read an information 
brochure which stated that they would be viewing face images on background pictures, 
use their imagination during the experiment, and answer questions about the presented 
images. We purposely kept participants unaware that they would undergo memory tests 
to prevent them from actively rehearsing the learned material between sessions. After 
they had given written consent, participants were asked to complete questionnaires. 
These were collected for potential exploratory purposes, but not further analyzed.

2.4.1. Encoding. Participants were informed that they would be shown background 
pictures on a computer screen in which a face image would appear after some time. 
They were instructed to imagine as vividly as possible a scene that involves the face 
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image in the background. It was explained that after the face image and background 
pictures had disappeared from the screen, they could rate the vividness of their 
imagined scene within approximately two seconds using a continuous scale.

2.4.2. Context (re)exposure. Twenty-four hours later, participants returned to the 
lab for a context (re)exposure session. Participants allocated to the Same Context 
Exposure or Similar Context Exposure groups were explained that they would be shown 
background images and were instructed to rate within three seconds how vividly they 
remembered a scene they had imaged on day 1 in relation to the presented image. 
Participants in the No Exposure group did not come to the lab and thus were not 
exposed to any of the previously presented contexts.

2.4.3. Test. On the third and final day, participants were asked to complete a 
recognition test of the faces they had encoded on day 1. It was explained that they 
would be presented with background pictures and face images, and that some faces 
had been presented during the encoding session on day 1 while others had not been 
shown before. They were instructed to respond whether they recognized the face as 
one they had seen on day 1 (old) or not (new). It was explained that after participants 
had pressed “old” or “new”, they would rate their level confidence in this response (i.e., 
1=very sure new, 2=somewhat sure new, or 3=guess new if they had responded “new”, 
and 4=guess old, 5=somewhat sure old, or 6=very sure old if they had responded “old”).

After the recognition task, participants were asked to complete a short questionnaire 
concerning encoding characteristics (e.g., how well they could focus during the task) 
and overall motivation for each part of the experiment. Finally, they were debriefed and 
paid for their participation.

2.5. Data analysis.
2.5.1. Vividness.
2.5.1.1. Preprocessing. We calculated average vividness scores for all six groups. We 
included only 50 of the total 60 vividness trials in our analysis because 10 face-context 
combinations were not related to any test condition on day 3. That is, Old Face - Test in 
Original Context, Old Face - Test in Similar Context, Old Face - Test in New Context, New 
Face - Test in Original Context, and New Face - Test in Similar Context all include a face 
image or context image that were presented on day 1, which leaves 10 trials that are not 
relevant for performance on day 3. Participants who did not fill in any vividness rating in 
time (i.e., within 2.5 seconds) were excluded (Negative Face - Similar Context Exposure, 
N=1; Negative Face - No Exposure, N=3; Neutral Face - Same Context Exposure, N=2; 
Neutral Face - No Exposure, N=1).

2.5.1.2. Statistical analyses. To check whether the context (re)exposure groups did not 
significantly differ in vividness of the imagined scenes on day 1 and explore whether 
vividness of scenes that included angry versus neutral faces differed, we performed a 
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two-way ANOVA. We tested a main effect of Emotion (Negative Face versus Neutral Face), 
a main effect of Context (Re)exposure (Same Context Exposure versus Similar Context 
Exposure versus No Exposure), and an Emotion × Context (Re)exposure interaction. 
Tukey’s HSD tests were performed in case of significant main or interaction effects.

2.5.2. Reliving.
2.5.2.1. Pre-processing. Reliving scores were calculated for the Negative Face - Same 
Context Exposure, Negative Face - Similar Context Exposure, Neutral Face -Same 
Context Exposure, and Neutral Face - Similar Context Exposure groups. Again, we 
included 50 of the 60 trials, as only those were relevant for the memory tests performed 
on day 3 (see 2.5.1.1.). Participants who did not fill in any reliving rating in time (i.e., 
within 3 seconds) were excluded (Negative Face - Similar Context Exposure, N=1; 
Neutral Face – Same Context Exposure, N=2).

2.5.2.2. Statistical analyses. To assess whether reliving of the scenes that were imaged 
on day 1 was higher when the same versus a similar context was presented on day 2 and 
explore whether this effect depends on whether the day 1 memories were emotional, we 
performed a two-way ANOVA. In this analysis, main effects of Emotion (Negative Face 
versus Neutral Face), and Context (Re)exposure (Same Context Exposure versus Similar 
Context Exposure), as well as an Emotion × Context (Re)exposure interaction were 
included. Tukey’s HSD tests were performed in case of a significant interaction effect.

2.5.3. Recognition.
2.5.3.1. Pre-processing. We calculated hit and false alarm rates for all three within-
subject conditions (Test in Original Context, Similar Context, or New Context) in all 
6 groups. From these hits and false alarms data, we calculated d-prime sensitivity 
index. To do so, hit rates higher than 0.95, and false alarm rates smaller than 0.05 were 
truncated at 0.95 and 0.05, respectively (Stanislaw & Todorov, 1999).

Subsequently, we calculated two difference scores (Test in Original Context - Test 
in New Context, and Test in Similar Context - Test in New Context). These constitute 
the variables of interest to assess changes in contextual dependency of memory 
(Contextualization Original Context and Contextualization Similar Context, respectively).

2.5.3.2. Statistical analyses.
2.5.3.2.1.Manipulation check: Contextual dependency of emotional and neutral 
memories. To assess whether correct recognition depended on context, and this 
contextual dependency was smaller for emotional than neutral memories, we analyzed 
d-prime scores in the No Exposure control group. We only included the control group for 
this analysis, because in earlier studies that we aimed to replicate here no exposure to 
context was included between encoding and testing (Cox, Meeter, et al., 2021; van Ast 
et al., 2013, 2014). To test if contextual dependency of emotional memories is impaired 
relative to neutral memories, we performed two independent t-tests. The independent 
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variable was Emotion (Negative Face versus Neutral Face) and dependent variables were 
d-prime difference scores (Contextualization Original Context, and Contextualization 
Similar Context). If contextual dependency of emotional memory is relatively low, then 
the Contextualization Original Context and Contextualization Similar Context scores 
should both be smaller in the Negative Face than the Neutral Face group (see 2.5.3.1.). If 
these effects were indeed observed, we analyzed contextual dependency of emotional 
and neutral memories separately by way of repeated measures ANOVAs with Test (Test 
in Original Context, Test in Similar Context, Test in New Context) as the independent 
variable, and the d-prime score as the dependent variable. Planned comparisons were 
performed to compare accuracies between the conditions if an effect of Test was 
observed. When no relatively low contextual dependency of emotional memory was 
found, we collapsed the data of the Negative Face and Neutral Face conditions.

2.5.3.2.2. Hypothesis test: Effects of context (re)exposure on contextual dependency. 
To assess whether context reexposure modulates contextual dependency of memory, 
we performed univariate ANOVAs with Emotion (Negative Face, Neutral Face) and 
Context (Re)exposure (Same Context Exposure, Similar Context Exposure, No Exposure) 
as independent variable and the d-prime difference scores (Contextualization Original 
Context, and Contextualization Similar Context) as dependent variables. If no Emotion 
× Context (Re)exposure interaction was found, we collapsed the data of the Negative 
Face and Neutral Face groups to test for an effect of Context (Re)exposure on contextual 
dependency. In case of significant effects, we performed planned contrasts to see if (i) 
the Contextualization Original Context score is higher, but the Contextualization Similar 
Context is lower in the Same Context Exposure group versus the No Exposure group 
(i.e., greater contextual dependency, see 2.5.3.1), whereas (ii) both the Contextualization 
Original Context and Contextualization Similar Context are lower in the Similar Context 
Exposure group versus the No Exposure group (i.e., smaller contextual dependency).

2.5.4. Interactions between reliving strength and changes in contextual 
dependency by context (re)exposure.
2.5.4.1. Preprocessing. To regress possible changes in contextual dependency on 
retrieval strength, we linked the recognition responses for old and new faces on day 3 
with the respective reliving scores during context exposure on day 2 (0-100) on the level 
of trials for 5 within-subject conditions (Old Face - Test in Original, Similar Context, or 
New Context, New Face - Test in Original or Similar Context). Note that the new faces 
(lures) were of course themselves never presented during context (re)exposure, but 
the contexts they were presented on during testing were in fact shown in this phase. 
However, new faces presented on new contexts on day 3 are (by definition) not related 
to any reliving scores on day 2, such that no corresponding reliving score exists for 
New Face - Test in New Context. This absence of a relationship between recognition 
response and retrieval strength needs to be included in the model to predict d-prime 
accuracy in new contexts that are based on recognition of old faces. Since 10 of the 

Binnenwerk Wouter - V4.indd   58Binnenwerk Wouter - V4.indd   58 24-05-2022   13:5024-05-2022   13:50



59

CONTEXT REEXPOSURE TO BOLSTER CONTEXTUAL DEPENDENCY OF EMOTIONAL EPISODIC MEMORY

60 trials on day 2 (context (re)exposure) are not related to any test trial on day 3 (see 
sections 2.5.1.1. and 2.5.2.1.), these reliving trials can be used to create this absence of 
a relationship between recognition responses and reliving for New Face - Test in New 
Context. Therefore, we randomly paired the reliving scores of these 10 remaining trials 
on day 2 with recognition responses during presentation of new faces on new contexts 
on day 3. Due to this random pairing, no relationship should emerge such that the Test 
in New Context condition can be included in the model as reference condition.

2.5.4.2. Statistical analyses. To assess if contextual dependency (i) becomes larger 
in the Same Context Exposure group, but (ii) smaller in the Similar Context Exposure 
group, with stronger memory retrieval during context (re)exposure, we performed a 
multilevel probit regression. The trial level coefficients yielded by this type of model are 
Z-scores and have been shown to be mathematically equivalent to d-prime (Decarlo, 
1998), the key measure from signal detection theory that is typically computed by 
aggregating data within participants. Therefore, their interpretation is the same as 
d-prime: the beta parameters of this regression represent an increase or decrease in 
the probability of a ‘yes’ response associated with each variable. As fixed effects on 
the item level (1st level) we entered Reliving (0-100, group-mean centered), Face (Old, 
New), and Test (Test in Original Context, Test in Similar Context, Test in New Context). 
On the participant level (2nd level) we entered Emotion (Negative Face, Neutral Face). The 
Same Context Exposure and Similar Context Exposure groups were analyzed separately. 
Random intercepts were included for participants (Twisk, 2006).

First, we aimed to assess whether the random pairing of reliving scores with 
recognition responses for New Face - Test in New Context was successful and thus 
appropriate to use as reference (see 2.5.4.1.): here no significant relationship should 
occur between reliving strength and memory accuracy. For the role of reliving strength 
during context (re)exposure in later contextual dependency of memory, we expected 
that higher reliving in the Same Context Exposure group would predict (i) improved 
memory for Test in Original Context versus Test in New Context (i.e., Contextualization 
Original Context) and (ii) reduced memory for Test in Similar Context versus Test in 
New Context (i.e., Contextualization Similar Context). Furthermore, we expected that 
higher reliving in the Similar Context Exposure group would predict (iii) reduced memory 
for both Test in Original Context versus Test in New Context (i.e., Contextualization 
Original Context) and (iv) Test in Similar Context versus Test in New Context (i.e., 
Contextualization Similar Context). We first tested an interaction with Emotion for 
each of these effects (i.e., Emotion × Reliving × Test × Face). If no significant 4-way 
interactions were observed, we collapsed the data of the Negative Face and Neutral 
Face groups. We then tested Reliving × Test (Test in Original Context versus Test in New 
Context) × Face (Old versus New) and Reliving × Test (Test in Similar Context versus Test 
in New Context) × Face (Old versus New) interactions for the Same Context Exposure 
group and the Similar Context Exposure group separately. Planned comparisons were 
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performed in case of a significant effect to assess the predicted relationships between 
reliving strength and the test conditions. Alpha was set at .05 for all tests.

3. RESULTS

3.1. Manipulation checks.
3.1.1. Vividness. Vividness of the imagined scenes during encoding was lower for 
negative than neutral memories (Emotion, F1,150 = 7.08, p = .009, Fig. 3), in line with 
earlier research (de Vries et al., 2021). Crucially, there were no significant differences 
in vividness between the Same Context Exposure, Similar Context Exposure, and No 
Exposure groups (Context (Re)exposure, F2,150 = 0.14, p = .869). We also did not find 
that whether memories were negative or neutral modulated this effect (Emotion × 
Context (Re)exposure, F2,150 = 1.44, p = .241). These findings confirm that no unexpected 
differences in vividness occurred between the groups.

Fig. 3. Vividness ratings during the encoding task in the Same Context Exposure (blue bars), 
Similar Context Exposure (red bars), and No Exposure group (grey bars). The scores are plotted 
separately for the Negative Face (left) and Neutral Face (right) groups. Error bars represent SEM.

3.1.2. Reliving. Analyses of reliving ratings on day 2 confirmed that context 
reexposure led to more reliving than exposure to a similar context (Context (Re)exposure, 
F1,99 = 97.01, p < .001, Fig. 4). This effect did not depend on whether memories were 
negative or neutral (Emotion × Context (Re)exposure, F1,99 = 0.3, p = .720). Finally, there 
was no overall difference in reliving for negative versus neutral memories (Emotion, 
F1,99 = 0.52, p = .474). In short, inducing relatively strong reliving by reexposure to the 
encoding context was successful, and no other unexpected effects on reliving were 
observed.
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Fig. 4. Reliving ratings in the Same Context Exposure (blue bars) and Similar Context Exposure 
(red bars) group. The scores are plotted separately for the Negative Face (left) and Neutral Face 
(right) groups. Error bars represent SEM.

3.1.3. Contextual dependency of emotional and neutral memories. We observed that, 
for the No Exposure groups, the Contextualization Original Context score (t54 = 1.78, 
p = .081) and the Contextualization Similar Context score (t54 = 2.09, p = .041) were at 
least trend significantly smaller in the Negative Face group than the Neutral Face group 
(Fig. S1). These findings thus suggest that contextual dependency was indeed lower 
for emotional than neutral memories. Furthermore, for neutral memories, recognition 
accuracy was dependent on context (Test, F2,52 = 9.83, p < .001, Fig. S2B, right pane). 
Planned comparisons suggested that accuracy scores were highest in the original 
encoding context, lower in the similar context, and lowest in the new context (Test 
in Original Context versus Test in Similar Context, F1,26 = 6.61, p = .016; Test in Similar 
Context versus Test in New Context, F1,26 = 3.65, p = .067). Emotional memories 
also depended on context (Test, F2,56 = 3.67, p = .002, Fig. S2A, right pane), but here 
recognition was only elevated in the original versus similar context (Test in Original 
Context versus Test in Similar Context, F1,28 = 8.50, p = .007; F < 2.34, p > 0.14 for other 
comparisons). In short, these results largely replicate earlier studies showing context-
dependent memory (Cox, Meeter, et al., 2021; Godden & Baddeley, 1975; Smith & Vela, 
2001; van Ast et al., 2013, 2014), and smaller contextual dependency for emotional 
versus neutral memories (Cox, Meeter, et al., 2021; van Ast et al., 2013, 2014).

3.2. Hypothesis tests.
3.2.1. Effects of context (re)exposure on contextual dependency. Whether 
memories were emotional or neutral did not significantly influence any effects of 
context (re)exposure on contextual dependency (Emotion × Context (Re)exposure, 
F2,156 = 0.38, p = .687 for Contextualization Original Context; Emotion × Context (Re)
exposure, F2,156 = 2.84, p = .061 for Contextualization Similar Context). Therefore, we 
collapsed the data of the Negative Face and Neutral Face groups. Crucially, contextual 
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dependency did not differ between the context (re)exposure groups in the collapsed 
data (F2,156 = 1.46, p = .236 for Contextualization Original Context and F2,156 = 1.80, p = .169 
for Contextualization Similar Context, Fig. 5 and Fig. S2-S4 for more detail). 

Fig. 5. (A) Contextualization Original Context and (B) Contextualization Similar Context scores 
in the Same Context Exposure (left), Similar Context Exposure (middle), and No Exposure (right) 
groups (collapsed over the Negative Face and Neutral Face groups). Error bars represent SEM.

3.2.2. Interactions between reliving strength and changes in contextual dependency 
by context (re)exposure. We first assessed whether the impact of reliving in the 
reference condition was indeed absent. That is, we tested whether including new 
faces presented in new contexts in the model related to reliving of the randomly paired 
contexts. Here, we found no main effect of reliving nor an interaction between Reliving 
and Emotion in neither the Same Context Exposure nor the Similar Context Exposure 
group (Same Context Exposure group: Reliving, Z = -0.05, p = .623, Reliving × Emotion 
(Negative versus Neutral), Z = 0.02, p = .895; Similar Context Exposure group: Reliving, 
Z = 0.02, p = .786, Reliving × Emotion (Negative versus Neutral), Z = -0.09, p = .527). 
This shows that random pairing of reliving scores with recognition responses was 
successful and Test in New Context can be used as the reference condition in the 
models (see 2.5.4.1 and 2.5.4.2). Whether memories were negative or neutral did not 
modulate any interactions between reliving strength and contextual dependency (Same 
Context Exposure group: Emotion (Negative versus Neutral) × Reliving × Test (Test in 
Original Context versus Test in New Context) × Face (Old versus New), Z = 0.12, p = .639, 
Emotion (Negative versus Neutral) × Reliving × Test (Test in Similar Context versus Test 
in New Context) × Face (Old versus New), Z = -0.23, p = .366; Similar Context Exposure 
group: Emotion (Negative versus Neutral) × Reliving × Test (Test in Original Context 
versus Test in New Context) × Face (Old versus New), Z = -0.06, p = .810, Emotion 
(Negative versus Neutral) × Reliving × Test (Test in Similar Context versus Test in New 
Context) × Face (Old versus New), Z = 0.21, p = .425). Therefore, we again collapsed the 
data of the Negative Face and Neutral Face groups. Crucially, and in contrast with the 
predictions, reliving did not relate to the strength of contextual dependency in either the 
Same Context Exposure group (Reliving × Test (Test in Original Context versus Test in 
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New Context) × Face (Old versus New), Z = -0.05, p = .701; Reliving × Test (Test in Similar 
Context versus Test in New Context) × Face (Old versus New), Z = -0.05, p = .700), nor 
the Similar Context Exposure group (Reliving × Test in Original Context versus Test in 
New Context) × Face (Old versus New), Z = 0.00, p = .979; Reliving × Test (Test in Similar 
Context versus Test in New Context) × Face (Old versus New), Z = 0.09, p = .510).

4. DISCUSSION

In the present study, we aimed to test whether contextual binding of human episodic 
memory can be changed by (re)exposure to contexts that are perceptually identical 
or resemble the original encoding context. We also assessed whether these effects 
are predicted by the strength of memory retrieval during (re)exposure and differ in 
magnitude for emotional versus neutral memories. Overall, we found that correct 
recognition was dependent on test context and that this contextual dependency was 
lower for emotional than neutral memories. We also observed that memory retrieval 
was stronger during reexposure to the original encoding context than during exposure 
to a similar context. These findings replicate earlier studies (Cox, Meeter, et al., 2021; 
van Ast et al., 2013, 2014), and show that our basic manipulations were successful. 
However, we did not find evidence for any of the tested hypotheses: reexposure to the 
original encoding context did not promote contextual dependency of memory, nor did 
exposure to a similar context reduce it. Also, no relationships were observed between 
retrieval strength during (re)exposure to the contexts and contextual dependency at 
test. Finally, no differences were found between emotional and neutral memories in any 
of these hypothesized effects. Therefore, the findings of this large-scale study do not 
support the idea that context (re)exposure after a neutral or emotional event modulates 
the extent to which subsequent memory activation becomes restricted to contextual 
cues that were present during encoding.

These observations clearly contrast with fear-conditioning studies that did show 
effects of context (re)exposure on fear generalization in animals (Al Abed et al., 2020; 
de Oliveira Alvares et al., 2012; Sekeres et al., 2020; Sevenster et al., 2018; Wiltgen 
& Silva, 2007; Winocur et al., 2009; Zhou & Riccio, 1994) and humans (Sevenster et 
al., 2017). One obvious difference between these previous studies and the present 
experiment is the emotional intensity of the memories. Whereas fear conditioning 
involves the administration of – sometimes severe - electric shocks, we here presented 
threatening faces, which in all likelihood are experienced as only mildly fearsome. It 
has been suggested that impaired contextual processing of emotional memories, by 
amygdalar downregulation of the hippocampus, may only occur under particularly 
strong conditioning protocols (Layton et al., 2002), which are more aversive than the 
procedures adopted here. One could thus suspect that the present design was not as well 
suited to investigate changes in contextual dependency of emotional memories as fear-
conditioning paradigms. However, it is important to note that we did observe the expected 
smaller contextual dependency of emotional versus neutral memories, like in previous 
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studies (Cox, Meeter, et al., 2021; van Ast et al., 2013, 2014). Apparently, the threatening 
faces were arousing enough to at least partly impair the processing of context, such 
that the premise to study changes in contextual binding of emotional events was met.

One other major difference between previous studies (Al Abed et al., 2020; de Oliveira 
Alvares et al., 2012; Sekeres et al., 2020; Sevenster et al., 2017, 2018; Wiltgen & Silva, 
2007; Winocur et al., 2009; Zhou & Riccio, 1994) and the present experiment is the 
outcome variable: we tested for contextual dependency of declarative memory instead 
of conditioned fear responses. Having the possibility to check whether contextual 
dependency was smaller for emotional than neutral memories was one of the reasons we 
adopted this episodic memory paradigm. This method also allowed for the inclusion of 
many trials per participant, which enabled us to assess relationships between memory 
reliving during context (re)exposure and contextual dependency at test in a statistically 
powerful manner. Even though it is not known how episodic memory contextualization 
maps onto fear generalization, it has been proposed that contextual processing 
deficits may subserve each (e.g., Maren et al., 2013). Likewise, broad impairment in 
hippocampus-dependent associative learning have been revealed as a vulnerability 
factor for PTSD (Lambert & McLaughlin, 2019) and associative learning of foreground 
cues and background context has been proposed as an essential ingredient to form 
an integrated representation of an event (Lambert & McLaughlin, 2019). Thus, at least 
in theory, one could suspect that contextual dependency of declarative memory and 
conditioned fear responses could be affected by context (re)exposure in similar ways.

Nevertheless, it must be noted that there are several disadvantages to the paradigm 
we used here, which may have prevented us from observing the hypothesized effects 
of context (re)exposure. In animal fear-conditioning research, rodents typically explore 
a context for several minutes during fear conditioning (e.g., Sekeres et al., 2020). The 
extensive exploration of the context, together with the occurrence of a threatening 
shock, leads to the formation of a robust contextual memory. This firmly established 
memory can then be updated by reexploration, through the integration of contextual 
information that the animal had not yet learned or had already forgotten (Al Abed 
et al., 2020). In the paradigm adopted here, initial learning involved the imagination 
of many scenes based on faces of similar expressions (either angry or neutral) in 
contexts, which were presented in quick succession. Conceivably, this method made 
it somewhat difficult for participants to imagine clear and well-defined episodes and 
therefore did not lead to the formation of complete episodic memories. Without clearly 
established memories, it is possible that during context (re)exposure participants did 
not learn information to integrate with the existing memory. In future research, it may 
be important to use a procedure that promotes more unique associations between 
learning events and their spatial context, and to induce life-like episodic memories 
(Tulving, 1972) that consist of what-where-when qualities and a recollective experience 
during recall (Tulving, 2002). We have recently shown that this can be accomplished 
by using words for central events (Cox, Dobbelaar, et al., 2021). Presenting images of 
objects could also be a more effective way to induce unique episodic events (de Vries 
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et al., 2021). Apart from difficulties in the formation of complete episodic memories 
during learning, the relatively little time to encode new or lost contextual information 
during context (re)exposure could also have been a limiting factor on integration. Finally, 
participants were perhaps not motivated enough to learn during context (re)exposure, 
because associations between context images and angry faces are not as threatening 
(and therefore relevant) to the participants like context-shock pairings are to animals 
in a fear-conditioning paradigm. Thus, even though we confirmed that emotional 
memories were less dependent on context than neutral memories, the present paradigm 
may have obstructed in several ways the integration of new information with existing 
memory such that contextual dependency remained unaffected by our manipulations.

In conclusion, our findings suggest that manipulating contextual dependency of 
human episodic memory by exposure to the same or a similar context as during encoding 
is not straightforward. So far, the mechanisms underlying the use of context in therapy 
have not been formalized, nor have these been put to the test. Here, we have performed 
a step in this direction. Revisiting the site of a traumatic event has been described as an 
effective component of psychotherapy (Ehlers & Clark, 2009) and animal research shows 
promising effects of context reexposure on fear generalization (Al Abed et al., 2020; de 
Oliveira Alvares et al., 2012; Sekeres et al., 2020; Sevenster et al., 2017, 2018; Wiltgen & 
Silva, 2007; Winocur et al., 2009; Zhou & Riccio, 1994). Nevertheless, clinical approaches 
typically aim to directly target the emotional hotspots of memory (de Voogd et al., 
2018; Holmes et al., 2005; Mineka & Oehlberg, 2008), thereby potentially overlooking a 
complementary route towards desirable treatment outcomes. A “recontextualization 
intervention” to release patients from dysfunctional activation of emotional memories 
is currently not within direct reach. Research aimed at revealing the conditions under 
which memory integration operates seems key to change this. Such fundamental 
insight may improve our understanding of how contextual dependency of memory can 
be targeted and guide us towards successful ways to keep emotional memories at bay.
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SUPPLEMENTARY FIGURES

Fig. S1. (A) D-prime Contextualization Original Context (left) and (B) Contextualization Similar 
Context scores (right) in the No Exposure groups (separately plotted for the Negative Face and 
Neutral Face groups). Error bars represent SEM.
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Fig. S2. D-prime accuracy scores in the Negative Face (A) and Neutral Face (B) groups for the Test 
in Original Context (blue), Test in Similar Context (red), and Test in New Context (grey) conditions. 
The scores are plotted separately for the Same Context Exposure (left), Similar Context Exposure 
(middle), and No Exposure (right) groups. Error bars represent SEM.
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Fig. S3. Hit rates in the Negative Face (A) and Neutral Face (B) groups for the Test in Original 
Context (blue), Test in Similar Context (red), and Test in New Context (grey) conditions. The scores 
are plotted separately for the Same Context Exposure (left), Similar Context Exposure (middle), 
and No Exposure (right) groups. Error bars represent SEM.
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Fig. S4. False alarm rates in the Negative Face (A) and Neutral Face (B) groups for the Test in 
Original Context (blue), Test in Similar Context (red), and Test in New Context (grey) conditions. 
The scores are plotted separately for the Same Context Exposure (left), Similar Context Exposure 
(middle), and No Exposure (right) groups. Error bars represent SEM.
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ABSTRACT

For over a century, stability of spatial context across related episodes has been 
considered a source of memory interference, impairing memory retrieval. However, 
contemporary memory integration theory generates a diametrically opposite 
prediction. Here, we aimed to resolve this discrepancy by manipulating local context 
similarity across temporally disparate but related episodes, and testing the direction 
and underlying mechanisms of memory change. A series of experiments show that 
contextual stability produces memory integration and marked reciprocal strengthening. 
Variable context, conversely, seemed to result in competition such that new memories 
become enhanced at the expense of original memories. Interestingly, these patterns 
were virtually inverted in an additional experiment where context was reinstated 
during recall. These observations (i) identify contextual similarity across original and 
new memories as an important determinant in the volatility of memory, (ii) present 
a challenge to classic and modern theories on episodic memory change, and (iii) 
indicate that sensitivity of context-induced memory changes to retrieval conditions 
may reconcile paradoxical predictions of interference and integration theory.

SIGNIFICANCE

It is not well understood why and how memories of similar events sometimes 
strengthen each other, but at other times compete, causing either facilitation or 
impairment of memory recollection. Reasoning that the environment (spatial context) 
in which events occur is a critical component of memory function, we show that similar 
memories strengthen each other’s retrievability when the events occurred in the same 
context, whereas memories impair each other’s recall when experiences took place 
across different contexts. Interestingly, these patterns may change or even reverse 
if contextual cues are present during recall. Our results thus suggest that episodic 
memory alterations are adjustable rather than permanent, and provide strategies to 
optimize memory retention and reduce interference in educational and legal settings.
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1. INTRODUCTION

Our existing memories can influence how we encode new related experiences, just like 
new learning can alter how we remember related past events. Related memories that 
have been encoded at disparate moments thus are not independent of one another. 
Rather, reciprocal relationships exist between original and more recent episodes, 
that affect the strength of memory recollection. A main challenge of over a century 
of episodic memory research has been to understand when proactive (from original 
memories on new ones) and retroactive effects (from new memories on original ones) 
enhance versus impair memory. In this quest to foretell the fate of memories, many 
theoretical accounts have pointed to episodic memory’s hallmark characteristic: 
memories are typically encoded and retrieved in relation to a specific spatiotemporal 
context (Tulving, 1972).

In the twentieth century, it was soon recognized that when memories overlap 
(typically in one constituent of a pair of stimuli), retrieval of each memory is impaired 
(McGeoch, 1932). However, memory was protected from interference when learning 
took place across different spatial contexts (Bilodeau & Schlosberg, 1951; Dallett & 
Wilcox, 1968; Greenspoon & Ranyard, 1957; Jensen et al., 1971; Smith, 1982; Strand, 
1970, but see Nagge, 1935). Consequently, classic interference theory (McGeoch, 
1932) and related computational models (Mensink & Raaijmakers, 1988) postulate that 
contextual similarity of events, both proactively and retroactively, leads to episodic 
memory impairments. This position remains influential in recent theory (Yonelinas et 
al., 2019) and is in line with new neuroscientific insights (Smith & Bulkin, 2014).

However, since the return to a previous encoding context is a strong retrieval cue 
(Godden & Baddeley, 1975; Smith, 1979; Smith & Vela, 2001; van Ast et al., 2013, 2014), 
the idea that contextual similarity leads to impaired recall diametrically conflicts 
with memory integration studies showing that new learning is enhanced by retrieval 
of original associated memories (Chanales et al., 2019; Jacoby & Wahlheim, 2013; 
Schlichting & Preston, 2014; Szpunar et al., 2008; Wahlheim, 2015). Such retrieval can 
also strengthen existing memories (Karpicke & Roediger, 2008; Koen & Rugg, 2016; 
Kuhl et al., 2010; Oudiette et al., 2013; Potts & Shanks, 2012), as well as associations 
across existing and new memories (so-called inferential memory, van Kesteren et al., 
2018, 2020; Zeithamova et al., 2012). Conceivably, earlier studies may not have found 
enhancements with contextual similarity, because the employed procedures (list 
learning in experimental rooms, e.g., Bilodeau & Schlosberg, 1951) did not explicitly 
promote associations between learning events and a unique spatial context, and 
thus failed to induce lifelike episodic memories (Tulving, 1972) that consist of what-
where-when qualities and a recollective experience during recall (Tulving, 2002). As a 
consequence, retrieval during new learning may not have been strong enough to induce 
memory integration and mnemonic strengthening (Chanales et al., 2019). Therefore, 
even though contextual similarity has been viewed as a source of interference for 
decades, it may in fact strengthen, not impair, episodic memory.

4
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Apart from the direction, the underlying mechanisms of context-induced episodic 
memory change remain unknown as well. Hypothetically, the extent of memory 
integration during new learning (Chanales et al., 2019), but also the specific conditions 
during subsequent recall, might be key. For example, as simultaneous retrieval of similar 
memories has often been suggested to elicit interference (Anderson, 2003), memories 
that have been encoded across the same contexts could show particularly impaired 
memory recall with contextual reinstatement during retrieval.

Therefore, we performed a series of experiments to elucidate (i) the direction of 
context-induced changes of original, new, and inferential memory (Experiment 1 & S1), 
(ii) the mechanisms (e.g., integration) that underlie these changes (Experiment 2), and 
(iii) whether the effects are different with altered testing conditions (i.e., contextual 
reinstatement, Experiment 3). We developed a procedure in which spatial context is an 
integral element of memory episodes thereby promoting the development of episodic 
memories (van Ast et al., 2013). Since we were particularly interested in the interactive 
effects of distinct and established memories, we inserted a delay of 24 hours between 
overlapping learning events (i.e., original memories were consolidated before new 
learning took place, Stickgold, 2005). Specifically, we presented word pairs in unique 
background images (spatial contexts, see Methods) and instructed participants to 
vividly visualize scenes involving the meaning of the words in the contexts as a means 
to create later memories that include “what-where-when qualities” and a recollective 
experience during recall (Tulving, 2002). Participants visualized related word pairs, 
e.g., “Cigar-Book” (AB), “Cigar-Net” (AC) on separate days (Fig. 1). The word pairs were 
imagined and tested until participants recalled at least 90% of the B (day 1) and C 
(day 2) associates correctly. Crucially, on day 2 the pairs were depicted either against 
the same background contexts as on day 1 (same context condition), or against new 
contexts (different context condition). For one third of the original episodes, no new 
related episode was encoded on day 2, thereby serving as baseline reference for original 
memories (control). On the third and final day, participants performed cued recall tests 
for original (AB), new (AC), and inferential memories (BC), without contexts.
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Fig. 1. Experimental design of Experiment 1. Participants imagined word pairs (AB) in unique 
context images. One day later, they encoded the same cue word (A) together with a new associate 
(C). Crucially, a third of the word pairs was presented on the same context image as the day 
before (same contexts), whereas another third was presented on a new context image (different 
contexts). For the remaining third of the original episodes no new related episode was encoded 
(original memory control). On the final day, participants completed original (AB), new (AC), and 
inferential (BC) cued recall tests on white backgrounds.

2. RESULTS

2.1. Contextual similarity across episodes strengthens associative memory, 
whereas contextual dissimilarity elicits interference. Participants on average needed 
1.69 learning rounds (SD = 0.66) on day 1 and 1.62 rounds (SD = 0.67) on day 2 
to correctly recall 90% of the associates. The results of testing on day 3 showed a 
significant effect of Context on AB accuracy (χ²2 = 46.868, p < 0.001) (Fig. 2A). AC 
learning in the same context markedly enhanced AB memory (same versus control, 
Z = 4.922, p < 0.001), while learning in different contexts impaired AB recall (different 
versus control, Z = -2.664, p = 0.008). AC memory and BC inference were relatively 
enhanced in the same context condition as well (same versus different, Z = 4.546, p < 
0.001; Z = 5.307, p < 0.001, respectively). We also observed an asymmetrical pattern of 
proactive and retroactive memory misattributions (Z = -4.236, p < 0.001) (Fig. 3A). That 
is, C responses during AB testing occurred more often in the different context condition 
than the same context condition (Z = -4.737, p < 0.001), while there was no difference 
between these conditions for B responses during AC testing (Z = -0.442, p = 0.659). In 
an additional experiment (S1, see SI Appendix), we reversed the test order, to ascertain 
that BC results did not carry over from preceding AB and AC tests. The BC findings 
were replicated (SI Appendix, Fig. S1). Note that AB and AC memory could not be validly 
assessed in Experiment S1 since testing BC first can change performance on these 
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tests (Carpenter & Schacter, 2017). Also, given that AB and AC accuracy were markedly 
different between the same context and different context condition in Experiment 1, 
and stronger recall of these premise memories very likely facilitates inference, BC 
performance does not necessarily provide independent evidence for alterations in 
integration, no matter the testing order.

Fig. 2. Example trials of testing procedures (Left), and column charts of proportion correct recall 
per condition (Right). (A) Experiment 1 (n = 39). Participants completed separate original (AB), 
new (AC), and inferential memory (BC) tests. (B) Experiment 2 (n = 43). Participants could type in 
two words in single test trials (Barnes & Underwood, 1959). (C) Experiment 3 (n = 41). Participants 
performed original (AB) and new memory (AC) tests in the respective encoding contexts. Error 
bars represent SEM. ***p < 0.001, **p < 0.01, *p < 0.05, ###p < 0.001 one-sided, #p < 0.05 one-
sided, ns = not significant.
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Fig. 3. Example trial of testing procedure (Left), and column chart of proportion of new memory 
recall during original memory testing (C in AB) and original memory recall during new memory 
testing (B in AC) per condition (Right). (A) Experiment 1 (n = 39). (B) Experiment 3 (n = 41). Error 
bars represent SEM. ***p < 0.001, **p < 0.01 *p < 0.05, ns = not significant.

Together, these findings suggest that contextual similarity across related memories 
leads tostrengthening of episodic memories, whereas contextual dissimilarity induces 
interference. In addition, asymmetrical patterns of memory misattributions as we 
observed here have often been attributed to an incorporation of new learning in 
existing memories through reconsolidation, as opposed to interference from separate 
memories (Hupbach et al., 2007, 2009, but see Klingmüller et al., 2017). Other changes in 
episodic memories, such as impairments (Forcato et al., 2007), have been attributed to 
reconsolidation as well. However, the development of episodic memory reconsolidation 
is thought to be more likely when learning takes place across the same, not different 
contexts (Hupbach et al., 2008). Before assuming reconsolidation as an underlying 
mechanism in the present study, therefore, additional assessments of the quality of 
memory change, such as its durability, would be needed (Elsey et al., 2018).

2.2. The observations are best explained by effects of retrieval-mediated learning 
on memory recall. Interestingly, exploratory analyses of Experiment 1 showed that 
AC accuracy in the same context condition was already higher than the different 
context condition during new learning. That is, there were no differences in accuracy 
between conditions during the day 1 testing rounds, but the same context condition 
showed superior accuracy on day 2 during the first round (SI Appendix, Fig. S2A). These 
findings are in line with memory integration studies showing that enhancement of a new 
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memory that is related to an existing memory, already becomes apparent immediately 
after encoding of the new memory (retrieval-mediated learning, Schlichting & Preston, 
2014). However, in Experiment 1 it remains unclear whether contextual similarity truly 
enhanced new learning, since a control condition with novel, non-overlapping episodes 
was not included on day 2. Likewise, such a control condition is needed to determine 
whether new memory is impaired in the different context condition, which would be 
in line with classic list learning studies where retroactive and proactive interference 
typically go hand in hand (Seidel, 1959). We, therefore, performed a second experiment 
in which we added a new memory control condition, controlling for the point in time at 
which new learning takes place, consisting of 10 completely novel episodes.

In this second experiment, we also aimed to establish whether the effects in 
Experiment 1 truly reflect changes in memory retrieval. Since recall of original and 
new episodes was tested separately, accurate memory of day of encoding (source 
memory) was necessary for correct responding. That is, incorrect responses could 
have reflected source confusion instead of retrieval inabilities. Therefore, in our second 
experiment, we adopted a procedure that was designed decades ago to distinguish 
source confusion from true retrieval decrements (Barnes & Underwood, 1959). Here, 
participants could type in both target words (B/C) in response to the cue word (A) in 
single test trials, thereby excluding source memory influences on the recall scores. 
They subsequently completed a source memory test of the recalled words (SI Appendix, 
Supplementary Methods).

The mean number of learning rounds in Experiment 2 was 1.74 (SD = 0.62) on day 
1, and 1.42 (SD = 0.63) on day 2. No differences in accuracy between conditions were 
observed during day 1 testing, but enhanced recall was found in the same context 
condition during the first day 2 testing round (SI Appendix, Fig. S2C). Even when 
eliminating influences of source confusion on the recall test on day 3, Experiment 2 
replicated the pattern of AB accuracy (Context, χ22 = 62.573, p < 0.001; same versus 
control, Z = 5.663, p < 0.001, one-sided; different versus control, Z = -1.786, p = 0.037, 
one-sided) (Fig. 2B). Similarly, AC recall was again bolstered in the same context 
condition versus the different context condition (Context, χ22 = 62.975, p < 0.001, 
Z = 5.401, p < 0.001, one-sided). Crucially, compared to control, we found enhanced AC 
recall in the same context condition (Z = 5.667, p < 0.001), and, surprisingly, also in the 
different context condition (Z = 3.953, p < 0.001). These findings confirm that (i) spatial 
context modulates memory retrieval and not merely source memory (see SI Appendix, 
Fig. S3, for source memory accuracy), and (ii) that retrieval-mediated learning indeed 
seems to result in contextual strengthening of new memories. Interestingly, even just 
slight overlap with original memories (i.e., the A cue) in dissimilar contexts elicited 
considerable strengthening of new memories.

Note though that the same context condition and the different context condition 
do not only differ from control in overlap with AB memory, but unavoidably, also in 
familiarity with the A cue. That is, due to pre-exposure (during original memory learning) 
to the A cue in these conditions, A is more familiar. Since familiarity of a retrieval cue can 
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generally boost retrieval of its associate (Hanczakowski et al., 2013), familiarity could 
have contributed to enhanced new memory recall in the experimental conditions, relative 
to control. Familiarity does not contribute to changes in the original memories, however, 
such that these effects can be attributed exclusively to new learning one day later.

2.3. Related memories reciprocally strengthen each other or compete for 
persistence, depending on contextual similarity. Overall, the data suggest that contextual 
similarity results in memory integration (Chanales et al., 2019) through context-induced 
retrieval (Godden & Baddeley, 1975; Smith, 1979; Smith & Vela, 2001; van Ast et al., 
2013, 2014), enabling strengthened recall of original and new memories. Conversely, 
contextual dissimilarity induces impaired original memories but strengthened new 
memories, raising the idea that the memories compete at each other’s expense. If this 
is the case, contextual similarity should lead to a reciprocal strengthening of memories, 
whereas contextual dissimilarity might induce a trade-off between remembering 
original and new memories, on the level of individual episodes. Our previous approach 
that involves averages on the subject level, is not suitable to test such interactions 
between individual memories that can result in changes in specific memories. We 
therefore performed a multilevel logistic regression with AC accuracy, Context (same 
context condition and different context condition only), and the unique contexts images 
in which the AB memories were encoded as predictors, and AB accuracy as the outcome. 
Contextual stability indeed modulated the relationship between AB and AC memory 
(F1,813 = 25.615, p < 0.001) (Fig. 4). Planned comparisons confirmed that when learning 
took place in the same context and AC was recalled, the corresponding AB was more 
likely to be remembered as well (F1,813 = 13.037, p < 0.001). Conversely, when learning of 
AB and AC took place in different contexts, remembering AC resulted in a marginally 
higher chance of the corresponding AB to not be recalled (F1,813 = 3.097, p = 0.079).

Fig. 4. Results of a multilevel logistic regression. Original memory accuracy was regressed on 
correctness of the corresponding new memory trial (correct versus incorrect), and context condition 
(same context versus different context). Error bars represent SEM, EMMs = Estimated Marginal Means.

4
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2.4. Competition between memories is markedly different with contextual 
reinstatement during recall. In our third and final experiment, we aimed to assess 
the context-induced memory changes under different testing conditions. Note that 
in classic studies showing impaired memory with contextual similarity, memory 
testing was often performed in the original encoding contexts (Bilodeau & Schlosberg, 
1951; Dallett & Wilcox, 1968; Jensen et al., 1971; Strand, 1970, but see Greenspoon & 
Ranyard, 1957; Smith, 1982). This leaves open the possibility that contextual similarity 
of original and new memories was not the sole cause of memory interference, but that 
stimulating simultaneous memory retrieval by a return to the shared encoding context 
is a necessary condition for the occurrence of impaired memory accuracy through 
response competition (Anderson, 2003). Conversely, memories that have been encoded 
in different contexts might be recalled particularly well with contextual reinstatement, 
also through stimulated retrieval (Godden & Baddeley, 1975; Smith, 1979; Smith & Vela, 
2001; van Ast et al., 2013, 2014). In other words, competition between memories might 
be fundamentally different with contextual reinstatement during recall. Furthermore, 
probing the memories through contextual reinstatement can shed light on whether 
the previous findings reflect relatively durable changes in memory, independent of 
conditions at retrieval (as predicted by reconsolidation theory, Elsey et al., 2018). 
Therefore, instead of presenting a white background as before, we now reintroduced the 
encoding contexts during testing. Note that – unlike in Experiment 2 – this necessitates 
performing separate AB and AC tests, and therefore, source confusion may contribute 
to the accuracy scores.

The number of learning rounds to recall 90% of the associates was on average 1.73 
(SD = 0.67) on day 1, and 1.66 (SD = 0.76) on day 2. The conditions did not differ in 
accuracy on either day (SI Appendix, Fig. S2D). In sharp contrast with Experiment 1, 
no difference between the different context and control condition was observed for 
AB accuracy on day 3 (Context, χ22 = 10.587, p = 0.005, Z = -1.471, p = 0.141) (Fig. 2C). 
Instead, we found impaired accuracy in the same context condition (same versus control, 
Z = -2.568, p = 0.010). For AC accuracy, no differences between the conditions were 
found (Context, χ22 = 2.146, p = 0.342), although ceiling effects might have occurred. 
Furthermore, we again observed asymmetrical memory misattributions (Z = 2.445, 
p = 0.02), but strikingly different from the pattern in Experiment 1. That is, recall of C 
was prompted during AB testing more frequently in the same context condition than 
the different context condition (Z = 3.813, p < 0.001) and, to a smaller degree, B during 
AC testing as well (Z = 2.970, p = 0.003) (Fig. 3B). Thus, context-induced changes in 
original memory recall, as well as in memory misattributions, seem highly sensitive to 
retrieval conditions.

3. DISCUSSION

Overall, the results reveal that spatial context directs associative memory change (see 
Fig. 5 for our proposed theoretical model). Contextual similarity elicits integration of
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Fig. 5. Theoretical model of context-induced changes in episodic memory. Contextual similarity 
across episodes elicits integration during new learning, leading to bolstered recall of associated 
memories. However, with contextual reinstatement during recall interference, or, alternatively, 
source confusion, develops instead. Conversely, contextual dissimilarity across episodes induces 
memory competition, promoting new learning at the cost of original memories. These effects are 
again overturned by contextual reinstatement, such that accurate memory retrieval occurs instead.

original and new memory episodes, bolstering recall of all involved associations. 
Contextual dissimilarity, on the other hand, facilitates encoding of original and new 
episodes into separate memories, resulting in a competitive process that seems to 
enhance new learning at the expense of original memories. These observations appear 
to contradict a long history of memory models positing that contextual similarity of 
memories results in impaired episodic memory while contextual dissimilarity protects 
against interference (McGeoch, 1932; Mensink & Raaijmakers, 1988; Smith & Bulkin, 
2014; Yonelinas et al., 2019). However, in an additional experiment, where simultaneous 

4

Binnenwerk Wouter - V4.indd   81Binnenwerk Wouter - V4.indd   81 24-05-2022   13:5024-05-2022   13:50



82

CHAPTER 4

retrieval of overlapping memories was stimulate by a return to the original encoding 
context, contextual similarity in fact resulted in relatively impaired memory accuracy. 
Likewise, distinct encoding as a result of contextual dissimilarity across episodes no 
longer induced mnemonic competition when encoding contexts were reinstated during 
recall. Thus, seemingly paradoxical predictions by recent integration (Chanales et al., 
2019; Kuhl et al., 2010; Schlichting & Preston, 2014; Wahlheim, 2015; Zeithamova et al., 
2012) and classic forgetting theories (Anderson, 2003) may be reconciled by taking into 
account contextual conditions during retrieval. Therefore, the findings support both a 
key role for spatial context during new learning, as predicted by memory integration 
studies, as well as during subsequent recall, in line with interference theory.

Integration theory (Chanales et al., 2019; Kuhl et al., 2010; Schlichting & Preston, 
2014; Wahlheim, 2015; Zeithamova et al., 2012) – unlike interference (Anderson, 2003; 
McGeoch, 1932) - does not readily predict that contextual reinstatement during memory 
testing would relatively impair memories that have been encoded in the same context. 
Thus, if this observation is replicated in future studies, integration theory may need 
to accommodate relative worse retrieval of memories learned and retrieved in the 
same context. Note, however, that it is unclear which specific memories in the same 
context condition competed and caused this pattern. An interesting possibility is that 
it were particularly non-integrated, separate memories that, retrieved through context 
reinstatement at test (Godden & Baddeley, 1975; Smith, 1979; Smith & Vela, 2001; van 
Ast et al., 2013, 2014), were subject to response competition and interference (Anderson, 
2003), while integrated ones were protected from interference (Chanales et al., 2019; 
Kuhl et al., 2010; Schlichting & Preston, 2014; Wahlheim, 2015; Zeithamova et al., 2012) 
despite the test in the same context. Furthermore, we cannot rule out that in this 
experiment source confusion contributed to impaired performance when encoding of 
original and new memories took place in the same context. It is possible that accuracy 
was relatively low in the same context condition because the shared context cannot 
distinguish between the two learning episodes. Consequently, it is harder to remember 
which out of two possible memories belongs to which day of encoding (i.e., source 
confusion). Thus, memory performance in the same context condition likely does not 
benefit as much from contextual reinstatement as the different context and control 
conditions, where unique associations between a given context and day of encoding 
exist. For these reasons, it may be worthwhile to further investigate how contextual 
reinstatement exactly affects integrated memories.

Here, we were particularly interested in the interactive effects of life-like and 
temporally disparate episodic memories. Therefore, we took care that memories were 
well-established, by implementing 24h (including a night of sleep, known to be critical 
for consolidation, Stickgold, 2005) between encoding of overlapping associations. 
Since learning phases in episodic memory studies on integration (e.g., Schlichting 
& Preston, 2014), and interference (e.g., Barnes & Underwood, 1959) are typically 
scheduled in quick succession, these studies do not directly allow for conclusions 
regarding memories that are well-consolidated. For instance, the integration elicited by 
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context similarity observed here seems to have promoted “holistic” memory retrieval 
(e.g., Horner & Burgess, 2013), since one successfully retrieved memory made it 
more likely that a related memory was retrieved as well. However, holistic retrieval 
typically refers to a memory process that can develop when elements of a single event 
have been encoded on one day (Horner et al., 2015; Horner & Burgess, 2013, 2014). 
Likewise, previous studies have suggested that integration seems to develop only when 
learning events take place on the same day (Zeithamova & Preston, 2017). Animal 
studies indicate that this may be because memory integration critically depends on cell 
excitability, which decreases already after a few hours (Josselyn & Frankland, 2018). 
Our findings reveal clear evidence for integration of memories that have been encoded 
across different days, thus suggesting that time is not necessarily a boundary condition 
for integration to occur, provided that these memories share the same spatial context. 
Interestingly, this finding is consistent with the observation that cell excitability is re-
established with re-exposure to a previously encountered context, thought to provide an 
opportunity for new information to be enduringly associated with a previously formed 
engram (Pignatelli et al., 2019). Our study thus opens up avenues to investigate how 
core episodic memory concepts such as integration and holistic retrieval relate to each 
other and how these may explain mechanisms of memory change well after initial 
learning in humans.

In contrast with integration or interference theory, the reconsolidation hypothesis 
does explicitly concern well-consolidated memories. The idea that reactivation 
of a consolidated memory trace can render it temporarily vulnerable to memory 
modification (Nader et al., 2000) has prevailingly been suggested to underlie episodic 
memory change, such as enhancement (Forcato et al., 2011), impairment (Forcato et 
al., 2007), or incorporation of additional material (Hupbach et al., 2007). Several of our 
observations may seem to align with the reconsolidation hypothesis, but in fact do not 
fit well with it (Elsey et al., 2018). First, by presenting interfering (AC) information in the 
same context condition, reconsolidation would predict an impairment in original (AB) 
memory, whereas memory strengthening was in fact observed. Second, enhancement 
of new learning by contextual similarity became apparent already during new learning, 
while reconsolidation-mediated effects should only emerge after a substantial delay 
(Kindt & Soeter, 2018; Nader et al., 2000). Third, reconsolidation theory predicts relatively 
durable memory modifications, but when memories were contextually probed (in 
Experiment 3) no interference in the different context condition (as in Experiment 1 and 
2) was observed. Likewise, although the asymmetrical memory misattributions when 
learning and testing take place across the same contexts (Experiment 3) may seem to 
suggest the occurrence of reconsolidation like in previous studies (e.g., Hupbach et 
al., 2007, 2008, 2009), Experiment 1 shows opposite results. This sensitivity to testing 
conditions clearly diverges from the idea that new learning would be incorporated 
in an original memory to form one permanently updated memory upon (context-
induced) retrieval (Klingmüller et al., 2017). Together, these observations suggest that 
reconsolidation cannot serve as an alternative interpretation of the context-induced 
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retrieval modifications observed here, and furthermore demonstrate the need for 
stringent behavioral characterization before reconsolidation – or any other theoretical 
memory process for that matter – is inferred (Elsey et al., 2018).

The opposing ways in which spatial context during new learning and recall modulate 
memory retrieval and misattributions is, apart from theoretical considerations, 
informative at a practical level as well (e.g., in educational and legal settings). The 
pronounced mnemonic advantage of contextual similarity across episodes when recall 
takes place outside the original encoding context is, for instance, reminiscent of ideas 
that spatial context provides organizational structure for memories (Eichenbaum, 2017; 
Tulving, 1972), which can be capitalized on by means of the well-known memory palace 
technique (i.e., method-of-loci, Wagner et al., 2021). The strength of context-induced 
memory reactivation is presumably of great importance for the occurrence of this 
effect, as enhanced memory through integration might occur only, or more robustly, 
with relatively strong retrieval during new learning (Chanales et al., 2019). However, 
as the retrieval patterns were markedly different with the presence (Experiment 3) or 
absence (Experiment 1-2) of contextual cues, context during recall seems important 
as well. Therefore, in any situation where retention of information is essential, the 
similarity in spatial context across learning episodes, but also subsequent recall, are 
factors to consider.

Ultimately, the results illustrate spatial context’s ability to adaptively drive memory 
change. From a functional perspective, contextual stability may indicate that similar 
original and new events are interrelated and each important to remember, eliciting 
integration and reciprocal memory strengthening. In contrast, after a contextual 
change (e.g., moving abroad), it seems functional to remember new events (e.g., first 
meetings) at the expense of similar older memories for optimal adjustment to changing 
environments (Roediger et al., 2010). Such retroactive forgetting should, however, not be 
permanent as original memories may turn relevant again upon a return to the original 
environment and should then be retrieved. Thus, the findings exemplify that memories 
are not fixed. Spatial context signals current or bygone relevance of memories and, 
thereby, is naturally able to support the flexible nature of episodic memory.

4. MATERIALS AND METHODS

4.1. Experiment 1: The direction of context-induced memory change. In Experiment 
1, we tested whether, and in which direction, spatial context may drive changes in 
temporally disparate associative memories that are linked in content.

4.1.1. Participants. Dutch-speaking participants, aged between 18 and 40 years, 
participated in exchange for course credit or €30, -. The inclusion criteria were: no 
psychiatric or neurological disorder requiring psychological or pharmacological 
treatment and no diagnosis of dyslexia. Participants were excluded if they had previously 
participated in similar experiments or if they were unable to correctly recall at least 90% 
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of the word associates within five learning rounds on day 1 or day 2. The local ethical 
committee of the University of Amsterdam approved all experimental procedures.

Forty-eight participants consented to take part. Three participants met one of the 
exclusion criteria (psychiatric disorder, n = 2; prior participation in similar research, 
n = 1), five encountered a technical error, and one prematurely ended his participation. 
Consequently, we analyzed data of 39 participants (27 females) with a mean age of 22 
years (SD = 2.00, range = 18 - 26).

4.1.2. Stimuli.
4.1.2.1. Words. The words for the associative memory task were 90 nouns, obtained 
from a validated database of Dutch words (Moors et al., 2013). See SI Appendix 
(Supplementary Methods) for a description of the exact selection procedure of 
individual words, subsequent assemblance of word pairs, and creation of different 
experimental task versions.

4.1.2.2. Contexts. Context images were in total forty color pictures of indoor and 
outdoor spatial environments (e.g., a living room, city landscape), as used in earlier 
studies (van Ast et al., 2013, 2014).

4.1.3. Procedure. Participants underwent AB learning (original memory), AC learning 
(new memory), and memory testing for AB, AC, and BC (inference) on three consecutive 
days (Fig. 1). Upon arrival on day 1, as a cover story, participants were told that the 
purpose of the experiment was to study practice effects of an imagination task that 
would be similar across all three experimental days. They were informed that the 
imagination task involved word pairs and background images. It was stated that on 
every day the experimental task would consist of two parts: (i) imagining word pairs 
in a background picture, and (ii) testing until imagination of almost all word pairs was 
successful. We deliberately kept participants unaware that they would perform AB, 
AC, and BC memory tests on day 3 to preclude active memorizing of the imagined 
scenes in between sessions. Subsequently, participants gave written informed consent 
and were screened for the exclusion criteria. Before the start of the experimental 
task, participants filled in questionnaires. These data were collected for potentially 
exploratory analyses, but not analyzed.

4.1.3.1. AB learning (original memory). Participants were seated in front of a computer 
in a dimly lit room, and were explained that they would be shown word pairs depicted 
against background images. They were instructed to come up with a vivid scene that 
involves a visual representation of the words in the environment of the context image 
while the words and the image were on the screen. This instruction was included to elicit 
encoding of “what-where-when” qualities that could result in a recollective experience 
of the event later on, a typical characteristic of episodic memories (Tulving, 2002). To 
stimulate active imagination, the participants were informed that the imagination phase 
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would be followed by a test. Then, 30 word pairs (AB) in unique context images were 
presented in total. Each trial (see Fig. S4A in SI Appendix) started with the background 
picture being displayed for 2 seconds, after which the word pair appeared and was 
shown in the middle of the context image for 6 seconds. Then the word pair disappeared, 
and the context was shown alone for 2 additional seconds. The next trial started after 
presentation of a black image for 1 second. The order of trial presentation was semi-
random with the restriction that word pairs from one condition (same context, different 
context, and control) would not be presented more than two times successively.

After imagining all word pairs in their respective backgrounds, participants completed 
a self-paced memory test (see Fig. S4B in SI Appendix). They were explained that 
the word that appeared left on the screen during imagination (A) would be presented 
together with the context image as a memory cue. Participants were instructed to 
type in the correct associate (B) and then press the enter key. If they did not remember 
the correct word, they were asked to type in “xx”. Responses would turn green or red, 
contingent on a correct or incorrect answer, respectively. Then the correct associate (B) 
was presented together with the cue word (A) and the context image for 4,5 seconds. In 
case of a wrong answer, participants were instructed to again imagine the word pairs 
in the background image, like in the initial imagination phase. The testing procedure 
was repeated for the complete list of word pairs until 90 percent of the associates (B) 
were correctly recalled, up to five test rounds maximum. Reaction times were recorded 
during all recall tests. The order of trial presentation was again semi-randomized, with 
the same restrictions as during learning.

4.1.3.2. AC learning (new memory). Twenty-four hours later, participants imagined 
20 new word combinations in context images. The word pairs contained the same 
cue word (A) as the day before, but a new associate (C). Crucially, 10 of the AC pairs 
were presented in the same context as the corresponding AB word pair (same context 
condition), whereas the other 10 pairs were displayed on a new background image 
(different context condition). For the 10 remaining word pairs from the AB learning 
phase, no new related episode was encoded, thereby serving as baseline reference for 
the point in time at which original memories were encoded (original memory control 
condition). All other AC learning instructions and testing procedures were identical to 
AB learning.

4.1.3.3. AB, AC, and BC memory tests. On the third and final day, participants completed 
self-paced AB (original memory), AC (new memory), and BC (inference) tests, in that 
order. For the AB test, participants were explained that the cue words (A) would appear 
on a white background, and they had to type in the corresponding day 1 associate (B). 
After completion of all AB test trials, they were told that the cue words (A) would appear 
again, but now the day 2 associates (C) had to be filled in. Subsequently, to assess 
inference, participants were made aware that they had learned two associates (B and 
C) in combination with the same cue (A) on the previous days. They were explained that 

Binnenwerk Wouter - V4.indd   86Binnenwerk Wouter - V4.indd   86 24-05-2022   13:5024-05-2022   13:50



87

EPISODIC MEMORY ENHANCEMENT VERSUS IMPAIRMENT

they would be presented with the B associate next and had to recall the corresponding 
C associate.

For all tests, the trials were again presented in a quasi-random order, such that cue 
words from one condition would not be presented more than two times consecutively. 
No feedback was provided during memory testing.

Upon completion of the BC test, participants were interviewed regarding encoding 
characteristics, such as learning strategies, general vividness of their imagined scenes, 
and use of the background picture during imagination. Finally, participants were 
debriefed and rewarded for participation.

4.1.4. Data analysis. All individual trials were inspected independently by two authors 
(WRC & SD). Misspellings, singularity versus plurality mistakes, and diminutives of the 
target word were treated as correct responses. The raters reached consensus on items 
at which their scores differed (proportion agreement = 0.94 across experiments). The 
participants’ proportion of correct responses during AB (original memory), AC (new 
memory), and BC (inference) testing were then calculated per condition (i.e., same 
context, different context, control). In addition, the proportion of correct responses 
during day 1 and day 2 learning were calculated for all testing rounds. Finally, we 
calculated the proportion of new memory misattributions (C) during the original 
memory test (AB), and original memory misattributions (B) during the new memory 
test (AC), for the same context and different context conditions.

Statistical analyses were carried out using the Statistical Package for the Social 
Sciences (SPSS) version 25.0 (Armonk, NY: IBM Corp.). As the data were non-normally 
distributed, AB memory accuracy scores were analyzed through a Friedman’s ANOVA 
with Context (same context, different context, control) as within-subjects factor. 
Wilcoxon signed-rank tests were used to perform planned comparisons of specific 
conditions. Because of the relatively large sample size, a z-statistic was used rather 
than W. Also, AC and BC memory accuracies were analyzed using Wilcoxon signed-rank 
tests. Accuracy scores of day 1 and day 2 testing were analyzed for each testing round 
separately, in the same way as day 3 accuracies.

As the proportion of B responses during AC testing and C responses during AB 
testing (memory misattributions) were non-normally distributed as well, we calculated 
difference scores of misattributions in the different context condition relative to 
the same context condition per memory type (AB, AC). These normalized scores 
were compared using a Wilcoxon signed-rank test to test for a Context by Memory 
interaction. Wilcoxon-signed rank tests were also used to analyze differences between 
the same context and different context conditions in misattributions during AB and 
AC memory testing separately. We performed two-sided tests. Alpha was set at 0.05.

4.2. Experiment 2: The nature of context-induced memory change. To (i) uncover 
whether new memories that have been encoded in same contexts as original memories 
are enhanced, whereas contextual dissimilarity leads to impairment of new memories, 
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and (ii) establish whether the effects in Experiment 1 truly reflect changes in memory 
retrieval, we changed two aspects of the procedure relative to Experiment 1. We (i) 
included a control condition for new memories, and (ii) had participants type in both 
target words (B/C) in response to the cue word (A) in single test trials, and subsequently 
perform a source memory test of the recalled words. This is a classic testing procedure 
to assess true retrieval decrements independent of source confusion (Barnes & 
Underwood, 1959).

4.2.1. Participants. Forty-eight participants consented to take part. Three 
participants met one of the exclusion criteria (prior participation in similar research, 
n = 2; unable to recall 90% of word associates within five learning rounds on day 2, n = 1). 
Additionally, two participants encountered a technical error, leaving 43 participants (34 
females) with a mean age of 21 years (SD = 2.13, range = 18 - 26) for analyses.

4.2.2. Stimuli.
4.2.2.1. Words. To create a control condition for the new memories, we selected 30 
additional words from the same database as before (Moors et al., 2013, see SI Appendix, 
Supplementary Methods).

4.2.2.2. Contexts. Ten context images were added to complete the new memory control 
condition.

4.2.3. Procedure.
4.2.3.1. AB learning (original memory). All AB learning instructions and testing 
procedures were the same as in Experiment 1.

4.2.3.2. AC learning (new memory). Participants imagined in total 30 word combinations 
in context images. As in Experiment 1, 20 word pairs contained the same cue word (A) 
as on day 1, with a new associate (C). Again, half of these pairs was presented in the 
same context as the corresponding AB word pair (same context condition), whereas 
the other half was displayed on a new background image (different context condition). 
But, crucially, for the added new memory control condition (i.e., controlling for the point 
in time at which new learning takes place), participants imagined 10 additional word 
combinations. These pairs consisted of both a new cue and a new associate, and were 
displayed with a new context. All learning instructions and testing procedures were the 
same as during AB learning.

4.2.3.3. AB, and AC memory tests. On the final day, participants completed self-paced 
cued recall of the B and C associates on white backgrounds within single test trials 
(so-called modified modified free recall, Barnes & Underwood, 1959). Participants were 
explained that at each trial, they would be shown the cue word (A) with two empty 
text boxes next to it (Fig. 2B). To determine retrieval of the target words, they were 
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instructed to type in the B and C associates as they came to mind. Importantly, this 
testing procedure guaranteed that responses were independent of source memory, as 
it did not require remembrance of the specific day of encoding. They were explained 
that they could continue to the next trial only when they had filled in both text boxes. 
Participants were also informed that for some trials they only had learned one associate 
(i.e., for the control conditions). For these cases, and trials at which they were unable 
to recall the target word, they were instructed to fill in “xx” in one of the textboxes. 
Other testing procedures were the same as in Experiment 1. No BC (inference) tests 
were performed. After participants had completed memory recall, they performed a 
self-paced source memory test, during which they were presented with the A cue and 
the words they had just recalled. To assess source memory accuracy, they were asked 
to tick one of three boxes (day 1, day 2, don’t know) that were displayed next to every 
recalled word (see SI Appendix, Supplementary Methods, for more details).

4.2.4. Data analysis. To obtain AB and AC memory accuracy scores that reflect only 
memory retrieval and are not taxed by source memory, we calculated the proportion 
of correct B and C associates that were retrieved in response to the corresponding cue 
word (A) during the recall test or came to mind during source memory testing, as our 
main outcome variable. We also ran an analysis (which yielded the same conclusions) to 
control for a potentially different number of response opportunities between conditions, 
and two analyses to assess source memory accuracy (see SI Appendix, Supplementary 
Methods, for more details). The accuracy scores were analyzed using a Friedman’s 
ANOVA with Context as within-subjects factor. Planned comparisons were performed 
with Wilcoxon signed-rank tests. Since we predicted the direction of the effects to 
replicate those observed in Experiment 1, one-sided tests were performed. As no new 
memory control condition was included in Experiment 1, two-sided tests were used 
when a comparison was made with this specific new condition.

Furthermore, to assess whether memories are truly reciprocally connected, such 
that in the same context condition memories are more likely to strengthen each other, 
whereas in the different context condition memories persist at each other’s expense, it 
is essential to additionally test how memories related to each other specifically at the 
memory - instead of the subject - level. We therefore performed a multilevel logistic 
regression of individual memory episodes. On the item level (1st level) we entered AC 
(new memory) accuracy (correct, incorrect) as a predictor and AB (original memory) 
accuracy (correct, incorrect) as the outcome. It is possible that certain specific context 
images provide a particularly potent scaffold to build memories, resulting in strong 
recall of AB memory. Such effects of specific context images could mask interference 
or cause enhanced performance regardless of contextual similarity. Hence, to control 
for possible effects of individual background images that could confound the result, 
we also added the unique context images that AB were encoded in as a fixed factor 
(individual image identifiers). At the participant level (2nd level), we entered context 
condition (same context or different context) to test for modulation of the relation 

4

Binnenwerk Wouter - V4.indd   89Binnenwerk Wouter - V4.indd   89 24-05-2022   13:5024-05-2022   13:50



90

CHAPTER 4

between AC and AB recall. AC and AB accuracy were entered as ordinal variables, 
and context image and context condition as nominal variables. A diagonal covariance 
matrix was used. As inclusion of a random slope (AC relationship with AB performance) 
did not explain any additional variance, the model was random intercept (participant) 
only (Twisk, 2006). Otherwise, we entered all theoretical predictors at once and did not 
further engage in any model selection procedures.

4.3. Experiment 3: Context-induced memory change with contextual reinstatement 
during recall. Performing retrieval in the encoding context might lead to relatively 
impaired recall of episodes that have been encoded in same contexts due to 
simultaneous retrieval of similar memories (Anderson, 2003). Conversely, memory for 
episodes containing unique contexts might be facilitated by contextual reinstatement 
(Godden & Baddeley, 1975; Smith, 1979; Smith & Vela, 2001; van Ast et al., 2013, 
2014). To assess whether competition between memories is different with contextual 
reinstatement during recall, we therefore presented the original encoding contexts, 
instead of a white background, during the memory tests on day 3. This approach also 
enabled to test whether the previously observed changes in recall are durable (as would 
be predicted by reconsolidation theory, Elsey et al., 2018).

4.3.1. Participants. Forty-five participants consented to take part. Two participants 
met one of the exclusion criteria (psychiatric disorder) and two encountered a technical 
error. Consequently, we analyzed data of 41 participants (34 females) with a mean age 
of 21 years (SD = 4.01, range = 18 - 40).

4.3.2. Stimuli. The same stimuli were used as in Experiment 2.

4.3.3. Procedure. All AB and AC learning instructions and testing procedures were 
the same as in Experiment 2.

4.3.3.1. AB, and AC memory tests. On the third day, participants completed separate 
original (AB) and new (AC) memory tests as in Experiment 1. However, now the cue 
words (A) were displayed in their original encoding contexts, instead of on a white 
background (Fig. 2C). No BC (inference) tests were performed.

4.3.4. Data analysis. The data analysis strategies were the same as in Experiment 1.

Data availability. The raw data have been deposited at Open Science Framework (OSF) 
and are available at https://osf.io/qj2sa/.
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SUPPLEMENTARY MATERIAL

1. Supplementary Methods
1.1. Experiment 1: The Direction of Context-Induced Memory Change.
1.1.1. Stimuli.
1.1.1.1. Words. We obtained 90 nouns from a validated database of Dutch words 
(Moors et al., 2013). They consisted of three to ten letters, contained no more than three 
syllables, and were of neutral valence (range = 3 – 5.5, total scale = 1 – 7). All words 
were assembled into 30 AB, AC, and BC word pairs (i.e., 30 A words, paired with 30 B 
and 30 C words) that consisted of relatively low semantic interrelatedness as assessed 
by Latent Semantic Analysis (Landauer et al., 1998) (range = 0 – 0.3, total scale = -1 – 
1). The word pairs were assigned to 3 sets of each 10 AB/AC word pair combinations. 
Hence, the 3 sets contained 2 subsets of 10 AB and 10 corresponding AC word pairs (6 
subsets in total). The average semantic interrelatedness scores of the AB, AC, and BC 
word pairs within sets were as low as possible (range = 0.04 – 0.06). Since individual 
word characteristics can severely impact associability among word pairs (e.g., Pierce & 
Kensinger, 2011), the subsets were also matched on the number of characters, number 
of syllables, valence, and frequency of word pairs. Accordingly, the average scores on 
interrelatedness and all individual word characteristics did not differ between the six 
subsets, as assessed by separate univariate ANOVAs (all F < 1.277, all p > 0.287).

1.1.2. Experimental task versions. We created six versions of the experimental 
task that were divided over the participants to counterbalance the assignment of the 
three word pair sets to the within-subject conditions (same context, different context, 
original memory control). Every version contained different, randomized context word 
pair combinations. The AC word pairs of sets that were assigned to the AB control 
condition were not used in the experiment.

1.2. Experiment S1: Eliminating Carry-Over Effects of Original Memory and New  
Memory Test Phases on the Inference Test. To rule out effects of testing order on 
the inference scores, we repeated Experiment 1, but reversed the order of memory 
testing on day 3. Hence, participants completed the BC test (inference) first, followed 
by AC (new memory), and ended with the AB test (original memory). As the effect of 
Context on inference scores was large in Experiment 1 (Cohen’s dz = 2.12), we tested 
fewer participants (n = 20, 1-β > 0.99). Since we predicted the direction of the effects 
to replicate those observed in Experiment 1, one-sided tests were performed. All other 
procedures were the same as in Experiment 1.

1.2.1. Participants. Twenty-three participants consented to take part. One participant 
met one of the exclusion criteria (dyslexia diagnosis), and two participants did not 
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complete the experiment due to a technical error. Hence, we analyzed data of 20 
participants (17 females) with a mean age of 21 y (SD = 2.54, range = 18 – 26).

1.3. Experiment 2: The Nature of Context-Induced Memory Change.
1.3.1. Stimuli.
1.3.2. Words. To create a control condition for the new memories, we selected 30 
additional words (Moors et al., 2013), and from scratch assembled all 120 words (i.e., 
the 90 words that were used before and the newly selected words) into 40 AB and 40 AC 
word pairs, according to the same criteria as in Experiment 1. Instead of 3 sets, we now 
created 4 sets that again contained 2 subsets of 10 AB and 10 AC word pairs each. The 
subsets were matched on the same characteristics as before (all F < 0.585, all p > 0.766).

1.3.3. Experimental task versions. We created four versions of the experimental task, 
such that each of the four word pair sets were assigned once to every within-subject 
condition (same context, different context, original memory control, new memory 
control). Again, every version of the task contained different, randomized context word 
pair combinations. The new memory word pairs of sets that were assigned to the 
original memory control condition and the original word pairs of sets that were assigned 
to the new memory control condition were not used in the experiment.

1.3.4. Procedure.
1.3.4.1. Source memory test. Upon completion of the modified modified free recall test, 
participants performed a self-paced source memory test (Barnes & Underwood, 1959). 
They were informed that they would be presented with the cue word (A), together with 
the two target words they had recalled. It was stated that trials at which participants 
had filled in “xx” in both text boxes during recall would not reappear during the source 
memory test. They were explained that three tick boxes (day 1, day 2, do not know) 
would be displayed next to every recalled word to indicate on which day they had 
imagined the associates. To make sure that correct retrieval of words during the source 
memory test could be recorded, it was pointed out that two additional text boxes for 
optional use were displayed at every trial as well, such that they had the opportunity to 
type in associates that they could not remember during the recall test but came to mind 
while completing source memory testing (Barnes & Underwood, 1959). Participants 
were instructed to also indicate their source memory of such late recalls. Importantly, 
if participants had filled in two associates and knew the source of one (e.g., day 2), they 
could by implication infer the source of the other (day 1). To obtain actual measures 
of source memory, they were asked to refrain from using such deductive reasoning 
and to base their responses only on recollections of the day they encoded the recalled 
words. The order of trial presentation was the same as during the recall test (Barnes & 
Underwood, 1959).
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1.3.5. Data analysis. To gain insight into context-induced changes of source memory, 
we calculated and analyzed the proportion of trials for which source memory was intact. 
However, this variable also comprises associative memory accuracy, since source 
memory can only be correct if the respective word is correctly retrieved. Therefore, we 
also calculated source memory accuracy proportional to retrieval accuracy. That is, we 
divided the number of trials with correct source memory (on which, by definition, recall 
was also correct) by the number of trials on which recall was correct (i.e., including 
trials with incorrect source memory). By doing so, we thus obtained a metric that solely 
reflects source memory accuracy.

Note that while completing source memory testing, participants were given the 
opportunity to fill in words that they could not remember during the earlier recall test. 
However, trials at which participants had filled in “xx” in both text boxes during recall 
did not reappear during the source memory test. Therefore, differences in the number 
of opportunities for these late recalls between conditions could have occurred. To 
ascertain that the retrieval results do not reflect such unequal response opportunities, 
we additionally analyzed accuracy scores that are solely based on responding during 
the initial recall test.

2. Supplementary Results
2.1. Experiment S1: Eliminating Carry-Over Effects of Original Memory and New 
Memory Test Phases on the Inference Test. Experiment S1 was designed to rule out that 
a carry-over effect from preceding original and new memory tests explains superior 
memory inference scores in the same context condition versus the different context 
condition in Experiment 1. The mean number of learning rounds to reach the criterion 
of 90% correct recall was 1.65 (SD = 0.59) on day 1, and 1.60 (SD = 0.60) on day 2. 
No differences in accuracy were found between the conditions during the day 1 or 
day 2 testing rounds (Fig. S2B). As in Experiment 1, we observed relatively enhanced 
inferential memory on day 3 when connected episodes took place in same contexts 
(same versus different, Z = 3.933, p < 0.001, one-sided). We also again found higher new 
memory accuracy in the same context versus different context condition (Z = 3.347, 
p = 0.001, one-sided) (Fig. S1). For original memory accuracy we could not compare 
all conditions, because now inference tests preceded the original memory tests, and 
therefore the correct associates of the original memories (B) had already been provided 
as cues during inference tests (BC) in the same context and different context conditions, 
invalidating comparisons with control. A comparison between the same context and 
different context conditions, however, again showed relative enhancement in the 
same context condition (Z = 3.966, p < 0.001, one-sided). It must be noted though that 
performing inference tests can alter responses during subsequent original and new 
memory tests (Carpenter & Schacter, 2017), such that these findings do not necessarily 
reflect true replications. Also, as Experiment 1 showed large differences in original and 
new memory accuracy between the same context and different context conditions, and 
intact original and new memories are required to perform inferences, BC performance 
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does not necessarily reflect independent evidence for integration. However, Experiment 
S1 successfully ruled out an effect of testing order on inference scores.

2.2. Experiment 1, S1, 2, and 3: Immediate Effects of Contextual Stability on New 
Learning. As contexts are well-known for reinstating memories (Godden & Baddeley, 
1975; Smith, 1979; Smith & Vela, 2001; van Ast et al., 2013, 2014) and retrieval-mediated 
learning results in a strengthening of new memories that becomes apparent quickly 
(Schlichting & Preston, 2014), we explored whether accuracy of new memories was 
enhanced during encoding on day 2 in the same context condition in Experiment 1. We 
also tested the replicability of these findings in Experiment S1, 2, and 3.

2.2.1. Experiment 1. Context did not affect accuracy during the first or second testing 
round on day 1 (χ22 = 0.439, p = 0.803; χ22 = 2.296, p = 0.317, respectively) (Fig. S2A). 
However, we found significantly higher accuracy in the same context versus different 
context condition during the first testing round on day 2 (Z = 3.291, p = 0.001). No 
differences were observed on the second round of day 2 testing (same versus different, 
Z = 0.962, p = 0.336). These findings suggest that encoding new episodes in the same 
context as a related memory elicits retrieval-mediated learning that results in an 
immediate enhancement of new memories.

2.2.2. Experiment S1. No effect of Context on accuracy during any day 1 or day 
2 round was found (all p > 0.157) (Fig. S2B). However, as the difference in accuracy 
between the same context and different context condition during the first testing round 
on day 2 was medium size in Experiment 1 (Cohen’s dz = 0.58), there was relatively 
limited power to replicate this effect with 20 participants (1-β = 0.67).

2.2.3. Experiment 2. As Experiment 2 contained a bigger sample and, crucially, a 
new memory control condition was included, we could test whether the accuracy of 
new memories during day 2 testing was enhanced compared to baseline in the same 
context condition, as predicted by retrieval-mediated learning. Like in Experiment 1 
and S1, no effect of Context was found on accuracy during the first and second testing 
rounds on day 1 (χ22 = 1.023, p = 0.600; χ22 = 0.188, p = 0.911, respectively) (Fig. S2C). 
Importantly, we observed a significant effect of Context on accuracy during the first 
testing round on day 2 (χ22 = 24.248, p < 0.001), with a follow-up comparison showing 
memory enhancement in the same context condition compared to the different context 
condition again (Z = 3.836, p < 0.001), but also compared to control (Z = 3.032, p = 0.002). 
No difference was found between the different context and control condition during the 
first round of day 2 testing (Z = -1.365, p = 0.172). Also, again no effect of Context was 
observed on accuracy of the second testing round on day 2 (χ22 = 0.353, p = 0.838). 
Therefore, Experiment 2 confirmed that encoding new episodes in the same context 
as a related existing memory seems to elicit retrieval-mediated learning that leads 
to a rapid strengthening of new memories. Furthermore, encoding new episodes in 
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a different context, interestingly, did not lead to an enhancement of new memories 
already during learning on day 2, but did induce strengthened recall one day later (see 
Main Manuscript), suggesting either that immediate and delayed effects of retrieval-
mediated learning are not necessarily identical in strength or that a different process 
underlies enhancement of new episodes that are encoded in a different context.

2.2.4. Experiment 3. We did not find an effect of Context on accuracy during any day 1 
Or day 2 testing round (all p > 0.287) (Fig. S2D). Hence, despite large power (1-β = 0.91), 
no immediate effect of retrieval-mediated learning was observed in Experiment 3.

2.3. Experiment 2: Accuracy Scores Based on Responding during the Recall Test 
only. In an additional analysis we aimed to rule out that the observed effects on retrieval 
accuracy are due to differences in recall opportunities (conditions may have differed 
in the number of times “xx” was filled in both text boxes during recall and hence the 
number of options to include late recalls during source memory testing). Therefore, 
we analyzed accuracy scores that are solely based on responding during the recall 
test. The number of correct late recalls was infrequent (a total of ten trials across 
all participants). Furthermore, the results were virtually identical to the scores that 
included correct late recalls, for both AB accuracy (Context, χ22 = 62.573, p < 0.001; 
same versus control, Z = 5.662, p < 0.001, one-sided; different versus control, Z = -1.783, 
p = 0.038, one-sided), and AC accuracy (Context, χ22 = 61.168, p < 0.001; same versus 
control, Z = 5.667, p < 0.001; different versus control, Z = 3.752, p < 0.001). Therefore, the 
results and interpretations are not influenced by a possible different number of recall 
opportunities between conditions.

2.4. Experiment 2: Context-Induced Changes in Source Memory. To uncover the 
influence of context on source memory accuracy, we explored (i) the proportion of trials 
that were correctly attributed to the corresponding day of encoding, and (ii) these same 
scores as a proportion of associate recall, a metric that more accurately reflects source 
memory (Fig. S3).

2.4.1. Source memory accuracy. We found a significant effect of Context on AB 
source memory accuracy (χ22 = 66.463, p < 0.001), with follow-up comparisons showing 
source memory enhancement in the same context condition (same versus control, 
Z = 5.665, p < 0.001; same versus different, Z = 5.683, p < 0.001). No difference between 
the different context and the control condition was observed (Z = -0.796, p = 0.426). In 
addition, we found strengthening of AC source memory in the same context condition 
(Context, χ22 = 70.084, p < 0.001; same versus control, Z = 5.729, p < 0.001; same versus 
different, Z = 5.627, p < 0.001), and to a smaller degree in the different context condition 
as well (different versus control, Z = 4.116, p < 0.001). These results of source memory 
accuracy scores mostly mirror the results of the retrieval test (modified modified free 
recall). However, in these source memory scores that depend on recall accuracy (source 
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memory can only be correct if recall is correct), no impairment of original memories in 
the different context condition was present. Hence, it seems that unlike memory recall 
(i.e., the central variable that we report in the main manuscript), source memory of 
original memories was not altered in the different context condition. However, as these 
source memory scores are not independent of memory retrieval, it is important to also 
analyze source memory accuracy relative to the number of correctly recalled words.

2.4.2. Source memory accuracy as proportion of associative memory. To more 
directly compare source memory accuracy of the recalled words between conditions, 
we analyzed ratios of correct source memory relative to the total number of recalled 
associates. A significant effect of Context on source memory of retrieved AB memories 
was observed (χ22 = 18.860, p < 0.001). Follow-up comparisons revealed enhancement 
in the same context condition (same versus control, Z = 3.986, p < 0.001, same versus 
different, Z = 2.871, p = 0.004), but no difference between the different context and 
control condition (Z = 1.507, p = 0.132). Also, source memory of AC memories was 
significantly affected by Context (χ22 = 28.695, p < 0.001). Again, an enhancement was 
observed in the same context condition (same versus control, Z = 4.704, p < 0.001, same 
versus different, Z = 4.672, p = 0.004), but also source memory in the different context 
condition was marginally strengthened (different versus control, Z = 1.811, p = 0.070). 
Interestingly, reminiscent of the asymmetrical pattern of memory misattributions in 
Experiment 1 (Fig. 3A), we found that the observed enhancement of source memory in 
the same context condition, compared to the different context condition, was marginally 
greater for AC memories than AB memories (Z = 1.720, p = 0.085).

Together, these findings suggest that context not only modulates changes of 
memory retrieval, but also source memory of retrieved episodes. When encoding takes 
place in same contexts, the source memory of retrieved original and new episodes 
is markedly enhanced. Also when new episodes are learned in a different context, a 
slight strengthening of source memory seems to occur. For original memories that are 
encoded in different contexts than new learning, however, source memory is not altered, 
unlike retrieval that was impaired in this condition (see Main Manuscript).
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3. Supplementary Figures

Fig. S1. Example trials of testing procedures (Left), and column chart of proportion correct recall 
per condition (Right) in Experiment S1 (n = 20). Error bars represent SEM. ###p < 0.001, one-sided.
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Fig. S2. Line chart of proportion correct recall per condition during day 1 and day 2 testing. (A) 
Accuracy of round 1 (n = 39) and round 2 (n = 23) on day 1, and round 1 (n = 39) and round 2 (n = 20) 
on day 2 in Experiment 1. (B) Accuracy of round 1 (n = 20) and round 2 (n = 12) on day 1, and round 
1 (n = 20) and round 2 (n = 11) on day 2 in Experiment S1. (C) Accuracy of round 1 (n = 43) and 
round 2 (n = 29) on day 1, and round 1 (n = 43) and round 2 (n = 15) on day 2 in Experiment 2. (D) 
Accuracy of round 1 (n = 41) and round 2 (n = 25) on day 1, and round 1 (n = 41) and round 2 on 
day 2 (n = 20) in Experiment 3. Error bars represent SEM. **p < 0.01.
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Fig. S3. Example trial of source memory testing in Experiment 2 (n = 43) (Left). Column charts of 
proportion correct source memory (A), and source memory accuracy as proportion of associative 
memory (B) (Right). Participants indicated whether, and if so which day, they remembered 
having imagined the associates by ticking one of three boxes (day 1, day 2, do not know/dk). Two 
additional text boxes for optional use were displayed at every trial as well, such that participants 
had the opportunity to type in associates that they could not remember during recall but came to 
mind while completing the source memory test (Barnes & Underwood, 1959). Participants were 
instructed to also indicate their source memory of such late recalls. Error bars represent SEM. 
***p < 0.001, **p < 0.01, ns = not significant.
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Fig. S4. Timing of learning and subsequent test trials. (A) Participants were shown a word 
combination in a unique context image and were instructed to come up with a vivid scene of 
the meaning of both words in the image. (B) During subsequent memory testing, participants 
were presented with the cue word on the context image and were asked to type in the correct 
associate. Participants were instructed to type in “xx” if they could not recall the correct answer. 
The response turned red when the answer was incorrect (displayed here) and green when the 
answer was correct. Afterwards, the word pair appeared again for participants to imagine in case 
of an incorrect answer. The complete list of word pairs was repeatedly tested until 90 percent of 
the associates were correctly recalled.
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ABSTRACT

Post-reactivation amnesia of contextual fear memories by blockade of noradrenergic 
signaling has been shown to have limited replicability in rodents. This is usually 
attributed to several boundary conditions that gate the destabilization of memory 
during its retrieval. How these boundary conditions can be overcome, and what 
neural mechanisms underlie post-reactivation changes in contextual fear memories 
remain largely unknown. Here, we report a series of experiments in a contextual 
fear-conditioning paradigm in mice, that were aimed at solving these issues. We first 
attempted to obtain a training paradigm that would consistently result in contextual fear 
memory that could be destabilized upon reactivation, enabling post-retrieval amnesia 
by administration of propranolol. Unexpectedly, our attempts were unsuccessful to this 
end. Specifically, over a series of experiments in which we varied different parameters 
of the fear acquisition procedure, at best small and inconsistent effects were observed. 
Additionally, we found that propranolol did not alter retrieval-induced neural activity, as 
measured by the number of c-Fos+ cells in the hippocampal dentate gyrus. To determine 
whether propranolol was perhaps ineffective in interfering with reactivated contextual 
fear memories, we also included anisomycin (i.e., a potent and well-known amnesic 
drug) in several experiments, and measures of glutamate receptor subunit GluA2 (i.e., 
a marker of memory destabilization). No post-retrieval amnesia by anisomycin and no 
altered GluA2 expression by reactivation was observed, suggesting that the memories 
did not undergo destabilization. The null findings are surprising, given that the training 
paradigms we implemented were previously shown to result in memories that could be 
modified upon reactivation. Together, our observations illustrate the elusive nature of 
reactivation-dependent changes of non-human fear memory.
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1. INTRODUCTION

Extensive neuroscientific evidence shows that noradrenergic signaling plays a pivotal 
role in emotional memory plasticity (Likhtik & Johansen, 2019; McGaugh, 2013; Tully & 
Bolshakov, 2010). At the occurrence of an emotionally arousing event, noradrenergic 
transmission in the basolateral amygdala stimulates projections to downstream 
brain regions, such as the hippocampus, leading to the event being firmly stored in 
long-term memory (McGaugh, 2015, 2018; Roozendaal & Hermans, 2017). Convincing 
demonstrations of this crucial involvement of the noradrenergic system in memory 
consolidation come from studies showing that noradrenaline and noradrenergic 
antagonists, administered shortly before or after fear learning, induce intensified 
and weakened memory expression, respectively (e.g., Gallagher et al., 1977; Hu et al., 
2007; Ji et al., 2003; Johansen et al., 2014; LaLumiere et al., 2003; Liang et al., 1986; 
Roozendaal et al., 2006; Schiff et al., 2017).

Interestingly, somewhat more recent empirical work has shown that noradrenaline 
is not only needed for the consolidation of emotional memory, but plays an equally 
important role in the persistence of memory after its reactivation, a process often 
referred to as reconsolidation. Building on earlier demonstrations of post-reactivation 
memory loss in the late nineteen-sixties (Misanin et al., 1968), an influential study by 
Przybyslawski et al. (1999) showed that systemic injections of the β-noradrenergic 
receptor (β-AR) antagonist propranolol after both encoding and reactivation of 
emotional memories leads to impaired memory expression 48 h later. Further study of 
this post-reactivation amnesia seemed to solidify the idea of partly shared underlying 
mechanisms between memory consolidation and “reconsolidation”. Like the formation 
of new memories, protein synthesis was shown to be needed for the persistence of 
memory expression after reactivation (Nader et al., 2000). Hence, it is argued that β-AR 
antagonists interfere with the creation of new plasticity-related proteins, specifically 
by preventing noradrenaline from activating the transcription factor cAMP response 
element-binding protein (CREB) (Thonberg et al., 2002), such that fear memories are 
not (fully) restabilized in long-term memory (Przybyslawski et al., 1999).

However, the existence of reconsolidation is an issue of considerable debate (Elsey et 
al., 2018; Gisquet-Verrier & Riccio, 2018). For example, despite the apparent similarities 
between memory consolidation and reconsolidation, there also seem to be differences 
in the involved brain regions and circuits (Alberini, 2005; Finnie & Nader, 2012). 
Furthermore, the mechanisms by which ß-AR antagonists interfere with reactivated fear 
memories remain largely unknown. This is especially true for hippocampus-dependent 
contextual fear memories, for which the involvement of the noradrenergic system is not 
as well defined as it is for amygdala-dependent cued fear memories (e.g., Johansen et 
al., 2014; Schiff et al., 2017). It is evident that synaptic function in the hippocampus can 
be bidirectionally modulated by the application of adrenergic agonists and antagonists 
(Gelinas & Nguyen, 2005; Giustino & Maren, 2018). A recent study demonstrated that 
propranolol has an acute effect on the expression of contextual fear memories and 
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alters memory traces in the dorsal dentate gyrus (DG), basolateral amygdala and pre-
frontal cortex when administered before memory reactivation (Leal Santos et al., 2021). 
However, how blockade of β-ARs may induce amnesia and affect contextual memory 
traces after drug washout cannot be inferred as no lasting fear-reducing effects of 
propranolol were found in this study. For these reasons, gaining insights into how 
exactly β-AR antagonists can impact reactivated contextual fear memories remains 
of significant interest.

Apart from contributions to the fundamental understanding of memory plasticity, 
research showing reductions in fear responding by post-reactivation administration 
of propranolol is relevant in light of clinical applications. A procedure that can be 
employed to interfere with fear memories would have great utility in the treatment of 
anxiety disorders and posttraumatic stress disorder. Extinction-based treatments, that 
currently dominate clinical practice, lead to the creation of a new memory trace that 
competes with the fear memory. Such procedures do not alter fear memories directly, 
however, resulting in high relapse rates through a variety of mechanisms (Bouton, 
2002). Administering amnestic agents, such as propranolol, in close temporal proximity 
of memory reactivation seems to result in more durable reductions in fear responding 
(Bustos et al., 2006; Dȩbiec et al., 2002; Dȩbiec & Ledoux, 2004; Duvarci & Nader, 2004, 
but see Eisenberg & Dudai, 2004; Lattal & Abel, 2004). Crucially, post-reactivation 
administration of propranolol has also shown to interfere with fear memories in a 
human fear-conditioning paradigm (Kindt et al., 2009; Kindt & Soeter, 2018; Sevenster 
et al., 2012, 2013, 2014; Soeter & Kindt, 2010, 2011, 2012a, 2012b, 2015b but see Bos 
et al., 2014; Chalkia et al., 2019; Schroyens et al., 2017), bringing the development of a 
new, effective treatment for disorders of emotional memory an important step closer.

Translation of these findings to real-life anxiety disorders and posttraumatic 
stress disorder remains a great challenge (Kindt, 2014). At present, both promising 
(Brunet et al., 2008, 2011, 2018; Kindt & van Emmerik, 2016; Soeter & Kindt, 2015a) 
as well as disappointing (Elsey et al., 2020; Roullet et al., 2021; Wood et al., 2015) 
results have been reported to treat real-life fears that have been acquired outside the 
laboratory. These relatively mixed observations have often been attributed to the subtle 
conditions under which amnestic agents interfere with fear memories (Elsey et al., 
2018, 2020). Reactivation of a memory may not be sufficient, but only if a violation of 
a fear-related expectancy occurs (e.g., not receiving an anticipated aversive stimulus) 
does administration of amnestic agents lead to reduced fear responding (Lee, 2009; 
Pedreira et al., 2004; Sevenster et al., 2012). However, with prolonged exposure to the 
feared stimuli, fear memories could enter a “limbo” state or a new extinction memory 
is created, such that protein synthesis inhibitors do not target the original fear memory 
anymore (Merlo et al., 2014; Sevenster et al., 2014). Previous research also suggests 
that the duration of reactivation at which amnestic agents are effective in reducing 
subsequent expression of fear intricately depends on memory strength and age, such 
that older and stronger fear memories may require longer reexposure to the conditioned 
stimulus (Bustos et al., 2009; Suzuki et al., 2004). This highly complicates translation to 
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clinical practice, as fear memory strength and age vary greatly from patient to patient 
and currently no measure is available to adjust the reactivation session accordingly. A 
procedure through which the challenges posed by the boundary conditions could be 
circumvented would therefore be of great practical value.

Thus, in a quest to (i) elucidate the mechanisms through which β-AR blockers are 
involved in contextual fear memory reconsolidation and (ii) discover how boundary 
conditions of post-reactivation amnesia can be overcome, we performed a series of 
experiments in an animal fear-conditioning paradigm. Towards these goals, our first aim 
was to obtain a behavioral paradigm that would consistently show reactivation-induced 
amnesia by the administration of a β-AR antagonist after contextual fear memory 
reactivation. We performed a series of experiments (including replications) with varied 
training protocols, and post-reactivation administration of propranolol. However, these 
attempts to induce robust post-reactivation amnesia were unsuccessful, such that no 
further experimentation was possible. Our behavioral data sharply contradict earlier 
successful reports (Abrari et al., 2008; Liu et al., 2015; Muravieva & Alberini, 2010), but 
are reminiscent of a recent series of likewise unsuccessful experiments in rats that 
includes the administration of different amnesic agents (i.e., propranolol, midazolam, 
and cycloheximide) (Schroyens et al., 2019). In line with these data, we demonstrate – 
using a different species – that post-reactivation amnesia of contextual fear memories 
by systemic administration of propranolol does not work with flawless fidelity on both a 
behavioral (freezing) and cellular level (reactivation-induced activity of putative memory 
trace cells in the hippocampal dentate gyrus). In addition, no effect of the commonly 
used amnestic agent anisomycin (Barbacid & Vazquez, 1974) and no reactivation-
dependent regulation of molecular markers (downregulation of the synaptic glutamate 
receptor subunit GluA2) was found, indicating that we were unable to trigger memory 
destabilization and subsequent restabilization (Bhattacharya et al., 2017; Rao-Ruiz 
et al., 2011) using training protocols that were previously successful in this respect 
(Rao-Ruiz et al., 2011). Together, the behavioral, cellular, and molecular data provided 
here comprises a valuable resource for future research aimed at elucidating the precise 
conditions under which contextual fear memories can be destabilized and manipulated 
upon their reactivation.

2. MATERIALS AND METHODS

2.1. General procedures.
2.1.1. Animals. Male C57BI6/J inbred mice (8–10 weeks of age), from Charles River 
France, were individually housed with enrichment and kept on a 12/12 h light/dark cycle 
(7 A.M. lights on) with food and water available ad libitum. The mice acclimatized to 
their home cage for two weeks prior to experimentation. All procedures were carried 
out during the light phase, between 9 A.M. and 12 P.M., unless otherwise specified. 
Prior to the start of the experiment, mice underwent three consecutive days of handling 
(2–3 minutes per mouse) to habituate the animals to being held and restrained by 
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the experimenter. All experiments were performed in accordance with Dutch law 
and licensing agreements using protocols ethically approved by the Animal Ethical 
Committee of the VU University Amsterdam.

2.1.2. Apparatus. The experiments were executed in one of two automated fear- 
conditioning systems: (i) TSE Fear Conditioning System for Small Rodents (TSE 
systems, Germany) in Experiments 1–2 (e.g., Rao-Ruiz et al., 2011; Végh et al., 2014) 
and (ii) Med Associates Video Fear Conditioning System (Sandown Scientific, UK) in 
Experiments 3–9 (e.g., Anagnostaras et al., 2010; Gouty-Colomer et al., 2016). The mice 
underwent contextual fear conditioning, memory reactivation, and a retention test in 
a conditioning chamber with a stainless-steel grid floor, constant house light (TSE: 
100–500 lx, Med Associates: White light: 450–650 nm and near-infrared light: 940 nm) 
and background white noise (TSE: 68 dB, Med Associates: 50 dB, 5000 Hz). The fear-
conditioning box was placed in a sound attenuating outer chamber. The apparatus was 
cleaned with 70% ethanol prior to each session.

2.1.3. Drugs. Propranolol HCl (Sigma-Aldrich) was dissolved in saline at a ratio of 
2 mg/mL, unless otherwise specified, and anisomycin (Sigma-Aldrich) at a ratio of 30 
mg/1500 mL. The mice in the experimental groups received 10 mg per kg body weight 
of propranolol (Przybyslawski et al., 1999; Villain et al., 2016) or anisomycin at 150 mg 
per kg body weight (Rao-Ruiz et al., 2011; Suzuki et al., 2004). The mice in the control 
group received the same volume of saline. The drugs were administered immediately 
after memory reactivation through intraperitoneal injections in all experiments.

2.1.4. Data analysis. Freezing, defined as the cessation of all movement except 
respiration and heartbeat, was used as a measure of fear memory expression, and 
scored using automated algorithms in the TSE (Rao-Ruiz et al., 2011) or Med Associates 
(Anagnostaras et al., 2010; Gouty-Colomer et al., 2016) systems. For the TSE chamber 
(Experiments 1–2), a time threshold of 1 s was used for automatically recorded 
“freezing” behavior (i.e., no detected change in sensor status for 1 s in X, Y and Z 
axes). For the Med associates chamber (Experiments 3–9), freezing was measured 
by Video Freeze Software (Anagnostaras et al., 2010) using a linear method with a 
motion threshold of 18 a.u., sample rate of 30 frames per second and a minimum freeze 
duration of 30 frames. Freezing data is presented as a percentage of total session time.

Statistical analyses were carried out using the Statistical Package for the 
Social Sciences (SPSS) version 25.0 (Armonk, NY: IBM Corp.). To assess whether 
the administration of amnestic drugs (propranolol or anisomycin) after memory 
reactivation results in an attenuation of fear responding, we performed a mixed 
ANOVA with Drug (amnestic drug vs. saline) as between-subjects factor and Session 
(reactivation, retention) as within-subjects factor. When relevant, we performed 
additional independent t-tests. To make sure that the null findings cannot be attributed 
to any animals not having acquired contextual fear, we performed additional analyses in 
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which only animals exhibiting a freezing level of 10% or higher during reactivation were 
included (see Figure S1). This inclusion of mice based on freezing levels did not lead 
to different results. Exclusion of outliers or non-parametric analyses of experiments 
in which assumptions of normality or homogeneity of variances were violated did not 
change any results either.

2.2.	 Specific	procedures.
2.2.1. Experiment 1.
2.2.1.1. Contextual fear conditioning. Mice were placed in the fear-conditioning 
chamber, and after 180 s, received a 2 s 0.7 mA foot shock as the unconditioned 
stimulus (US). Thirty seconds later, the mice were removed from the box and placed in 
their home cage.

2.2.1.2. Memory reactivation. Twenty-four hours afterwards, to reactivate the fear 
memory, the mice were placed in the conditioning box for 180 s without delivery of the US. 
Immediately thereafter, the mice were weighed and received either saline or propranolol 
in a quasi-random fashion (i.e., alternation) and then returned to their home cage.

2.2.1.3. Retention test. Forty-eight hours after memory reactivation (Dȩbiec & 
Ledoux, 2004), mice were placed in the conditioning box for 180 s in the absence of 
the unconditioned stimulus and returned to their home cage immediately afterwards. 
One mouse was excluded due to a procedural error (Experiment 1b, saline condition).

2.2.1.4. Immunohistochemistry. Ninety minutes after the retention test, 5 animals 
from each experimental group (saline and propranolol), were randomly selected 
and transcardially perfused with ice-cold PBS, followed by 4% paraformaldehyde 
(Sigma-Aldrich Chemie N.V., The Netherlands). Forty micrometer coronal sections of 
the hippocampus were collected serially using a freezing microtome (Leica, Wetzlar, 
Germany; SM 2000R) and stored in PBS with 0.02% NaN3 at 4 °C until further use. 
Approximately 8–10 free floating sections across the rostrocaudal axis of the dorsal 
DG were used for immunohistochemical stainings (described in Rao-Ruiz et al., 2019) 
using a primary antibody against the Immediate Early Gene c-Fos (1:500, sc-52, Santa 
Cruz, Germany) and a corresponding Alexa-conjugated secondary antibody (1:400, anti-
rabbit Alexa 488, Life Technologies, The Netherlands). Nuclear staining was performed 
using DAPI (300 nmol/L, Thermo Fisher Scientific, The Netherlands). Sections were 
mounted on slides and coverslipped using Polyvinyl alcohol mounting medium with 
DABCO®, antifading (Merck KGaA, Germany).

2.2.1.5. Confocal microscopy, cell counting and data analysis. A Nikon Instruments 
A1 Confocal Laser Microscope with NIS-Elements C Software was used to make 
approximately 8–10 z-stacks of the DG/animal at 10x magnification by an experimenter 
blinded to the experimental condition. Images were imported to Fiji (Version 1.0) where 
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they were digitally merged to form composite images. Individual c-Fos+ cells in the DG 
were manually marked, counted using the Cell Counter plugin in Fiji, and averaged/1.3 
mm section for each animal. Representative images were edited in ImageJ to generate 
2D projections of z-stacks, and all images were treated identically.

2.2.2. Experiment 2.
2.2.2.1. Contextual fear conditioning. During fear conditioning, a 1 mA foot shock was 
administered (instead of a 0.7 mA foot shock as described in Experiment 1). All other 
procedures were the same as in Experiment 1.

2.2.2.2. Immunohistochemistry. Seven animals randomly selected from each 
experimental group (saline and propranolol) were used for c-Fos immunohistochemistry 
as described in Experiment 1.

2.2.3. Experiment 3. 
In addition to administering propranolol in the same way as in Experiment 1–2, we 
included a condition in which this drug was dissolved at a ratio of 1 mg/1 mL (Villain 
et al., 2016), and injected with double the volume. All other procedures were the same 
as in Experiment 2.

2.2.4. Experiment 4. 
The mice were kept on a reversed, 12 h light/dark scale, such that all experimental 
procedures (i.e., habituation, handling, conditioning, reactivation, retention testing) took 
place during the dark phase, between 9 A.M. and 12 P.M. All other behavioral procedures 
were the same as in Experiment 2.

2.2.5. Experiment 5.
2.2.5.1. Background contextual fear conditioning. The mice were placed in the 
conditioning chamber, and after 120 s, a tone (5 kHz, 75 dB) was presented for 30 s, 
followed by a 2 s 1 mA foot shock. Thirty seconds after shock discontinuation, the mice 
were removed from the conditioning chamber and returned to their home cage.

2.2.5.2. Memory reactivation. Forty-eight hours after conditioning, mice were placed 
back in the conditioning box for 90 s without tone or shock delivery.

2.2.5.3. Retention test. Forty-eight hours after reactivation, mice were placed in the 
conditioning box for 180 s without delivery of a tone or shock, as a test of contextual fear.

2.2.6. Experiment 6. 
In addition to propranolol, we included a condition in which animals received 
anisomycin. All other behavioral procedures were the same as in Experiment 2.
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2.2.7. Experiment 7.
2.2.7.1. Contextual fear conditioning. During fear conditioning, no shock, one 0.7 mA 
shock, or one 1 mA foot shock was administered. All other procedures were the same 
as in Experiment 6.

2.2.7.2. Memory reactivation. Mice were sacrificed via cervical dislocation (Rao-Ruiz 
et al., 2011) 1 hour after memory reactivation, and propranolol or saline administration,. 
All other procedures were the same as in Experiment 6.

2.2.7.3. Brain tissue preparation. Dorsal hippocampi were dissected on ice, snap frozen 
and stored at -80 °C until synaptosome isolation.

2.2.7.4. Synaptosome isolation. Synaptosomes were isolated on a sucrose gradient 
as described previously (Pandya et al., 2017). Briefly, hippocampi from each animal 
were homogenized in ice-cold Homogenization buffer (2 M sucrose, 500 mM HEPES 
(pH 7,4)) containing complete Protease Inhibitor (Roche/Sigma) and spun down for 10 
min at 1000 x g at 4 °C. The supernatant was layered on top of a 0.85 M/1.2 M sucrose 
gradient, spun at 100,000 x g for 2h at 4 °C and synaptosomes were recovered at the 
interface of 0.85/1.2 M sucrose. Protein concentration was determined using a Bradford 
assay (BioRad).

2.2.7.5. Immunoblot analysis. Immunoblot analysis was performed as described 
previously (Gonzalez-Lozano et al., 2021) on 5 µg of synaptosomal protein from each 
experimental group. After electrophoresis, gels were scanned using a Gel Doc EZ 
imager (Bio-Rad) and electro-transferred onto a PVDF membrane overnight at 40 V. 
After blocking in 5% milk, membranes were incubated with a primary antibody against 
GluA2 (1:0000, Cat nr. 75-002, Neuromab) overnight at 4 °C and with a matching HRP-
conjugated secondary antibody for 2 h at room temperature. The membranes were then 
scanned with Femto ECL Substrate (Thermo Fisher Scientific, Waltham, MA, USA) on an 
Odyssey Fc system (LI-COR Bioscience, Lincoln, NA, USA) and quantified using Image 
Studio software (version 2.0.38). Input differences were corrected using total protein 
amounts loaded on the gel (Gonzalez-Lozano et al., 2021).

2.2.8. Experiment 8.
2.2.8.1. Contextual fear conditioning. The procedure was based on an earlier study 
that has shown post-reactivation memory loss in rats (Schmidt et al., 2017). During 
conditioning, the mice were placed in the conditioning chamber and, after 120 s, received 
a total of three 0.5 mA shocks with a 2 s duration. The shocks were administered with 
regular intervals of 30 s in between each shock. Thirty seconds after discontinuation 
of the last US, the mice were removed from the conditioning chamber, and returned to 
their home cage. All other procedures were the same as in Experiment 6.
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2.2.9. Experiment 9.
2.2.9.1. Contextual fear conditioning. Instead of three 0.5 mA shocks, the mice received 
three 0.3 mA shocks. All other procedures were the same as in Experiment 8.

3. RESULTS

3.1. Experiment 1. 
In Experiment 1, we tested whether the administration of propranolol after reactivation 
of a contextual fear memory eliminates expression of fear during a retention test 48 
h later, using a behavioral protocol that has been shown to result in post-reactivation 
amnesia by anisomycin (Rao-Ruiz et al., 2011; Suzuki et al., 2004). We observed that 
propranolol did not lead to reduced fear responding (Drug × Session, F1,18 = 0.021, 
p = 0.887, Figure 1B). This finding is not in line with post-reactivation amnesia using 
propranolol in previous studies (e.g., Taherian et al., 2014). Therefore, to ascertain that 
the present finding was not a false negative, we performed an exact replication of 
experiment 1a (Experiment 1b).

Like Experiment 1a, in Experiment 1b there was no effect of propranolol on the 
pattern of freezing levels from memory reactivation to the retention test two days later 
(Drug × Session, F1,16 = 0.582, p = 0.457, Figure 1C). To ensure that the two present null 
findings are not a reflection of insufficient power, we collapsed the data of Experiment 
1a and 1b, and repeated the analysis. No effect was observed on the collapsed freezing 
data either (F1,36 = 0.277, p = 0.602, Figure 1D).

We also tested if noradrenergic signaling after memory reactivation affected 
retrieval-induced neural activity in the DG, where memory traces for contextual fear 
have been previously identified (Denny et al., 2014; Liu et al., 2012; Rao-Ruiz et al., 
2019). To this end, we measured the number of c-Fos+ cells, a molecular correlate of 
neural activity, 90 minutes after the retention test in the granule cell layer of the DG. In 
line with our behavioral results, no significant differences were observed in the number 
of activated DG neurons (c-Fos+) between experimental groups (t8 = 0.856, p = 0.417, 
Figures 1 E and F). Together, these data indicate that post-reactivation administration 
of propranolol does not affect subsequent memory retention or the activation of 
hippocampal neurons that are considered to be the cellular substrate of memory using 
the current experimental protocol.
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Fig. 1. No effect of propranolol on reactivated memories that were acquired with a single 0.7 
mA shock during contextual fear conditioning. (A) Design of Experiment 1. Mice received one 
0.7 mA shock during fear conditioning. One day later, saline (n = 8) or propranolol (n = 12) was 
administered after memory reactivation. Forty-eight hours afterwards, retention of contextual fear 
was assessed. Cond = conditioning, MR = memory reactivation, Ret = retention, CS = conditioned 
stimulus (context), Sal = saline, Prop = propranolol. (B) Results of Experiment 1a. Average 
percentage of freezing during memory reactivation is displayed on the left, and freezing during the 
retention test on the right pane of the column chart (saline in white bars, propranolol in red bars). 
Error bars represent SEM. Filled circles indicate individual animals. (C) Results of Experiment 1b 
(saline, n = 9; propranolol, n = 10). Experiment 1b was a direct replication of Experiment 1a. (D) 
Collapsed results of Experiment 1a and Experiment 1b. (E) Representative images of the DG 90 
minutes after the retention test from mice that received either saline (n =5), or propranolol (n=5) 
after reactivation (Experiment 1a). Cells that were c-Fos+ are labelled in cyan (scale bar: 200 μm). 
(F) Number of c-Fos+ cells in the DG per 1.3 mm2. Error bars represent SEM. Filled circles indicate 
individual animals.
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3.2. Experiment 2. 
Since previous research has shown (though not consistently, Taherian et al., 2014) 
that memory strength modulates post-reactivation amnesia (Suzuki et al., 2004), we 
hypothesized that fear acquisition in Experiment 1 may not have been robust enough 
with the current protocol. Indeed, close inspection of the data of Experiment 1 shows 
that the freezing levels were considerably lower than in a previous study from our lab, 
which involved the same mouse strain, laboratory space, behavioral system and training 
and memory reactivation protocols (Rao-Ruiz et al., 2011, for accurate comparison see 
Figure S2 for the results of Experiment 1 using the same time threshold for freezing 
behavior as in this previous study). To induce stronger fear memories, we administered 
a single, higher intensity, i.e. 1 mA, foot shock during conditioning.

However, no reduction in fear responding by propranolol was found in this experiment 
either (Drug × Session, F1,14 = 1.200, p = 0.292, Figure 2B). To make sure that the results 
were not a false negative, we repeated the experiment (Experiment 2b). Again, no 
significant effect was observed (Drug × Session, F1,16 = 2.523, p = 0.132, Figure 2C). When 
the data of Experiment 2a and 2b were collapsed we did find a trend for reduction in 
freezing from memory reactivation to retention test in the propranolol relative to the 
saline condition (Drug × Session, F1,32 = 3.827, p = 0.059, Figure 2D). Notably, raising the 
foot shock level in Experiment 2 did not lead to higher freezing levels during reactivation 
than in Experiment 1 (t70 = 0.876, p = 0.384, compare Figures 1D and 2D). It also bears 
mentioning that this reduction in fear responding by post-reactivation administration 
of propranolol after collapsing the data of Experiment 2a and 2b is considerably smaller 
than in previous studies (e.g., Liu et al., 2015; Villain et al., 2016). 

Nevertheless, since a marginal amnestic effect of propranolol was observed, we 
further tested if neural activity in the DG was affected as well. However, as in Experiment 
1, administration of propranolol had no effect on the number of DG neurons activated 
(c-Fos+) by the retention test (t12 = 1.046, p = 0.316, Figure 2E and F). We reasoned that 
the lack of a robust effect of post-reactivation propranolol on the retention test could 
be due to two factors: (i) limited efficacy of propranolol, or (ii) relatively unsuccessful 
triggering of memory destabilization. These two explanations were addressed in the 
subsequent experiments (3–5, and 6, respectively).
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Fig. 2. A minor effect of propranolol on reactivated memories that were acquired with a single 
1 mA shock during contextual fear conditioning. (A) Design of Experiment 2a. Mice received 
one 1 mA shock during fear conditioning. One day later, saline (n = 8) or propranolol (n = 8) was 
administered after memory reactivation. Forty-eight hours afterwards, retention of contextual fear 
was assessed. Cond = conditioning, MR = memory reactivation, Ret = retention, CS = conditioned 
stimulus (context), Sal = saline, Prop = propranolol. (B) Results of Experiment 2a. Average 
percentage of freezing during memory reactivation is displayed on the left, and freezing during the 
retention test on the right pane of the column chart (saline in white bars, propranolol in red bars). 
Error bars represent SEM. Filled circles indicate individual animals. (C) Results of Experiment 2b 
(saline, n = 9; propranolol, n = 9). Experiment 2b was a direct replication of Experiment 2a. (D) 
Collapsed results of Experiment 2a and Experiment 2b. (E) Representative images of the DG 90 
minutes after the retention test from mice that received either saline (n =7), or propranolol (n=7) 
post-reactivation (Experiment 2a). Cells that were c-Fos+ are labelled in cyan (scale bar: 200 
μm). (F) Number of c-Fos+ cells in the DG per 1.3 mm2. Error bars represent SEM. Filled circles 
indicate individual animals.
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3.3. Experiment 3. 
As propranolol has lipophilic properties (Cruickshank, 1980), it is possible that a 
substantial amount of the drug binds to body fat upon injecton, such that noradrenergic 
signaling in the brain was only partially blocked in Experiment 2, resulting in reduced 
efficacy and relatively mild amnesia. Therefore, we performed an experiment that was 
the same as Experiment 2, but now also included a condition in which propranolol was 
dissolved in saline at half the ratio and injected in double the volume/body weight (i.e., 
to reduce binding to body fat without changing the dose). However, injecting propranolol 
in a larger volume of saline did not lead to a more robust decrease in fear responding 
(Drug × Session, F2,24 = 0.499, p = 0.613, Figure 3B).

Fig. 3. No effect of propranolol – injected in two different volumes – on reactivated memories 
that were acquired with a single 1 mA shock during contextual fear conditioning. (A) Design of 
Experiment 3. Mice received one 1 mA shock during fear conditioning. One day later, mice received 
saline (n = 9), propranolol (n = 9), or propranolol dissolved in saline at half the ratio and injected in 
double the volume/body weight (n = 9) after memory reactivation. Forty-eight hours afterwards, 
retention of contextual fear was assessed. Cond = conditioning, MR = memory reactivation, 
Ret = retention, CS = conditioned stimulus (context), Sal = saline, Prop = propranolol. (B) Results 
of Experiment 3. Average percentage of freezing during memory reactivation is displayed on the 
left, and freezing during the retention test on the right pane of the column chart (saline in white 
bars, propranolol in red bars, and propranolol double volume in orange bars). Error bars represent 
SEM. Filled circles indicate individual animals.

3.4. Experiment 4. 
Another potential explanation for a small effect of propranolol in Experiment 2 might 
be that the experiments were performed during the light phase (i.e., the sleep cycle 
of mice). Previous research has shown that noradrenergic signaling from the locus 
coeruleus goes into time-outs during specific phases of the sleep cycle (Aston-Jones & 
Bloom, 1981), such that synaptic plasticity is impaired (Cirelli & Tononi, 2000). Therefore, 
in Experiment 2 the memories might have been reactivated and restabilized with little 
involvement of those receptors that propranolol specifically targets (i.e., β-adrenergic 
receptors, Johansen et al., 2011). Hypothetically, a more robust effect of propranolol 
on reactivated fear might be observed when memories are acquired and reactivating 
in the animals’ wake-phase. Since rodents are nocturnal, we repeated Experiment 2, 
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but now performed all experimental procedures in the animals’ dark phase. Again, no 
fear reduction by propranolol was found (Drug × Session, F1,22 = 0.031, p = 0.861, Figure 
4B). The freezing levels during memory reactivation were notably low compared to the 
previously performed experiments (e.g., Experiment 2), even after exclusion of mice 
with freezing levels below 10% (Figure S1H). This may be attributable to light enhancing 
freezing levels (Warthen et al., 2011), so that when experiments are performed in the 
dark phase the animals freeze to a particularly low degree.

Fig. 4. No effect of propranolol on reactivated memories that were acquired with a single 1 mA 
shock during contextual fear conditioning in the animals’ dark phase. (A) Design of Experiment 
4. Mice received one 1 mA shock during fear conditioning. One day later, mice received saline 
(n = 12) or propranolol (n = 12) after memory reactivation. Forty-eight hours afterwards, 
retention of contextual fear was assessed. All procedures took place in the animals’ dark phase. 
Cond = conditioning, MR = memory reactivation, Ret = retention, CS = conditioned stimulus 
(context), Sal = saline, Prop = propranolol. (B) Results of Experiment 4. Average percentage of 
freezing during memory reactivation is displayed on the left, and freezing during the retention 
test on the right pane of the column chart (saline in white bars, propranolol in red bars). Error bars 
represent SEM. Filled circles indicate individual animals..

3.5. Experiment 5. 
A last potential way to increase the efficacy of post-reactivation administration 
propranolol and to induce more robust amnesia could be to alter the way in which 
the contextual fear memory is processed. For example, previous research has shown 
differences in how foreground contextual fear conditioning and background contextual 
fear conditioning are encoded and the role of the hippocampus in each (Trifilieff et al., 
2006). Furthermore, a study has shown post-reactivation amnesia with propranolol in a 
background contextual fear-conditioning paradigm (Muravieva & Alberini, 2010). In the 
next experiment, we therefore aimed to induce amnesia by administering propranolol 
after reactivation of a memory that was acquired by background contextual fear 
conditioning. However, the results showed no effect of propranolol on contextual fear 
(Drug × Session, F1,20 = 1.591, p = 0.222, Figure 5B).

5
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Fig. 5. No effect of propranolol on reactivated memories in a background contextual fear-conditioning 
paradigm. (A) Design of Experiment 5. Mice received one 1 mA shock during presentation of a 
tone. One day later, mice received saline (n = 11) or propranolol (n = 11) after contextual memory 
reactivation. Forty-eight hours afterwards, retention of contextual fear was assessed by exposure 
to the context. Cond = conditioning, MR = memory reactivation, Ret = retention, CS = conditioned 
stimulus (context), Sal = saline, Prop = propranolol. (B) Results of Experiment 5. Average 
percentage of freezing during memory reactivation is displayed on the left pane of the column 
chart, and freezing during the retention test on right pane of the column chart (saline in white 
bars, propranolol in red bars). Error bars represent SEM. Filled circles indicate individual animals.

3.6. Experiment 6. 
In Experiments 3–5, we aimed to obtain a more pronounced reduction in fear responding 
by post-reactivation administration of propranolol than in Experiment 2 by studying 
potential ways that could increase the efficacy of propranolol. We did so by altering 
the volume in which propranolol is injected (Experiment 3) and creating contextual fear 
memories that could be more sensitive to noradrenergic signaling (Experiments 4–5). 
Since no amnestic effects were observed, we reasoned that the null findings may not 
be caused by an inefficacy of propranolol, but rather unsuccessful induction of memory 
destabilization. To shed light on this idea, we repeated Experiment 2 but now included 
a condition in which anisomycin, a potent inhibitor of eukaryotic protein synthesis 
(Barbacid & Vazquez, 1974) and one of the most widely studied amnestic agents in the 
reconsolidation literature (e.g., Blundell et al., 2008; Kwak et al., 2012; Lee et al., 2004; 
Nader et al., 2000; Parsons et al., 2006; Rao-Ruiz et al., 2011; Suzuki et al., 2004) was 
administered. No reduction in fear responding by either anisomycin or propranolol 
was found (Drug × Session, F2,22 = 0.327, p = 0.724, Figure 6B). Furthermore, a follow-up 
analysis with the collapsed data of the saline and propranolol conditions in Experiment 
3 and 6 showed no significant amnesic effects of propranolol (F1,42 = 0.530, p = 0.471), 
unlike the pooled data of Experiment 2 in which the same procedure was followed 
(compare Figures 3B and 6B vs. Figure 2D). These findings suggest that the lack of 
post-reactivation amnesia that we observe seems attributable to an ineffectiveness 
of the memory reactivation session in triggering memory destabilization and hence its 
subsequent reconsolidation process.
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Fig. 6. No effect of propranolol or anisomycin on reactivated memories that were acquired with a 
single 1 mA shock during contextual fear conditioning. (A) Design of Experiment 6. Mice received 
one 1 mA shock during fear conditioning. One day later, mice received saline (n = 8), propranolol 
(n = 9), or anisomycin (n = 8) after memory reactivation. Forty-eight hours afterwards, retention 
of contextual fear was assessed. Cond = conditioning, MR = memory reactivation, Ret = retention, 
CS = conditioned stimulus (context), Sal = saline, Prop = propranolol, Ani = anisomycin. (B) Results 
of Experiment 6. Average percentage of freezing during memory reactivation is displayed on the 
left, and freezing during the retention test on the right pane of the column chart (saline in white 
bars, propranolol in red bars, and anisomycin in blue bars). Error bars represent SEM. Filled circles 
indicate individual animals.

3.7. Experiment 7. 
We - and others - have previously shown that synaptic trafficking of the glutamate 
receptor subunit GluA2 in the hippocampus is crucially involved in contextual fear 
memory destabilization (Bhattacharya et al., 2017; Rao-Ruiz et al., 2011). Specifically, 
upon memory reactivation, endocytosis of GluA2-containing receptors – leading to 
downregulation of synaptic GluA2 subunits – is needed for retrieval-induced memory 
plasticity. Therefore, reduced expression of GluA2 shortly after memory reactivation 
can be used as a marker of destabilization (Bhattacharya et al., 2017; Rao-Ruiz et al., 
2011). In Experiment 7, we made use of this molecular marker to gain additional insight 
into whether, in the present series of experiments, propranolol has been ineffective in 
interfering with reactivated memories or rather that the protocols have not induced 
memory destabilization.

5
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MR = memory reactivation, CS = conditioned stimulus (context), Sal = saline, Prop = propranolol. 
(B) Results of Experiment 7. GluA2 expression levels relative to the no shock + saline control group 
(saline in white bars, propranolol in red bars. Error bars represent SEM. Filled circles indicate 
individual animals. (C) Upper panel: Representative immunoblots for GluA2 with approximate 
molecular weight indicated. Lower panel: corresponding gels of total protein that were used for 
normalization.

Mice underwent contextual fear conditioning including a single 0.7 mA shock or 
a 1 mA shock and were exposed to the conditioning context 24 hours later using the 
same protocols as before (Experiment 1–3, 6). An additional group of mice, that served 
as baseline controls, were exposed to the conditioning context but did not receive 
shocks during the conditioning phase. One hour after memory reactivation and 
treatment with propranolol or saline, synaptic GluA2 expression was assessed using 
immunoblot analysis (Rao-Ruiz et al., 2011). Neither the 0.7 mA, nor the 1 mA shock 
groups showed a significant downregulation of GluA2 subunits in dorsal hippocampal 
synapses, relative to no shock controls (Shock, F2,27 = 0.130, p = 0.879, Figure 7B, C). 
This finding thus indicates that our present null findings are not due to ineffectiveness 

Fig. 7. No effect of reactivation on GluA2 
expression. (A) Design of Experiment 7. Mice 
received either no shock, one 0.7 mA shock, 
or one 1 mA shock during fear conditioning. 
One day later, mice underwent memory 
reactivation and received either saline (no 
shock, n = 5; 0.7 mA, n = 6; 1 mA, n = 6) or 
propranolol (no shock, n = 5; 0.7 mA, n = 5; 
1 mA, n = 6) afterwards. One hour later the 
mice were sacrificed. Cond = conditioning,
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of propranolol as an amnestic drug, but that the reactivation sessions did not trigger 
memory destabilization and subsequent reconsolidation.

3.8. Experiment 8. 
To successfully trigger memory destabilization, it is imperative to have robust memory 
acquisition and reactivation. In most of the experiments conducted so far, freezing 
levels during memory reactivation varied greatly, with maximum freezing levels around 
60–80% and minimum freezing below 10% within single experiments. Hence, mice may 
have differred substantially in the extent to which their fear memories were reactivated 
and destabilized, such that reconsolidation was triggered in only a subset of the subjects, 
leading to small effects at best. In the next experiments, we therefore aimed to test 
training protocols that would lead to relatively homogenous freezing during reactivation 
across subjects. As learning by repetition is one of the most classic and widely-known 
principles of memory (Ebbinghaus, 2013), we administered multiple USs at regular 
intervals, instead of a single foot shock, as a means to induce robust fear learning in 
all animals. In Experiment 8, we presented three 0.5 mA shocks during conditioning, a 
procedure that has been shown to result in a fear memory that is vulnerable to post-
reactivation administration of amnestic agents (Schmidt et al., 2017). We included 
both propranolol and anisomycin conditions. Again, no amnestic effect of propranolol 
or anisomycin was observed (Drug × Session, F2,24 = 0.205, p = 0.816, Figure 8B).

Fig. 8. No effect of propranolol or anisomycin on reactivated memories that were acquired with 
three 0.5 mA shocks during contextual fear conditioning. (A) Design of Experiment 8. Mice 
received three 0.5 mA shocks during fear conditioning. One day later, mice received saline 
(n = 9), propranolol (n = 9), or anisomycin (n = 9) after memory reactivation. Forty-eight hours 
afterwards, retention of contextual fear was assessed. Cond = conditioning, MR = memory 
reactivation, Ret = retention, CS = conditioned stimulus (context), Sal = saline, Prop = propranolol, 
Ani = anisomycin. (B) Results of Experiment 8. Average percentage of freezing during memory 
reactivation is displayed on the left, and freezing during the retention test on the right pane of the 
column chart (saline in white bars, propranolol in red bars, and anisomycin in blue bars). Error 
bars represent SEM. Filled circles indicate individual animals.
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3.9. Experiment 9.
Note that the freezing levels during memory reactivation were significantly higher in 
Experiment 8, which involved three 0.5 mA shocks, than Experiment 6, in which a single 
1 mA shock was administered (t50 = -7.161, p < 0.001, compare Figures 6B and 8B). 
Previous research has shown that increasing the number of administered shocks in 
contextual fear conditioning leads to higher freezing during a subsequent retention 
test (Poulos et al., 2016). Therefore, it is possible that multiple USs of a lower intensity 
results in a stronger fear memory than a single higher intensity US. The freezing 
levels during memory reactivation in Experiment 8 (three 0.5 mA shocks), relative to 
Experiment 6 (one 1 mA shock), were enhanced to such a striking extent (Cohen’s 
d = 1.99) that memory strength may have prevented the occurrence of diminished fear 
responding by administration of amnestic agents upon memory reactivation (Suzuki et 
al., 2004). In a final attempt to observe post-reactivation amnesia, we aimed to obtain 
relatively homogenous freezing using multiple shocks, but at the same time not induce 
a fear memory that is much stronger than in the previous experiments that included a 
single shock. Specifically, we repeated Experiment 8 and lowered the shock intensity 
to 0.3 mA (Experiment 9a).

Once again, no evidence for a post-reactivation amnestic effect of propranolol or 
anisomycin was found (Drug × Session, F2,24 = 1.227, p = 0.311, Figure 9B). When animals 
that showed freezing levels below 10% during reactivation were excluded, a Drug x 
Session interaction at trend level was found (F2,17 = 3.214, p = 0.065, supplementary 
Figure S1L). Additional independent t-tests showed that freezing during the retention 
test was lowered in the propranolol condition, relative to the saline condition (t11 = 2.264, 
p = 0.045). Surprisingly, this was not the case in the anisomycin condition (t11 = 0.645, 
p = 0.532). Although a reduction in fear responding by post-reactivation administration 
of propranolol is in line with earlier reports on the involvement of ß-ARs in memory 
reconsolidation (Johansen et al., 2011), the results of Experiment 9a are hard to 
reconcile with the presumed protein dependency of this process (Nader et al., 2000). 
Integration theory as an alternative account, also does not provide an explanation, 
as there is no indication that propranolol would, but anisomycin would not, induce a 
state-dependent memory (Gisquet-Verrier & Riccio, 2018). Furthermore, as this reducing 
effect of propranolol on freezing levels from memory reactivation to retention test 
was only observed with the specific inclusion criterion of at least 10% freezing during 
reactivation, it is uncertain to what extent this finding is robust. We therefore performed 
a replication of the experiment (Experiment 9b) in which we aimed to maximize the 
chance of observing post-reactivation amnesia by administration of propranolol. 
Specifically, we included a condition in which propranolol was injected in the same 
concentration as in the previous experiment (2 mg propranolol/1 mL saline), and a 
condition in which half the concentration and double the volume was injected like in 
Experiment 3 (Villain et al., 2016). Thereby, two different administrations were used 
that might result in diminished fear responding.

Binnenwerk Wouter - V4.indd   122Binnenwerk Wouter - V4.indd   122 24-05-2022   13:5024-05-2022   13:50



123

POST-REACTIVATION ADMINISTRATION OF PROPRANOLOL IN MICE

reactivation, Ret = retention, CS = conditioned stimulus (context), Sal = saline, Prop = propranolol, 
Ani = anisomycin. (B) Results of Experiment 9a. Average percentage of freezing during memory 
reactivation is displayed on the left, and freezing during the retention test on the right pane of the 
column chart (saline in white bars, propranolol in red bars, and anisomycin in blue bars). (C) Design 
of Experiment 9b. The anisomycin condition was replaced with propranolol dissolved in saline 
at half the usual ratio and injected in double the volume/body weight (n = 9 in all conditions). All 
other procedures were the same as Experiment 9a. (D) Results of Experiment 9b (saline in white 
bars, propranolol in red bars, and propranolol double volume in orange bars). (E) Collapsed results 
of Experiment 9a and 9b (propranolol in all volumes). Error bars represent SEM. Filled circles 
indicate individual animals.

Fig. 9. No effect of propranolol or anisomycin 
on reactivated memories that were acquired 
with three 0.3 mA shocks during contextual 
fear conditioning. (A) Design of Experiment 9a. 
Mice received three 0.3 mA shocks during fear 
conditioning. One day later, mice received saline 
(n = 9), propranolol (n = 9), or anisomycin (n = 9) 
after memory reactivation. Forty-eight hours 
afterwards, retention of contextual fear was 
assessed. Cond = conditioning, MR = memory
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No reduced fear responding by administration of propranolol was observed when all 
mice were included (Drug × Session, F2,24 = 0.737, p = 0.489, Figure 9D), nor when mice 
that showed freezing levels below 10% were excluded (Drug × Session, F2,13 = 1.632, 
p = 0.233, Figure S1M). Since in experiment 9b a large number of mice showed freezing 
levels below 10%, there was low statistical power to replicate the propranolol-induced 
reduction in fear responding that was observed in Experiment 9a (1-β = 0.40). We, 
therefore, also analyzed collapsed data of Experiment 9a and 9b. Both with (F1,43 = 1.261, 
p = 0.268, Figure 9E) and without (F1,27 = 2.249, p = 0.145, Figure S1N) inclusion of mice 
that showed freezing levels lower than 10% during reactivation, no effect of propranolol 
(in any volume) was found, suggesting that the post-reactivation amnesia as observed 
in Experiment 9a was not robust. Furthermore, a cross-experimental comparison 
(Experiment 9 vs. Experiment 6, compare Figures 9E and 6B) showed that administering 
multiple shocks, instead of a single shock, did not lead to more homogenous freezing 
during reactivation (Levene’s test, F1,68 = 1.313, p = 0.256), which was the aim of the 
last two experiments. Thus, as the different behavioral protocols involving single or 
multiple foot shocks of varying intensities did not provide a stable paradigm to study 
post-reactivation amnesia, and no clear indications of how to improve the protocol 
seemed to be at hand, no further experiments were carried out.

4. DISCUSSION

We performed a series of experiments to study the effects of post-reactivation, systemic 
administration of propranolol on contextual fear memory in mice. The eventual purpose 
of this study was to elucidate the neural mechanisms by which this β-AR antagonist 
has been shown to interfere with contextual fear memories (Abrari et al., 2008; Liu et 
al., 2015), and test ways to overcome boundary conditions that potentially complicate 
application of post-reactivation amnesia in clinical practice (Kindt, 2014). However, in 
a total of 12 experiments (including replications) that involved different fear acquisition 
procedures, drugs (i.e., not only propranolol, but also anisomycin), and read-outs of 
post-reactivation amnesia (i.e., behavioral, cellular, molecular), our attempts to observe 
robust amnesic effects were largely unsuccessful. At best, only slight reductions in 
freezing were found in a minority of the experiments.

Specifically, only when the data of Experiments 2a and 2b were collapsed, a 
marginally significant effect of post-reactivation administration of propranolol on 
freezing was observed. Note that in these experiments we attempted to create stronger 
fear memories relative to Experiment 1 by raising the intensity of the delivered foot 
shock. It is remarkable that we indeed found an indication of reduced fear responding 
in the propranolol condition in Experiment 2, even though the freezing levels during 
memory reactivation were not significantly higher in this experiment than in Experiment 
1. As it may seem unlikely that experiments with comparable levels of freezing during 
memory reactivation sometimes do (Experiments 2), and sometimes do not (Experiment 
1) show pharmacologically-induced amnesia after memory reactivation, one could 
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question whether the finding in Experiment 2 is a true positive. Previous research has, 
however, indicated that the expression of fear during memory reactivation is not an 
accurate index of memories entering a labile state. Emotional memory expression during 
memory reactivation is not a necessary, nor a sufficient condition for the occurrence of 
post-reactivation amnesia (see Faliagkas et al., 2018 for a review). Despite the freezing 
levels in Experiments 1 and 2 being similar, the memory processes that were triggered 
by reactivation were therefore not necessarily identical. Nevertheless, the effect in 
Experiments 2 was considerably smaller than in earlier demonstrations of reduced fear 
responding by administration of propranolol after memory reactivation (e.g., Dȩbiec & 
Ledoux, 2004; Liu et al., 2015; Przybyslawski et al., 1999), and the small effect did not 
replicate in two additional experiments (Experiments 3 and 6). The minor amnestic 
effect also did not translate to a difference in neural activity between experimental 
groups. All in all, even though the results of Experiments 2 were perhaps not a chance 
finding, the observed reduction in fear responding by post-reactivation administration 
of propranolol was clearly not robust either.

How can we explain that our attempts to develop a paradigm that would show 
consistent amnestic effects were unsuccessful, given that we tried a wide variety of 
procedures? A few factors could be considered. The null findings do not seem to be 
attributable to a lack of power. The number of mice that were included in each experiment 
were comparable to previous studies in which large effects were observed (e.g., Dȩbiec 
& Ledoux, 2004; Liu et al., 2015; Przybyslawski et al., 1999). We also did not find robust 
effects when the data of similar experiments (Experiment 1 and 2, Experiment 3 and 4, 
Experiment 3 and 6) or all experiments performed within the same research instrument 
(TSE, or Med Associates, see supplementary results) were collapsed. Furthermore, a 
general inefficiency of propranolol in interfering with fear memories does not seem to 
be a plausible explanation either. We administered propranolol in the same dose as 
in previous experiments that have shown robust post-reactivation amnesia in both 
rats (Dȩbiec & Ledoux, 2004; Przybyslawski et al., 1999) and mice (Liu et al., 2015; 
Villain et al., 2016), and in two different volumes of saline, of which one has been used 
earlier in mice (Villain et al., 2016). We also included anisomycin in several experiments, 
which in previous research has induced amnestic effects across various protocols. For 
example, reduced fear responding by local or systemic administrations of anisomycin 
before or after reactivation of contextual or cued fear have all been observed (e.g., 
Blundell et al., 2008; Kwak et al., 2012; Lee et al., 2004; Nader et al., 2000; Parsons et al., 
2006; Rao-Ruiz et al., 2011; Suzuki et al., 2004). Finally, we found no effects of memory 
reactivation on expression of the glutamate receptor subunit GluA2 (i.e., a marker of 
memory destabilization, Bhattacharya et al., 2017; Rao-Ruiz et al., 2011). This is in line 
with recent research showing similar null findings in rats using cued fear conditioning 
and Shank protein as a marker of memory destabilization (Rotondo et al., 2022, see 
also Luyten et al. (2021) for more behavioral data).

The most plausible explanation for the null findings is, therefore, that the procedures 
did not (consistently) trigger the memory to enter a state in which it becomes 
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receptive to change. Previous research has identified several boundary conditions 
for reactivation-dependent memory plasticity (Lee, 2009; Pedreira et al., 2004). For 
example, both memories that are reactivated rather shortly or lengthily (Merlo et al., 
2014; Sevenster et al., 2012, 2014), in relation to their strength (Suzuki et al., 2004), may 
not undergo weakening by administration of amnestic agents. At first sight, it seems like 
we have largely ruled out this explanation, since we have varied the fear-conditioning 
procedures across experiments to induce memories of different strengths. However, 
the experiments showed highly variable levels of freezing during memory reactivation, 
ranging from lower than 5% to higher than 85% within a single condition in the most 
extreme cases. It therefore remains possible that memories became vulnerable to the 
administration of propranolol or anisomycin in only a small number of mice (although 
in some previous studies post-reactivation amnesia was observed with somewhat 
similar spread of freezing during reactivation, Dȩbiec et al., 2002; Rao-Ruiz et al., 
2011). Since boundary conditions can complicate falsifiability of any phenomenon 
(Elsey & Kindt, 2017), it is important to test such explanations before final conclusions 
are drawn. For this reason, we have performed experiments (Experiment 8–9) that 
were specifically aimed at reducing the spread of freezing during memory reactivation. 
These experiments were however unsuccessful in this regard. Whether inconsistency of 
memory destabilization is the cause of the present (or other) null findings thus remains 
an open question at this point. Future studies aimed at pharmacologically potentiating 
memory destabilization, for instance by using partial NMDA receptor agonists, could 
help clarify this point (Bustos et al., 2010).

Another possibility to consider, although speculative, is that the inbred experimental 
mouse strain used by us has undergone changes over the past years, such that 
procedures that used to be effective no longer trigger a state of memory plasticity 
(Schroyens et al., 2019). It is remarkable in this light that Experiment 1 was procedurally 
identical to an earlier study (Rao-Ruiz et al., 2011) in many respects (animal strain, 
supplier, lab space, behavioral system, training protocol and length of memory 
reactivation and retention tests), but now showed much lower freezing levels during 
reactivation. This discrepancy might be explained by previous research showing 
that inbred mouse strains are not always isogenic. Factors such as genetic drift, 
spontaneous mutations and epigenetic changes may all influence the behavior of 
experimental animals (Chebib et al., 2021; Loos et al., 2015; Oey et al., 2015; Stiedl 
et al., 1999). We tried to control for this variability by ordering animals from a well-
established breeder (Charles River laboratories, France) that has robust genetic 
monitoring programs in place. However, although the commonly used genetic screens 
of commercial breeders minimize cross-strain contamination, they are less successful 
at identifying spontaneous mutations and epigenetic changes that may drive behavioral 
variability without presenting as overt phenotypes. Isogenicity within the inbred strain 
can therefore not be assumed (Chebib et al., 2021).

Besides genetic variability, environmental factors may also contribute to the limited 
replicability of reactivation-induced amnesia that we observe. Factors such as breeding 
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conditions, colony maintenance, maternal care, or transportation, which are all beyond 
the researchers’ sight or control, might impact the success of downstream experimental 
manipulations. For example, early life stress, which could potentially occur or vary 
among experimental animals before their arrival at the research site, has been shown 
to have an influence on both fear learning (Kosten et al., 2012) and memory plasticity 
(Couto-Pereira et al., 2019; Villain et al., 2018). Variations in maternal care and colony 
maintenance can also affect adult behavioral outcomes and stress reactivity of 
C57Bl6/J mice (Pedersen et al., 2011).

When trying to explain the varying freezing levels across studies, a possibility to 
consider is that genetic factors, environmental factors, or an interaction thereof, which 
have been shown to contribute to within-strain variability (Loos et al., 2015), result in 
a change in risk assessment of aversive stimuli and a choice in downstream defensive 
strategies by experimental animals. Aversive learning can contain explicit and implicit 
memory systems that are not readily dissociable in rodents (Wotjak, 2019). This is 
attributable to a lack of adequate readouts that can distinguish between behavioral 
outcomes driven by associative and non-associative components of the fear circuit 
(Wotjak, 2019). Automated fear-conditioning systems, like the ones used in this 
study, measure freezing as the sole behavioral output of fear. However, in addition to 
vegetative (e.g. changes in heart rate, respiration) and hormonal (e.g. changes in stress 
hormone levels) responses, rodents can use risk assessment to choose an appropriate 
behavioral defensive response to threatening stimuli that they encounter (Blanchard 
et al., 2011). This analytic function enables animals to choose a strategy most likely 
to succeed in a given situation and include freezing, flight/escape, startle, burying, 
ultrasonic vocalizations, or a combination thereof (Wotjak, 2019). A switch in defensive 
strategy, such as active ‘flight’ responding instead of a cessation of movement, would 
result in generally lower freezing levels that could potentially affect behavioral readouts 
and confound the interpretation of the amnestic effects of the applied interventions. 
The particularly low freezing in Experiment 4 in which the experimental procedures 
were executed in the animals’ dark phase suggests that mice can indeed use different 
of such defensive strategies in response to the same aversive stimuli. Similar to our 
arguments concerning high variability in memory reactivation, the influence of genetic 
and environmental factors might prove to be difficult to control, and in that case remain 
unfalsifiable. However, being able to breed and maintain inbred colonies in-house or 
change to paradigms that call upon more active defensive responses, such as inhibitory 
avoidance, could shed light on some of these ideas.

In the present series of experiments, no direct replication attempts of earlier studies 
have been performed, which has been done in some experiments of Schroyens et al. 
(2019). The findings presented here do not suggest that previously reported results are 
false positives. Due to drastic changes in the animals’ behavior as discussed above, 
the overarching approach towards a paradigm with consistent effects was to gradually 
build on the outcomes of individual experiments in the series. Although we have not 
been successful in doing so, we believe that this might be the most fruitful way forward. 
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Apart from replication studies showing that seemingly basic manipulations do not 
always have consistent outcomes, systematically varying single factors such as the 
strength and/or the number of the aversive stimulus presentations, as well the duration 
and time-point of reactivation, could contribute to regaining control over reactivation-
dependent manipulation of memory in a step-by-step fashion. Our findings add to this 
endeavor, specifically in relation to contextual fear memories in mice.

Apart from freezing, we did not observe effects of post-reactivation administration 
of propranolol at a neural level either, which is reminiscent of a recent study by Leal 
Santos et al. (2021). These authors demonstrated that propranolol only has an acute 
effect on contextual memory expression and DG memory trace cells when delivered 
immediately prior to memory reactivation. No long-term effect on memory retention 
after drug washout (i.e., 24 h later) was observed. The authors –like us – observed no 
effect of post-reactivation administration of propranolol on a subsequent retention 
test, while using a different mouse strain (129S6/SvEv) and conditioning protocol (4 x 
0.75 mA foot shocks) than in the present study. Together, our data and those of Leal 
Santos et al. (2021) thus seem to suggest that blockade of β-ARs does not have lasting 
effects on neural activity in the hippocampal DG.

In conclusion, our findings show that inducing reactivation-dependent reductions in 
contextual fear responding is not as straightforward as the overall state of the published 
literature on reconsolidation suggests, yet align with a recent report of null findings 
in rats (Schroyens et al., 2019). As we used a different species, laboratory equipment, 
behavioral protocols, and drugs, incorporated read-outs of memory plasticity at several 
levels (behavioral, cellular, molecular), and included larger samples in each experiment 
than in Schroyens et al., 2019, the findings show that obstacles in observing post-
reactivation amnesia are not uniquely related to the parameters varied by particular 
research groups. The present findings do not rule out the existence of post-reactivation 
amnesia. They do underscore the elusive nature of this phenomenon and emphasize 
the need for better control over and understanding of the intrinsic and extrinsic factors 
that may govern it.
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SUPPLEMENTARY RESULTS

To rule out that the null findings in the present study could be explained by insufficient 
statistical power within the individual experiments, we performed additional analyses 
with the data of multiple experiments collapsed. All experiments were sorted by research 
instrument (TSE systems, Med Associates system), and drug (saline, propranolol, 
anisomycin). As Experiment 5 involved a different reactivation duration than all other 
experiments and Experiment 7 did not involve a retention test, these two experiments 
were excluded from this analysis. Across the experiments performed in a TSE 
system (Experiments 1–2), there was no effect of post-reactivation administration of 
propranolol versus saline on changes in freezing from memory reactivation to retention 
test (Drug × Session, F1,70 = 0.187, p = 0.667). For the collapsed data of experiments 
that were performed in a Med Associates system (Experiment 3–4, 6, 8, 9), this same 
analysis also showed no significant effect (F1,129 = 1.732, p = 0.190). Finally, when the 
data of all anisomycin conditions were collapsed (Experiment 6, 8, 9), no effect was 
found either (F1,50 = 0.394, p = 0.533). Therefore, low statistical power does not seem to 
be an explanation of the null findings in the present series of experiments.

5
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= propranolol, Ani = anisomycin. (A) Experiment 1a. One mouse was excluded due to low freezing 
(propranolol condition). No Drug x Session interaction was found, F1,17 = 0.008, p = 0.929. (B) 
Experiment 1b. No mice showed freezing levels lower than 10% during memory reactivation. (C) 
Collapsed data of Experiment 1a and 1b. No Drug x Session interaction was found, F1,35 = 0.270, 
p = 0.607. (D) Experiment 2a. No mice showed freezing levels lower than 10% during memory 
reactivation. (E) Experiment 2b. No mice showed freezing levels lower than 10% during memory 
reactivation. (F) Collapsed data of Experiment 2a and 2b. (G) Experiment 3. Three mice were 
excluded (saline condition, n =1; propranolol condition, n = 1, propranolol double volume condition, 
n = 1). No Drug x Session interaction was found, F2,21 = 0.437, p = 0.652. (H) Experiment 4. Ten 
mice were excluded due to low freezing (saline condition, n = 4; propranolol condition, n = 6). No 
Drug x Session interaction was found, F1,12 = 0.002, p = 0.963. (I) Experiment 5. One mouse was 
excluded (propranolol condition). No Drug x Session interaction was found, F1,19 = 0.036, p = 0.852. 
(J) Experiment 6. Five mice were excluded (saline condition, n =1; propranolol condition, n = 4). 
No Drug x Session interaction was found, F2,17 = 0.422, p = 0.662.

Fig. S1. Analyses of Experiment 
1–6, 8, and 9 in which animals 
that showed lower than 10% 
freezing during memory 
reactivation were excluded. 
Cond = conditioning, MR =  
memory reactivation, Ret =  
retention, Sal = saline, Prop 
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Fig. S1. Continued

(K) Experiment 8. One mouse was excluded (saline condition). No Drug x Session interaction was 
found, F2,23 = 0.207, p = 0.815. (L) Experiment 9a. Seven mice were excluded (saline condition, 
n = 3; propranolol condition, n = 2; anisomycin condition, n = 2). A Drug x Session interaction was 
observed at trend level, F2,17 = 3.214, p = 0.065. (M) Experiment 9b. Eleven mice were excluded 
(saline condition, n = 5; propranolol condition, n = 3; propranolol double volume, n = 3). No Drug 
x Session interaction was found, F2,13 = 1.632, p = 0.233. (N) Collapsed data of Experiment 9a and 
9b. No Drug x Session interaction was found, F1,21 = 1.151, p = 0.295. Error bars represent SEM. 
Filled circles indicate individual animals.

Fig. S2. Results of Experiment 1 with freezing measured using a time threshold of 5 s, as in 
a previous study that used the same protocol (Rao-Ruiz et al., 2011). Cond = conditioning, 
MR = memory reactivation, Ret = retention, CS = conditioned stimulus (context), Sal = saline, 
Prop = propranolol. Error bars represent SEM. Filled circles indicate individual animals. Again, 
no effect of post-reactivation administration of propranolol was found on contextual fear 
(F1,36 = 0.126, p = 0.725). Most importantly, freezing levels during memory reactivation are notably 
lower than in this previous study (Rao-Ruiz et al., 2011, Fig. S1D).
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To thrive in the ever-changing environment we live in, our memory needs to be updated 
regularly. Indeed, if memory would be static – instead of dynamic - we would be 
poorly equipped to deal with future challenges. Time, spatial context, interference, 
and reconsolidation have been recognized as important factors and processes in 
this flexible nature of memory. However, even though research performed over more 
than a century provides many insights into the roles of these determinants of memory 
change, important questions remain unresolved. In the first chapters of this dissertation 
(Chapter 2-4), a human episodic memory paradigm was employed to address several 
key issues. We studied how memories may transform over time (Chapter 2), tested 
a novel approach to bolster contextual dependency of memory (Chapter 3), and 
assessed how contextual similarity across events modulates memory accessibility 
(Chapter 4). Some of this work (i.e., particularly Chapter 2 and 3) was carried out to 
increase fundamental understanding of changes in emotional memories, which are 
believed to lie at the root of affective disorders. In the final study described in this 
dissertation (Chapter 5), we used an animal fear-conditioning paradigm to uncover 
how potential boundary conditions of fear memory reconsolidation may be overcome. 
These experiments were carried out to inform translational attempts that are aimed at 
bringing a revolutionary reconsolidation-based intervention to the clinic. In the general 
discussion, I will summarize the main outcomes of each individual study, synthesize 
insights across these studies, highlight several outstanding questions, and discuss 
the major takeaways for translational efforts.

1. Summary of studies
In Chapter 2, a study is reported in which the time-dependent trajectories of emotional 
and neutral episodic memory components were compared. In similar previous research, 
memory tests were limited to single time points that were scheduled quickly after 
learning (Sharot & Phelps, 2004; Sharot & Yonelinas, 2008). Also, several studies suffered 
from methodological limitations, such as low power, suboptimal analytic strategies, or 
designs that pose problems in the interpretation of the data (e.g., repeated testing of 
learned material) (Ritchey et al., 2008; Wang, 2014, 2018; Wang & Fu, 2011; Weymar et 
al., 2011). We therefore performed an experiment specifically aimed at overcoming these 
shortcomings to better characterize the decay of emotional episodic memories. We 
hypothesized that emotional memories, compared to neutral memories, would, with the 
passage of time, become increasingly characterized by relatively strong item memory 
but weak contextual dependency. In a large-scale study, we indeed found support for 
this idea. Although contextual dependency surprisingly grew larger – not smaller – with 
time, emotional item memory became increasingly stronger and contextual dependency 
increasingly weaker for emotional versus neutral memories. These findings therefore 
extend previous studies in which similar changes in memory were observed during 
tests performed only shortly after learning. Furthermore, our observations suggest 
that differences in the decay of subcomponents of emotional versus neutral memories 
may become even stronger with additional passage of time.
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Given the reduced contextual dependency of emotional memory as demonstrated in 
Chapter 2 (and in previous research, e.g., van Ast et al., 2013, 2014), it seems relevant 
to study how emotional memory activation can be restricted to the context in which 
original learning took place. According to influential clinical models, poor contextual 
binding of emotional events may be expressed in fear generalization and memory 
intrusions, which are symptoms of anxiety disorders and PTSD (Acheson et al., 2012; 
Brewin et al., 2010; Ehlers & Clark, 2000; Lambert & McLaughlin, 2019; Liberzon & 
Abelson, 2016). Preclinical work has shown that reexposure to the context in which an 
emotional event has occurred is a promising approach to reduce fear generalization 
(Al Abed et al., 2020; de Oliveira Alvares et al., 2012; Sekeres et al., 2020; Wiltgen & 
Silva, 2007; Winocur et al., 2009; Zhou & Riccio, 1994). These findings have however not 
been translated to contextual dependency of human episodic memory, which was one 
of the aims of Chapter 3. In this study, we also tested whether exposure to a context 
that resembles – but is not identical to – the encoding context poses a risk when one 
attempts to increase contextual dependency of memory (de Oliveira Alvares et al., 2012; 
Fujinaka et al., 2016). We reasoned that reexposure to the encoding context should 
trigger memory integration of forgotten aspects of this context into the original memory, 
such that contextual dependency becomes enhanced. Conversely, we predicted that 
exposure to a similar, but not identical, context leads to impaired contextual dependency 
through memory integration of features of the resembling context. It was also expected 
that these changes of contextual dependency are contingent on memory reactivation 
during context (re)exposure (which is important for memory integration to occur, e.g., 
van Kesteren et al., 2018, 2020; Zeithamova et al., 2012). In a large-scale study, we 
however did not find support for any of these predictions. We believe that some aspects 
of the experimental design (e.g., the presentation of many similar looking faces during 
learning) may have obstructed the formation of unique and easily distinguishable 
episodic memories and ultimately the occurrence of memory integration.

The procedures adopted in Chapter 4 were likely more effective in inducing the 
formation of robust episodic memories and the triggering of memory integration 
than the previously described method in Chapter 3. The aim of this study was to 
uncover whether contextual (in)stability across similar events determines whether 
impairment or facilitation of later memory recall occurs. Classic interference theory 
posits that contextual stability is a source of memory weakening, while contextual 
variability protects against such interference (Anderson, 2003). However, integration 
theory predicts the opposite: i.e., enhanced recall in case of contextual stability across 
overlapping episodes (Chanales et al., 2019; Kuhl et al., 2010; Schlichting & Preston, 
2014; Wahlheim, 2015; Zeithamova et al., 2012). We found that when similar events took 
place in the same spatial context, memory integration occurred and all associations 
within and across the original memory and the new memory were bolstered. Conversely, 
for overlapping events that were encoded in different contexts, recall of one memory 
was accompanied by inaccessibility of the other. These recall patterns were however 
not permanent, as competition between memories greatly changed in an additional 
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experiment that included a test in the original encoding context, as opposed to a neutral 
white background in the first experiments. With contextual reinstatement at test, recall 
of episodes that were encoded in the same context was relatively impaired, whereas 
contextually dissimilar memories were protected against interference. These findings 
thus identify contextual (in)stability across original and related new memories as an 
important determinant of memory accessibility and show that classic interference 
theory and integration theory may be reconciled by taking into account contextual 
conditions during recall.

Chapter 5 addressed a completely different form of memory change, i.e., 
pharmacological blockade of fear memory reconsolidation. Recent research shows 
that post-reactivation administration of propranolol (i.e., an amnestic pharmacological 
agent) can reduce fear responding in humans (Elsey et al., 2018). How potential boundary 
conditions like memory strength and memory age (e.g., Bustos et al., 2009; Suzuki et 
al., 2004) can be overcome is however largely unknown, which may hamper successful 
application in clinical practice. At a more fundamental level, it is unclear through what 
neurobiological mechanism propranolol disrupts or blocks the reconsolidation of fear 
memories. To elucidate these issues, we performed a series of experiments in an animal 
fear-conditioning paradigm, which is ideally suited to not only manipulate key factors 
like memory strength and age but also assess underlying neurobiological processes. 
In a series of experiments that included various training protocols, we however did not 
observe that administration of propranolol after memory reactivation led to reduced fear 
responding during a later retention test. We also did not find that propranolol affected 
retrieval-induced neural activity in the hippocampal dentate gyrus. We performed 
several follow-up experiments to clarify whether these null findings are due to an 
ineffectiveness of propranolol or whether memory reconsolidation was not triggered. 
Since post-reactivation administration of anisomycin (i.e., a highly potent amnestic 
drug, e.g., Nader et al., 2000; Suzuki et al., 2004) also did not reduce fear responding and 
expression of glutamate receptor subunit GluA2 (a marker of memory destabilization, 
Bhattacharya et al., 2017; Rao-Ruiz et al., 2011) was not altered by reactivation, it seems 
that the null findings are best explained by an inability to trigger reconsolidation. Overall, 
these findings illustrate the current elusive nature of reactivation-dependent changes 
in non-human fear memory.

2. General considerations
The majority of the studies reported in this dissertation were similar in their overall aim 
to gain insights into the dynamic nature of memory, and - despite seemingly disparate 
methods – employed a similar general approach. They involved (i) the induction of a 
memory, (ii) subsequent manipulation of the formed memory, and (iii) testing whether 
the memory was altered by this manipulation. Across the individual chapters, it is 
therefore possible to synthesize key insights regarding each of these phases. In this 
section, I will in turn address every stage that is needed to study memory change 
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(formation, manipulation, testing), while highlighting some of the main insights derived 
from the work presented in this thesis.

2.1. Studying memory change: the importance of robust memory formation. 
Without successful induction of a memory, a change in memory cannot be studied. 
To be able to realize this, one does not need to be a seasoned memory researcher. 
However, several aspects of my PhD trajectory illustrate that inducing robust and well-
demarcated memories in the laboratory to subsequently study memory change can 
be surprisingly difficult. For instance, in Chapter 1 (Introduction) I briefly described 
the initial aim of my PhD project. The original plan involved a series of human fear-
conditioning studies that included memories of different strengths to test how 
boundary conditions of memory reconsolidation may be circumvented. Unfortunately 
however, creating a robust fear memory turned out to be quite challenging and multiple 
ones of different strengths even more so. Hence, just the practical decisions that were 
made over the course of my project (e.g., switching to animal models) illustrate that 
the formation of suitable memories to study memory change is not necessarily easy. 
My switch to other methodologies notwithstanding, some chapters in this dissertation 
lead to a somewhat similar conclusion. For example, in Chapter 3 we found that context 
reexposure had no effect on the contextual dependency of previously formed neutral 
and emotional episodic memories. We speculate that this null finding may be due to the 
stimuli that were used during the first phase of the experiment (i.e., memory formation). 
The learning trials were highly similar (i.e., they all included a face image), such that 
participants may have struggled with imagining distinct events and potentially did not 
form unique episodic memories. If this was indeed the case, then this may explain why 
subsequent manipulations to change the contextual dependency of specific memories 
were to no avail. The approaches used in other chapters (in which memory change was 
successfully studied) provide insights into how the selection of stimulus material could 
be improved. For example, when preparing the study reported in Chapter 4, much effort 
was put into the creation of word pairs that are suitable to include in the experiments. 
When selecting words and assembling the word pairs, we made sure that the semantic 
relationships between all words (i.e., both within word pairs and across all used words) 
were as low as possible. This may have contributed to the induction of unique episodic 
memories, which could then be manipulated in a highly specific manner. Hence, using a 
set of stimuli in which such quality aspects can be both quantified and controlled may 
in future experiments provide a better basis to study the effects of context reexposure 
on contextual dependency of memory.

Interestingly, also in the animal fear-conditioning research (Chapter 5) some 
difficulties in the formation of robust memories were encountered. Specifically, in some 
experiments the freezing levels were so low that one could suspect that the animals 
had not learned very well and therefore memory change (i.e., reconsolidation) could 
not be studied. Although this observation is not a convincing explanation of the overall 
null result (i.e., the freezing levels looked normal in other experiments), it illustrates that 
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even adopting classic procedures that were successful in the past does not guarantee 
a suitable protocol. In a previous study that involved the same mouse strain, laboratory 
space, behavioral system and training and memory reactivation protocols (Rao-Ruiz et 
al., 2011), overall freezing levels were markedly higher than in the experiments reported 
here (Chapter 5). Apparently, over time unknown changes can occur in laboratory 
animals or facility conditions that compromise the effectiveness of frequently used 
protocols to induce robust memory formation.

Thus, across two very different research paradigms, it appears that successfully 
inducing memories in the laboratory depends on subtle factors. Careful selection of 
the stimulus material and procedures is therefore needed to make sure that a basic 
requirement to study memory change is met: the establishment of a robust and 
demarcated memory.

2.2. Inducing memory change: the importance of new learning. The studies 
described in this dissertation do not only lead to similar conclusions about the 
necessary conditions to study memory change, but also about what factors seem key to 
manipulate memory once it has been successfully formed. For example, the occurrence 
of new learning may have been a critical factor across several of the chapters. Apart 
from difficulties in the formation of a robust memory, another potential reason for the 
null findings in Chapter 3 is that there was only limited incentive for participants to 
learn when they underwent context reexposure. When no or little learning takes place, 
a change in memory does not serve a clear functional purpose and therefore seems 
unlikely to occur. In the animal research this study was based on (Al Abed et al., 2020; 
de Oliveira Alvares et al., 2012; Wiltgen & Silva, 2007; Winocur et al., 2009; Zhou & Riccio, 
1994), there was an obvious adaptive benefit to learning during context reexposure. For 
an animal that has received an aversive shock in a particular environment, it is useful to 
capitalize on a new opportunity to learn the perceptual details of the shock cue, to better 
predict the occurrence of a threatening event in the future. However, for participants who 
have seen angry faces and are subsequently reexposed to the context in which these 
faces were shown, the need to learn is probably much lower (i.e., they have not actually 
been harmed during the learning phase which may reduce their motivation to learn). 
Interestingly, in another study included in this dissertation (i.e., Chapter 4) participants 
were forced to learn during the memory manipulation phase (i.e., AC learning to 
criterion). The fact that this study did show robust memory changes corroborates the 
idea that new learning could be crucial. Hence, a repetition of the experiment described 
in Chapter 3 in which both appropriate care is taken that unique episodic memories 
are induced (see section 2.1) and new learning is stimulated, may be insightful.

Again, not only the studies in which episodic memories were investigated (e.g., 
Chapter 3 and 4) suggest that new learning is a requirement to induce memory change. 
Similar arguments apply to the animal fear-conditioning study reported in Chapter 5. 
Indeed, a well-known finding in the reconsolidation literature is that mere retrieval is not 
enough for a memory to become receptive to change. Destabilization is only triggered 
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when new information is provided which calls for an update of the memory (Lee, 2009; 
Pedreira et al., 2004; Sevenster et al., 2012). A lack of learning upon memory reactivation 
could therefore be one of the reasons we did not observe post-reactivation amnesia in 
Chapter 5 (although there is no clear reason why similar protocols effectively triggered 
reconsolidation in the past, e.g., Rao-Ruiz et al., 2011).

In short, the research reported in this thesis in several ways points to learning 
upon memory reactivation as an important factor when attempting to induce memory 
change. Without presentation of new information and sufficient motivation to learn, 
there is little functional value in changing a memory.

2.3. Interpreting memory change: the importance of testing conditions. Finally, 
when a robust memory has been formed and subsequent attempts to manipulate this 
memory have successfully resulted in a change in behavior (e.g., enhanced cued recall 
performance or reduced freezing), it is important to consider how such data should 
be interpreted. Chapter 4 illustrates that one can be easily mistaken when drawing 
conclusions about the nature of memory change. In this study, we observed – amongst 
other effects – that new learning can interfere with memory of an overlapping learning 
event that took place in a different context. In a follow-up experiment (Experiment 2) we 
also demonstrated that his effect was not explained by source confusion, but reflects 
an inability to retrieve the original memory. Such findings have in previous research 
been taken as evidence of a permanent memory change (e.g., through reconsolidation 
Hupbach et al., 2007, 2009). Crucially however, in the final experiment reported in 
Chapter 4 (Experiment 3) we found that reduced original memory retrieval did not at 
all occur when contextual cues were provided during recall. This shows that memory 
was likely not “erased” in Experiment 1 and 2. Such “provocations” of memory to gain 
insights into the nature of memory change are common in fear-conditioning research 
(e.g., reinstatement tests, Kindt et al., 2009). However, in the episodic memory literature 
firm tests of the permanence of memory change are rarely included (Elsey et al., 2018). 
The work presented in this dissertation underscores that this is crucial to perform.

3. Outstanding questions
3.1. Time and new learning events. The passage of time and interference from new 
learning experiences have been addressed as separate themes in this thesis. It bears 
mentioning though that these routes towards memory change are far from independent. 
In fact, time cannot be proposed as an explanation in its own right. Ultimately, the 
fate of memory is determined by what exactly happens during the passage of time 
and interference is a mechanism to consider in this light. Could some of our insights 
into the time-dependent transformation of episodic memory, described in Chapter 
2, be explained by the process of interference, which was the focus of Chapter 4? 
This question is reminiscent of one of the most classic debates in memory research. 
According to interference theory, forgetting is mainly due to the occurrence of new 
similar learning events (McGeoch, 1932). Decay theory on the other hand states that 
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over time memories naturally disintegrate in a way that is independent of new memory 
formation (Brown, 1958). It is conceivable that interference has indeed played a role 
in the effects we have observed in Chapter 2. Stronger memory loss of neutral than 
emotional items may have occurred because the emotional items were relatively 
resistant to interference from new learning experiences outside the laboratory. However, 
even though interference theory has for a long time dominated the field at the expense 
of decay theory, the classic debate has recently been reinvigorated with important new 
insights. For example, preclinical work has shown that a time-dependent memory loss 
can occur in a way that is independent from the occurrence of new learning experiences 
by naturally occurring removal of receptors that are critical for memory persistence 
(Migues et al., 2016). This finding shows that decay theory remains an important 
candidate to explain changes in memory over time.

Importantly, although interference and decay are competing theories, they are not 
mutually exclusive. A probable explanation to consider is that both processes play 
a critical and independent role in the time-dependent changes of episodic memory 
components we studied in Chapter 2 (item memory and contextual memory). For 
instance, it has been proposed that contextual representations may be more sensitive 
to processes of decay than to interference, as pattern separation in the hippocampus 
can reduce the impairing influence from new learning experiences. Conversely, memory 
components that rely on extra-hippocampal structures (e.g., item memory) could be 
more susceptible to interference processes than to decay (Hardt et al., 2013). Therefore, 
future research may reveal that both processes contribute to the time-dependent 
transformation of memory.

When trying to explain time-dependent changes in memory, the potential role of new 
learning events is thus important to consider. However, the reverse is also true. That 
is, the effects of similar learning events on previously formed memories may depend 
on the amount of time that has passed since original learning took place. Time has 
for instance already been studied and recognized as an important factor in memory 
integration. It has been suggested that this process only occurs when overlapping 
events occur on the same day (Zeithamova & Preston, 2017). In line with recent animal 
research (Pignatelli et al., 2019), we have shown that this boundary condition is not 
fixed and that new learning can be integrated with consolidated memories when 
the encoding context is shared (Chapter 4). However, as memories tend to further 
change with additional time (as we have addressed in Chapter 2), it is worth to consider 
how contextual stability across very remote memories may guide memory change. 
For example, since memories usually become more schematic over time (Barry & 
Maguire, 2019; Frankland & Bontempi, 2005; Meeter & Murre, 2004; Moscovitch et al., 
2016; Tonegawa et al., 2018), it is possible that at some point new learning does not 
– or to a lesser degree – triggers memory integration since the spatial context is 
no longer capable to strongly activate the original learning experience. Some studies 
even suggest that moderate retrieval of a memory can sometimes impair - instead of 
enhance – memory (Ritvo et al., 2019). If this is true, a memory that after some passage 
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of time only partially depends on context may interestingly become weakened – not 
strengthened - by new learning in the same context.

In sum, time and new related learning as we have studied in Chapter 2 and Chapter 4, 
respectively, are not independent determinants of memory accessibility. These factors can 
interact in complex ways and it is therefore important to not only study them separately. 
Future research in which both these factors are systematically varied can provide 
important contributions to an improved understanding of the dynamic nature of memory.

3.2. Classic interference and emotional memory. One of the main aims in this 
dissertation was to further the understanding of how emotional memories can be 
therapeutically altered (Chapter 3 and Chapter 5). Also, a substantial part of the thesis 
was concerned with changes in non-emotional memory (Chapter 4). A remaining 
question to consider is whether the knowledge we have gained about the changeability 
of neutral memory can be translated to emotional memory. Traditionally, these fields 
have developed in relative isolation, even though parallels exist between the two. For 
instance, extinction training in which the learning of new information (CS-noUS) results 
in diminished expression of the fear memory (CS-US) is a form of interference that in 
several ways resembles the interactions between neutral word pairs (AB/AC) (Polack et 
al., 2017). It is well-known that the expression of fear memories (CS-US) is progressively 
extinguished during the learning of new safe information (CS-noUS) (Vervliet et al., 
2013). This effect of new safety learning is stimulus-specific, as fear responding to 
a different CS that was also paired with the US during double-cue fear learning does 
not become suppressed (i.e., CS1-noUS learning interferes with CS1-US, but not with 
CS2-US, e.g., Sau et al., 2012). Research into non-emotional memory has shown that 
AC learning reduces original memory accessibility in a similar, gradual way (Barnes & 
Underwood, 1959) and also specifically for the AB association but no other pairings with 
the B associate (Wang et al., 2015). Furthermore, it has often been demonstrated that 
fear returns after substantial time has passed since extinction training (spontaneous 
recovery, e.g., Hermans et al., 2006). Likewise, researchers using paired associates 
learning have shown that - with time - AB memory may recover from interference by AC 
learning (Silverstein, 1967). Based on such findings, it is argued that AC learning does 
not lead to unlearning of the AB memory, but that the two associations compete for 
recall during retrieval (i.e., response competition theory, Anderson, 2003). This matches 
current consensus among affective neuroscientists, stating that CS-US and CS-noUS 
associations are competitors in controlling responding to the CS (Bouton, 2002).

In Chapter 4, it has become clear that contextual similarity across AB and AC learning 
leads to integration and bolstered memory. Given the similarities between how AB/AC 
and CS-US/CS-noUS memories can interact as described above, should one expect 
the same contextual influence over the effects of extinction training on fear memories? 
The existing empirical evidence at first sight seems to indicate that this is not the 
case. For example, it has been shown that AAC fear-conditioning designs (referring 
to conditioning and extinction in the same context but memory testing in a different 
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context) leads to larger fear renewal than ABC designs (i.e., contextual dissimilarity 
across conditioning, extinction, and testing) (Laborda et al., 2011). In other words, 
contextual similarity here does not lead to enhancement of the original memory but 
rather stronger impairment, such that the effects in both paradigms seem incomparable. 
However, when one more closely considers the meaning of the provided information in 
each paradigm, the respective findings may in fact point to the same process. In AB/
AC learning (e.g., “Cigar-Book”, “Cigar-Net”), the B and C elements (“Book” and “Net”) 
are not in conceptual conflict per se and theoretically can co-exist in a meaningful 
and non-opposing way (i.e., “Book” and “Net” do not intrinsically carry contradictory 
meanings). The same cannot be said about CS-US and CS-noUS associations, as 
these associations have opposite content (i.e., the CS is dangerous and the CS is safe, 
respectively, see Hupbach, 2011 for a similar argument). Therefore, it is possible that 
in both cases the same process is triggered (integration) but the consequences of this 
process are inverted (i.e., cooperation between B and C versus competition between 
US and noUS). In line with this idea, recent research suggests that effective extinction 
training, rather than simply leading to the formation of an independent safety memory, 
depends on reactivation of the fear memory during safety learning such that an 
integration of the fear memory and extinction training takes place (Khalaf et al., 2018).

Thus, the insights that are gained by studies in which AB/AC paired associates 
learning is employed may be more informative for emotional memory change 
than may initially seems to be the case. At the same time, it is of course clear that 
changes in declarative memory do not necessarily go hand in hand with conditioned 
psychophysiological responses (Squire, 2004). In future research, it may therefore be 
fruitful to adopt paradigms in which both memory aspects are incorporated (de Vries 
et al., 2021). For example, one could test whether integration of safety information into 
a fear memory leads to bolstered declarative memory (i.e., like what we have observed 
in Chapter 4) but decreased psychophysiological responding to the CS (as the meaning 
of the fear memory and the safety memory are in direct conflict such that competition 
occurs). Hence, provided that the similarities and differences between non-emotional 
and emotional memory research paradigms are thoroughly compared, our novel insights 
into neutral memory change by new learning may be translated to fear memories.

4. Applications and translational considerations
4.1. Education and eyewitness testimony. The knowledge we have gained about 
when episodic memories become strengthened or weakened (Chapter 4) bears 
clear practical implications. It is important to consider the exact circumstances 
under which one can expect these memory changes to occur though, as they can be 
easily misunderstood. In educational settings, one could for instance suspect that 
consistently teaching in the same classroom should be beneficial to remember learned 
material in a different context (e.g., the exam room). Indeed, we have shown that a stable 
spatial context can elicit memory integration and subsequently improved recall in a 
new context. It is important to note however that in our study we specifically aimed to 
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model episodic memories, which include what-where-when qualities and a recollective 
experience during recall (Tulving, 2002). Students who read in a book or listen to a talk 
may not necessarily form episodic memories that involve firm associations between the 
course material and the spatial environment. Since powerful context-induced memory 
retrieval during new learning then may not take pace, boosted recall occurs to only a 
small extent or not at all. Apart from the episodic nature of memory, familiarity with 
the spatial context is a factor to consider for similar reasons. When students become 
more familiar with their study environment over time, the extent to which the spatial 
context triggers memory retrieval of earlier learning events could decrease such that the 
memory benefits become smaller. Related to this idea, it has been shown that contextual 
reactivation of episodic memory does not result in a reconsolidation-dependent memory 
update when participants are highly familiar with the context (Hupbach et al., 2011). It 
even seems that learning in different classrooms can be beneficial, as the contexts can 
be used to chunk individual classes, thereby providing a better overview of the learning 
material (Smith et al., 1984). For these reasons, application of our findings is preferably 
viewed in relation to memory of specific events and the strategies that call upon such 
type of memories. For example, the method-of-loci involves the imagination of an event 
in which one encounters to-be-remembered items along a specific route (Wagner et al., 
2021), which is reminiscent of the episodic memory enhancement by contextual stability 
we have observed. An important practical insight from our study is that the accessibility 
of similar episodic memories depends on whether contextual information is presented 
during recall. Upon a return to the context in which original learning took place, 
contextual variability rather than similarity seems to be beneficial for memory recall.

Apart from education, the findings in Chapter 4 are also – or perhaps even to a 
greater degree - relevant for forensic settings. The witnessing of a crime conceivably 
leads to the creation of a true episodic memory (e.g., what happened during the 
crime, when it happened, and when) and so does the subsequent experience of 
being interviewed by law enforcement (i.e., testimony). Interference with memory 
of a crime and confusion about which pieces of information belong to which event 
(i.e., crime versus later events) is a notorious problem in the legal system (Loftus, 
2005). For example, “bait questions” during interviews could contribute to disruptive 
misinformation effects on later memory recall (Luke et al., 2017). The insights we have 
gained into how spatial context both directs accurate recall of memory as well as 
source memory could be helpful in this light. We have shown that a new overlapping 
episodic memory that occurs in the same spatial context as the original learning event 
bolsters recall of both events. Furthermore and crucially, we have also demonstrated 
that memory of which event occurred on which day (i.e., source memory) is enhanced 
and memory misattributions are relatively reduced. Perhaps one can thus hypothesize 
that interviewing eyewitnesses at the crime scene (when practically possible) 
could not only bolster memory of the crime itself and what was covered during 
questioning, but also reduce confusion between the two. Apart from its purpose in 
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the collection of initial evidence, testimony interviews might thereby be transformed 
from an unavoidable source of interference to an enhancer of crime-related memory.

Before any procedural recommendations are in place, translational research is of 
course essential to bring laboratory studies closer to real-life memories. Interestingly, 
there are already some reports of experimentally-induced changes in episodic 
memories that are acquired outside the laboratory (St. Jacques et al., 2013; St Jacques & 
Schacter, 2013). In these studies, participants were sent on a museum tour during which 
photographs were automatically made from all individual stops they made along the way 
(e.g., at a display case). The photographs were then used to study memory of the tour in 
the laboratory. The authors presented the participants with these images and sometimes 
showed a photograph from a different museum tour they never went on immediately 
afterwards (i.e., as a lure). During a later memory test, they found that recollection 
during presentation of a photograph from the original tour predicted accurate memory 
for that event, but also false memory of the lure (i.e., they were mistakenly identified 
as a stop they had made along the way). This study has two important implications. 
First, somewhat contrary to our observations in Chapter 4, retrieval of a memory can 
apparently sometimes lead to increased memory misattributions. Therefore, the exact 
circumstances under which source memory becomes enhanced or impaired needs 
further study before conclusions can be drawn for applications of such findings in 
practice. Second, this paradigm could be capitalized on to translate the findings in 
Chapter 4 to real-life memories. For example, one could let participants either take 
one museum tour or two similar tours in the same museum to test if bolstered 
memory occurs by contextual similarity (i.e., the museum) across similar events.

4.2. Context processing and PTSD. In this dissertation, contextual dependency 
of emotional memory was one of the main themes. We have investigated its natural 
development over time (Chapter 2) and whether context reexposure may alter it 
(Chapter 3). These studies have been carried out partly based on the idea that reduced 
contextual dependency of emotional memory is a significant vulnerability factor in the 
development of anxiety disorders and PTSD. It is important to consider the evidence 
for this argument and whether the laboratory findings will thus indeed likely translate 
to real-life disorders. PTSD is of course a condition that involves many characteristics 
and etiological factors (not only reduced contextual dependency but also e.g., feelings 
of guilt, incorrect interpretation of other people’s reactions to one’s trauma, and many 
more Ehlers & Clark, 2000). The studies we have conducted here were not intended to 
model the full scope of what constitutes such a complex phenomenon. Nevertheless, 
laboratory findings could contribute to a better understanding of the memory 
distortions observed in PTSD. For example, it has been shown that low contextual 
dependency of memory predicts the occurrence or the distress of intrusions that are 
elicited by watching a distressing film (Bisby et al., 2010; Meyer et al., 2017; Voorendonk 
et al., 2021). Moreover, it is clear that people who have been diagnosed with PTSD 
show reduced associative memory (including contextual memory) relative to control 
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participants who have not experienced trauma or trauma-exposed individuals who 
have not developed PTSD (Lambert & McLaughlin, 2019). Therefore, it seems that 
insights based on laboratory experiments like we have conducted here relate to clinical 
presentations. Whether low contextual dependency is a vulnerability factor rather than 
a consequence of the development of PTSD is not yet known. Collecting longitudinal 
data will thus be important to demonstrate if PTSD can be prevented by targeting 
contextual dependency of emotional memory.

Assuming that processing of context indeed plays an important role in the 
emergence of PTSD, the hypothesis we tested in Chapter 3 and the findings in Chapter 
4 could indicate that revisiting the context in which an emotional event occurred has 
therapeutic effects. It may for example restrict generalization of fear memories to 
new contexts (i.e., which was the premise of Chapter 3). Furthermore, as contextual 
similarity across events leads to memory integration and enhanced recall (Chapter 4), 
one can hypothesize that a return to a trauma context may enable therapists to improve 
the coherence and narrative structure of patients’ trauma memories (i.e., which may 
be compromised in PTSD, Brewin, 2011, but see Rubin et al., 2016). For such purposes, 
a return to the context likely does not need to be performed in vivo but can take place 
in the patient’s imagination. Imagery rescripting has been shown to be effective for 
several disorders, including PTSD (Boterhoven de Haan et al., 2017, 2020; Morina et 
al., 2017; Reiss et al., 2017). Although this intervention mostly focuses on emotional 
hotspots, some elements of the treatment protocol may work by directing the patient’s 
attention to context. For example, during the imagery part of the treatment, therapists 
routinely ask their patients: “what do you see, what do you hear, what do you feel, what 
do you smell?” (Arntz & van Emmerik, 2020). This may aid in retrieving contextual 
information, such that subsequently rescripted scenes of the trauma are integrated with 
the trauma memory. If this is true, additional emphasis on retrieving the exact trauma 
context may even further improve the effects of this treatment. Indeed, the study into 
the mechanisms underlying the effects of imagery rescripting is just starting (Bosch & 
Arntz, 2021; Kunze et al., 2019). A mediating role for contextual processing has already 
been mentioned (Bosch & Arntz, 2021) but – to my knowledge - not yet demonstrated. 
Given its role in episodic memory change as shown in Chapter 4 (and hypothesized in 
Chapter 3), retrieving the trauma context may be considered as a potentially conducive 
element of imagery rescripting.

4.3. Reconsolidation-based interventions. Translational attempts have already 
had some success in memory reconsolidation research. For example, a convincing 
demonstration of post-reactivation amnesia in people with fear of spiders suggests that 
fundamental insights into memory plasticity can be applied in clinical settings (Soeter & 
Kindt, 2015a). However, as some other treatment studies did not show the same promising 
results (Elsey et al., 2020; Elsey & Kindt, 2021; Roullet et al., 2021; Wood et al., 2015), it is 
clear that a reconsolidation-based intervention does not always work flawlessly. Together 
with null findings in preclinical research (Chapter 5 and e.g., Schroyens et al., 2019), 
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these data indicate that it is far from perfectly understood how the process of memory 
reconsolidation can be successfully triggered. It is therefore important to consider what 
approach may help to improve control over the ubiquitous though subtle amnestic effects 
that have been observed in previous research (Elsey et al., 2018; Jardine et al., 2022).

To advance our understanding of memory reconsolidation, it seems crucial to first 
discern what may explain the recent null findings. The results presented in Chapter 5 
and in other papers (Rotondo et al., 2022) show that they are most likely a result of 
difficulties in consistently inducing memory destabilization. We have observed that 
expression of glutamate receptor subunit GluA2 (i.e., a marker memory destabilization) 
was not significantly altered by memory reactivation (Chapter 5). Similarly, Rotondo 
et al. (2022) found no reduction in Shank protein expression (i.e., another marker of 
destabilization, Lee et al., 2008). These findings thus seem to indicate that protocols 
which previously led to memory destabilization (Dȩbiec & Ledoux, 2004; Rao-Ruiz et 
al., 2011) are no longer or much less effective in doing so. Since the occurrence of 
reconsolidation has been shown to be gated by several factors (e.g., memory strength 
and age are well-known boundary conditions, Suzuki et al., 2004; Bustos et al., 2009), it 
seems straightforward to reason that there are other - currently unknown - influences at 
play that prevent the occurrence of post-reactivation amnesia. Pointing to unspecified 
boundary conditions is not an ideal approach when trying to explain null findings 
though, as it limits the possibilities to falsify any phenomenon (Elsey & Kindt, 2017). 
Therefore, it is relevant to provide explanations that can be tested empirically.

An explanation that could be considered is early life stress (which is known to 
influence memory plasticity, Villain et al., 2018; Couto-Pereira et al., 2019) and other 
rearing conditions. When using animals ordered from a commercial breeder, researchers 
do not have sight or control over these factors. For this reason, using animals that 
are bred in-house may be helpful, although this will not guarantee high replicability. 
Recently, it has been shown that differences in rearing conditions between laboratories 
can have a pronounced impact on animals’ phenotypes, including emotional responding 
and synaptic plasticity in the hippocampus (which are highly relevant factors when 
studying contextual fear memories like in Chapter 5) (Jaric et al., 2022). Hence, a 
multicenter trial in which animals undergo classic procedures to induce reconsolidation 
in one of several randomly selected laboratories may be insightful. Through such an 
approach, one could determine whether rearing conditions are indeed partly responsible 
for the recent null findings and perhaps identify the circumstances under which the 
effects of amnestic agents on reactivated memories are most robust. What may also 
be useful is to systematically vary classic factors that are already known to be an 
important determinant in the induction of memory destabilization (e.g., the duration of 
memory reactivation, Merlo et al., 2014; Sevenster et al., 2014). The findings described 
in Chapter 5 contribute to this strategy, as do other large-scale studies (Rotondo et 
al., 2022; Schroyens et al., 2019). So far, this has not resulted in improved control over 
reactivation-dependent amnesia, but additional and well-powered attempts are still 
relevant to perform. Since overall freezing levels were much lower in the study presented 
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in Chapter 5, compared to a previous study from the same laboratory (Rao-Ruiz et al., 
2011), another possibility is that animals have changed their defensive strategy (e.g., 
from passive freezing to active fleeing). Hence, employing different paradigms such 
that the effects of post-reactivation administration of amnestic agents can be tested 
on more than one defensive strategy could also be an option.

It is worth mentioning that if any approach leads to regained control over post-
reactivation amnesia, this will not guarantee subsequent translational success. For 
example, if a multi-center trial shows that post-reactivation amnesia only occurs in a 
specific rearing condition when a specific procedure is used that involves a specific 
behavioral measure, it may be difficult to consistently induce such effects in clinical 
practice. Indeed, those effects that depend on a multitude of subtle conditions in 
preclinical settings are believed to be the ones that are most difficult to translate (i.e., 
the standardization fallacy, Voelkl et al., 2021). Considering that post-reactivation 
amnesia has previously been demonstrated in many paradigms (Jardine et al., 2022) 
and several successes in experimental human studies have been reported (Elsey 
et al., 2018), translation seems within the realm of possibility though. Therefore, 
fundamental research seems critical to identify determinants of the occurrence of 
memory reconsolidation. The success of a reconsolidation-based intervention will be 
determined by which variables can be identified as crucial and the extent to which such 
factors are controllable in clinical settings.

5. Conclusion
Some memories are transient, while others can persist for a lifetime. When an event 
is stored in memory, its initial representation partly determines whether transience 
or persistence will likely follow. For example, emotional memories are processed in 
such a way that they have a smaller chance to decay than neutral memories. However, 
with the passage of time, new events can occur that drastically change the original 
course of memory. Neutral memories that were fading can become strengthened. 
Conversely, emotional events that seemed destined to forever occupy a central place 
in memory may become relatively silent. The present thesis has contributed to a 
better understanding of this dynamic nature of memory. For example, it has become 
clear that the natural development of human episodic memory over time is markedly 
different for emotional and neutral events. Also, we now have a better understanding 
of the circumstances under which memories of similar events strengthen each other 
or compete. The research presented in this thesis additionally illustrates that gaining 
insights into memory change is far from easy. Subtle conditions need to be met in order 
to study, induce, and interpret changes in readouts of memory. Provided that these 
requirements are effectively dealt with, future research may extend and integrate the 
insights conveyed by this thesis. Thereby, valuable applications may become within 
reach, ranging from improved memory techniques to bolster information retention in 
education, to measures aimed at counteracting false memory in forensic settings, to 
the development of interventions that effectively target disorders of emotional memory.

6
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1. Background
In the year 2000, a woman sought help from James L. McGaugh (a pioneer in the 
science of learning and memory) for a highly unusual memory problem. She described 
that her memory of personally experienced events was so extensive and powerful that 
she would often be overwhelmed by her own recollections of the past. The triggering 
of one detailed memory led to the triggering of another and another, resulting in an 
endless, uncontrollable, and exhausting stream of associations. Dr. McGaugh and 
colleagues, both curious and skeptical about the story, met with this woman and 
performed memory tests over the course of several years to gain insight into her 
mnemonic abilities. They found that even though most of her abilities were average and 
some even below average, she could recall personally experienced events extremely 
well, most notably in relation to dates. One could for example mention a random date, 
years ago from today, and she would retrieve the day of the week (e.g., Wednesday) 
and many details of what happened during that day with ease. She was extremely 
consistent and nearly perfectly accurate, as shown by a diary she had kept from the 
age of 10 to 34 and news facts over several decades. Neuropsychological testing also 
revealed that she had an exceptional ability to form what is termed episodic memory 
(i.e., memories that include remembering what happened during an event, where it 
happened, and when, leading to a recollective experience during recall). The authors 
proposed that her abilities could perhaps be traced back to a rather obsessive tendency 
to memorize what had happened on every day in a highly structured manner. It seemed 
that this woman had gotten so good at this, she now had to face consequences not 
even an experienced memory researcher could have had foreseen: regular bothersome 
intruding of irrelevant memories of past events.

Forgetting is often associated with daily frustrations, such as not being able to 
recall where one has parked the car. The case description described above illustrates 
however that forgetting is important, and that the most effective memory system is 
not analogous to a storehouse that contains as much information as possible. It is 
the flexibility of memory that is key for optimal adaption to one’s environment. Rather 
than retaining as many events as possible in as much detail as possible, having the 
crucial pieces of information available that one particularly needs at the right moment 
is what helps us thrive. For this reason, it is not surprising that flexible changes of 
memory are very topical in psychological science and neuroscience. Many decades of 
research have already provided highly important insights into how memories transform: 
from being lost, to being strengthened, to being distorted. At the same time, a detailed 
understanding of how memories change is far from achieved, as a multitude of key 
questions remain unresolved. The present dissertation aimed to unravel parts of the 
dynamic nature of memory and focused on several classic factors in particular.

2. Overall approach and purpose
The majority of the studies described in this thesis followed the same classic approach 
to study memory change in the laboratory. They involved (i) the formation of a memory, 
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(ii) subsequent manipulation of the formed memory, and (iii) testing whether the 
memory was altered by this manipulation. However, the exact procedures adopted 
during these phases varied markedly between the chapters. In order to study episodic 
memory, we let participants complete a computer task during which we presented 
them with pictures of spatial environments (e.g., a living room) on which one or several 
words appeared (e.g., “Cigar” and “Book”). The participants were instructed to come up 
with a vivid scene that involves a visual representation of the words in the environment 
of the context image. In this way, we aimed to model episodic memories that contain 
what-where-when qualities that result in a recollective experience when the memory is 
retrieved. During the next experimental session, we performed manipulations that were 
aimed at inducing either forgetting or strengthening of the previously formed memories. 
In the final experimental session, we tested the success of these manipulations by 
assessing memory of the originally formed events (e.g., cued recall tests). Insights 
obtained through such experiments could be relevant for educational (effective learning 
techniques) or forensic settings (accuracy of eyewitness testimonies).

We were however not solely interested in changes in neutral episodic memories. 
Since emotional memories lie at the root of affective disorders, it is also important 
to uncover how these memories can be changed (e.g., how emotional responses that 
occur when retrieving such memories can be diminished). To study emotional memory 
and compare it with neutral memory, we sometimes e.g., added emotional words (e.g., 
“Murder”) to the imagination task that the participants performed. We also made use 
of a classic fear-conditioning procedure. In this research paradigm, experimental 
animals or humans receive an electrical shock that is signaled by a stimulus (e.g., 
a visual, auditory, or spatial cue). After sufficient pairing of these two stimuli, a fear 
memory is formed, involving an association between the conditioned stimulus (CS, 
cue) and the unconditioned stimulus (US, shock). Evidence for a fear memory trace 
is typically shown when the CS alone (i.e., without the shock) triggers a conditioned 
fear response (CR, freezing). In a subsequent experimental session, manipulations to 
alter fear responding can be implemented. In the final session, the success of these 
manipulations (e.g., reduced freezing) are tested using a fear memory retention test 
(e.g., by exposing subjects to the CS and measuring whether their fear responding to 
this stimulus has now changed).

3. Main insights
The main conclusions that can be drawn from the research presented in this thesis are 
as follows. First, it has become clear that studying memory change can be very difficult. 
We observed that the success of each of the involved experimental phases (i.e., memory 
formation, memory manipulation, and memory testing) depends on subtle conditions. 
For the formation of memories that can be studied in the laboratory, it is imperative 
that stimulus materials that are used to induce learning events are both sufficiently 
distinctive and incite engagement. This is a requirement for the establishment of well-
demarcated and robust memories to potentially change during the next phase (i.e., 
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manipulation). We also reason that for successful memory manipulation, new learning 
is essential. Without presentation of new information and sufficient motivation to learn, 
there is little functional value in changing a memory. Finally, when a robust memory 
has been formed and subsequent manipulations have resulted in a change in behavior 
(e.g., enhanced cued recall performance or reduced freezing), this does not necessarily 
mean that this memory has been permanently modified. For example, when a memory 
manipulation has caused markedly impaired recall, this cannot be taken as evidence 
that memories have been forgotten for good. We have shown that with altered recall 
conditions (e.g., performing testing in the same spatial context as during learning), 
a memory that seemed otherwise impossible to recall could be retrieved with ease.

Apart from general takeaways about how to properly investigate memory change, 
our studies also provide new theoretical insights into the dynamic nature of memory. 
It is already well-known that the central elements of events (often termed “items”) 
are relatively strengthened in memory when they are emotional (e.g., the perpetrator 
in a witnessed crime). This privileged remembering of emotional events does not 
occur for all memory elements though: memory for peripheral details (e.g., the spatial 
environment in which an event took place) is often impaired for emotional versus neutral 
events. Retrieval of memory is usually stronger when one returns to the spatial context 
in which an event took place, compared to a context that is unrelated to the learning 
event. Due to its strong item, but weak context representations, such contextual 
dependency of memory is reduced for emotional events. We have extended previous 
research by showing how these subcomponents of episodic memory (i.e., item memory 
and contextual dependency) develop over time. Specifically, we have observed that, 
with time, item memory becomes increasingly stronger, but contextual dependency 
increasingly weaker for emotional events.

Next to effects of time, we delved into the influence that new events can have on 
previously formed memory (i.e., retroactive effects) and existing memory can have 
on recall of new events (i.e., proactive effects). Memories for events that are similar 
(i.e., show overlap in content) sometimes strengthen each other, but at other times 
compete, causing facilitation or impairment of retrieval, respectively. For a long time, it 
has remained elusive when exactly one (i.e., interference) or the other (i.e., facilitation) 
process occurs. In a study reported in this dissertation, we have partly solved this 
paradox. Specifically, we have shown that when similar events take place in the same 
spatial context, all associations within and across these events are strengthened. 
Conversely, for similar events occurring in different contexts, interference occurs 
such that recall of one memory is accompanied by inaccessibility of the other. These 
recall patterns were however not permanent. When recall was tested in the context in 
which learning had taken place, contextual stability across events resulted in impaired 
recall, whereas contextual variability protected against interference. This study thus 
shows that spatial context across similar events and later retrieval attempts modulates 
whether episodic memory becomes enhanced or impaired.
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4. Conclusion
Some memories are transient, while others can persist for a lifetime. When an event 
is stored in memory, its initial representation partly determines whether transience or 
persistence will likely follow. For example, emotional memories are processed in such 
a way that they have a smaller chance to decay than neutral memories. However, with 
the passage of time, new events can occur that drastically change the original course of 
memory. The present thesis has contributed to a better understanding of this dynamic 
nature of memory. It has become clear that subtle conditions need to be met in order to 
study, induce, and interpret changes in memory. Provided that these requirements are 
effectively dealt with, future research may however extend the insights conveyed by this 
thesis. Thereby, valuable applications may become within reach, ranging from improved 
memory techniques to bolster information retention in education, to measures aimed 
at counteracting false memory in forensic settings, to the development of interventions 
that effectively target disorders of emotional memory.
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1. Achtergrond
In het jaar 2000 zocht een vrouw hulp bij James L. McGaugh (een pionier in de 
wetenschap van leren en geheugen) voor een hoogst ongewoon geheugenprobleem. 
Zij beschreef dat haar geheugen voor persoonlijk ervaren gebeurtenissen zo uitgebreid 
en krachtig was dat zij vaak overweldigd werd door haar eigen herinneringen 
aan het verleden. Het ophalen van één gedetailleerde herinnering leidde tot het 
activeren van een volgende en een volgende, hetgeen resulteerde in een eindeloze, 
oncontroleerbare en uitputtende golf van associaties. Dr. McGaugh en zijn collega’s 
waren zowel nieuwsgierig als sceptisch over dit verhaal en spraken af met deze vrouw. 
Vervolgens voerden zij gedurende een aantal jaren tests uit om inzicht te krijgen in 
haar geheugencapaciteiten. Hoewel de meeste van deze capaciteiten gemiddeld 
waren en sommige zelfs onder gemiddeld, bleek dat zij zich persoonlijk ervaren 
gebeurtenissen buitengewoon goed kon herinneren, met name die met betrekking tot 
datums. Wanneer men bijvoorbeeld een willekeurige datum van jaren geleden noemde, 
kon zij de betreffende dag van de week (b.v. woensdag) en vele details van wat er die 
dag was gebeurd met gemak terughalen. Ze was uiterst consequent en bijna volledig 
accuraat, zoals bleek uit een dagboek dat ze had bijgehouden van haar 10e tot haar 34e 
levensjaar en nieuwsfeiten die over verschillende decennia hadden plaatsgevonden. 
Neuropsychologische tests toonden ook aan dat ze een uitzonderlijk vermogen had om 
- wat men noemt - episodisch geheugen te vormen (d.w.z. herinneringen waarbij men 
terughaalt wat er tijdens een gebeurtenis gebeurde, waar het gebeurde en wanneer). De 
auteurs vermoedden dat haar vermogens te herleiden waren naar een nogal obsessieve 
neiging om op een zeer gestructureerde manier te onthouden wat er op elke dag was 
gebeurd. Het leek erop dat deze vrouw hier uiteindelijk zo goed in was geworden dat 
ze nu geconfronteerd werd met gevolgen die zelfs een ervaren geheugenonderzoeker 
niet had kunnen voorzien: zich regelmatig opdringende, irrelevante herinneringen aan 
vroegere gebeurtenissen.

Vergeten wordt vaak geassocieerd met frustraties in het dagelijks leven, zoals het 
niet kunnen herinneren waar men de auto heeft geparkeerd. De hierboven beschreven 
casus illustreert echter dat vergeten belangrijk is en dat het meest effectieve 
geheugensysteem niet vergelijkbaar is met een opslagruimte die zoveel mogelijk 
informatie bevat. Het is de flexibiliteit van het geheugen die de sleutel vormt tot een 
optimale aanpassing aan de omgeving. Wij gedijen het beste als wij cruciale informatie 
tot onze beschikking hebben wanneer wij deze nodig hebben, in plaats van als zoveel 
mogelijk gebeurtenissen in zoveel mogelijk detail worden vastgehouden. Om deze 
reden is het niet verwonderlijk dat onderzoek naar veranderingen van het geheugen 
zeer actueel is in de psychologische wetenschap en de neurowetenschappen. Vele 
decennia van onderzoek hebben al uitermate belangrijke inzichten opgeleverd in hoe 
herinneringen transformeren: van verloren gaan, tot versterkt worden, tot vervormd 
raken. Tegelijkertijd is een gedetailleerd begrip van hoe herinneringen veranderen nog 
lang niet bereikt, omdat een veelheid aan belangrijke vragen vooralsnog onopgelost 
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is. In dit proefschrift is getracht delen van de dynamische aard van het geheugen te 
ontrafelen. Hierbij zijn hoofdzakelijk enkele klassieke factoren belicht.

2. Algemene benadering en doel
De meeste van de in dit proefschrift beschreven studies volgden dezelfde klassieke 
aanpak om geheugenverandering in het laboratorium te bestuderen. Ze omvatten (i) 
de vorming van een herinnering, (ii) een daaropvolgende manipulatie van de gevormde 
herinnering en (iii) het testen of de herinnering door deze manipulatie is veranderd. 
De precieze procedures die in deze fasen werden gevolgd, verschilden echter sterk 
van hoofdstuk tot hoofdstuk. Om episodisch geheugen te bestuderen, lieten wij 
deelnemers een computertaak uitvoeren waarbij wij hen afbeeldingen presenteerden 
van ruimtelijke omgevingen (b.v. een huiskamer) en waarop één of meerdere woorden 
werden getoond (b.v. “sigaar” en “boek”). De deelnemers werden geïnstrueerd om een 
levendige gebeurtenis te bedenken waarbij een visuele voorstelling van de woorden 
in de contextafbeelding wordt gevormd. Op deze manier trachtten wij episodische 
herinneringen te modelleren die wat-waar-wanneer kwaliteiten bevatten. Tijdens de 
volgende experimentele sessie voerden wij manipulaties uit die ofwel gericht waren op 
het verzwakken, dan wel het versterken, van de eerder gevormde herinneringen. In de 
laatste experimentele sessie testten wij de geslaagdheid van deze manipulaties door de 
herinneringen aan de oorspronkelijk gevormde gebeurtenissen te toetsen (bv. middels 
het aanbieden van geheugencues en bij te houden hoeveel herinneringen konden 
worden opgehaald). De inzichten die worden verkregen met dergelijke experimenten 
kunnen relevant zijn voor het onderwijs (denk aan effectieve leertechnieken) of in 
forensische settingen (denk aan de betrouwbaarheid van ooggetuigenverklaringen).

Wij waren echter niet louter geïnteresseerd in veranderingen in neutrale episodische 
herinneringen. Aangezien emotionele herinneringen aan de basis liggen van affectieve 
stoornissen, is het tevens belangrijk om te bepalen hoe deze herinneringen kunnen 
worden veranderd (bv. hoe emotionele responsen die optreden bij het ophalen van 
zulke herinneringen kunnen worden verminderd). Om emotioneel geheugen te kunnen 
bestuderen en te vergelijken met neutraal geheugen, voegden we soms emotionele 
woorden (b.v. “moord”) toe aan de inbeeldingstaak die de deelnemers uitvoerden. 
We maakten ook gebruik van een klassieke angstconditioneringsprocedure. In dit 
onderzoeksparadigma krijgen proefdieren of mensen een elektrische schok na 
presentatie van een stimulus (bv. een visuele, auditieve of ruimtelijke cue). Nadat 
deze twee stimuli frequent genoeg gezamenlijk zijn opgetreden ontstaat er een 
angstgeheugen, waarbij een associatie is gevormd tussen de geconditioneerde 
stimulus (CS, cue) en de ongeconditioneerde stimulus (US, schok). Het bestaan 
van een angstgeheugen wordt gewoonlijk als bewezen beschouwd als presentatie 
van alleen de CS (d.w.z. zonder de schok) een geconditioneerde angstrespons (CR, 
bevriezing) teweegbrengt. In een volgende experimentele sessie kunnen manipulaties 
worden uitgevoerd om de angstreactie te veranderen. In de laatste sessie wordt de 
geslaagdheid van deze manipulaties (bv. verminderde bevriezing) getest met behulp 
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van een angstgeheugentest (bv. door proefpersonen bloot te stellen aan de CS en te 
meten of hun angstreactie op deze stimulus nu veranderd is). 

3. Belangrijkste inzichten
De belangrijkste conclusies die kunnen worden getrokken uit het onderzoek in deze 
dissertatie zijn de volgende. Ten eerste is het duidelijk geworden dat het bestuderen 
van geheugenverandering zeer moeilijk kan zijn. We hebben waargenomen dat het 
slagen van elk van de betrokken experimentele fasen (d.w.z. geheugenvorming, 
geheugenmanipulatie en geheugentests) afhangt van subtiele condities. Voor de 
vorming van herinneringen die in het laboratorium bestudeerd kunnen worden, is het 
noodzakelijk dat de stimulusmaterialen die gebruikt worden om leergebeurtenissen te 
induceren zowel voldoende onderscheidend zijn als aanzetten tot actieve deelname. 
Dit is een vereiste voor de vorming van goed afgebakende en robuuste herinneringen 
om vervolgens te kunnen veranderen tijdens de volgende fase (manipulatie). We 
concluderen ook dat voor succesvolle geheugenmanipulatie nieuw leren essentieel 
is. Als er geen nieuwe informatie wordt gepresenteerd of er onvoldoende motivatie 
is om hierover leren, heeft het veranderen van een herinnering weinig functionele 
waarde. Tenslotte, wanneer er een robuust geheugen is gevormd en latere manipulaties 
hebben geresulteerd in een verandering in gedrag (b.v. verbeterde prestatie tijdens een 
herinneringstaak of verminderd bevriezingsgedrag) hoeft dit nog niet te betekenen 
dat de herinnering blijvend is veranderd. Bijvoorbeeld, als een geheugenmanipulatie 
heeft geleid tot een duidelijk verminderd vermogen om een herinnering op te halen, 
kan dit niet worden opgevat als bewijs dat herinneringen voorgoed zijn vergaan. Wij 
hebben namelijk aangetoond dat met veranderde testcondities (bv. wanneer testen 
plaatsvindt in dezelfde ruimtelijke context als tijdens het leren), een gebeurtenis die 
anders onmogelijk leek om te worden herinnerd met gemak kon worden teruggehaald. 

Naast algemene inzichten over hoe geheugenverandering goed kan worden 
onderzocht, leveren onze studies ook nieuwe theoretische inzichten op over de 
dynamische aard van het geheugen. Het was al bekend dat de centrale elementen 
van gebeurtenissen (vaak “items” genoemd) relatief versterkt worden in het geheugen 
wanneer ze emotioneel zijn (bv. herinneringen aan de dader van een misdrijf). Dit 
preferentiële herinneren van emotionele gebeurtenissen gebeurt echter niet voor alle 
geheugenelementen: het geheugen voor perifere details (bv. de ruimtelijke omgeving 
waarin een gebeurtenis plaatsvond) is vaak verzwakt voor emotionele gebeurtenissen 
ten opzichte van neutrale gebeurtenissen. Het ophalen van herinneringen is 
meestal sterker wanneer men terugkeert naar de ruimtelijke context waarin een 
gebeurtenis plaatsvond, in vergelijking met een context die geen verband houdt met 
de leergebeurtenis. Door de sterke item- maar zwakke contextrepresentaties is deze 
contextuele afhankelijkheid van het geheugen echter verminderd voor emotionele 
gebeurtenissen. Wij hebben kennis op basis van eerder onderzoek uitgebouwd door 
te laten zien hoe deze subcomponenten van episodisch geheugen (d.w.z. itemgeheugen 
en contextuele afhankelijkheid) zich over de loop van de tijd ontwikkelen. Wij hebben 
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specifiek waargenomen dat, met de tijd, het itemgeheugen steeds sterker maar de 
contextuele afhankelijkheid juist zwakker wordt voor emotionele gebeurtenissen.

Naast de effecten van tijd, hebben we ons verdiept in hoe nieuwe gebeurtenissen 
eerder gevormd geheugen kunnen beïnvloeden (d.w.z., retroactieve geheugeneffecten) 
en hoe bestaand geheugen invloed heeft op het herinneren van nieuwe gebeurtenissen 
(d.w.z., proactieve geheugeneffecten). Geheugen voor gebeurtenissen die op elkaar 
lijken (die inhoudelijke overlap vertonen) kunnen elkaar soms versterken maar op 
andere momenten juist interfereren met elkaar, waardoor ze respectievelijk het ophalen 
van de herinneringen vergemakkelijken of belemmeren. Vooralsnog is het onduidelijk 
wanneer precies het ene proces (d.w.z. interferentie) of het andere proces (d.w.z. 
versterking) plaatsvindt. In een studie gerapporteerd in dit proefschrift hebben we 
deze kwestie gedeeltelijk opgehelderd. We hebben aangetoond dat wanneer gelijkende 
gebeurtenissen plaatsvinden in dezelfde ruimtelijke context alle associaties binnen en 
tussen deze gebeurtenissen versterkt worden. Omgekeerd, bij gelijkende gebeurtenissen 
die in verschillende contexten plaatsvinden treedt interferentie op, zodat het oproepen 
van de ene herinnering gepaard gaat met het ontoegankelijk worden van de andere. Deze 
geheugenpatronen waren echter niet permanent. Wanneer de herinneringen werden 
getest in de context waarin het leren had plaatsgevonden, resulteerde contextuele 
stabiliteit tussen gebeurtenissen juist in verslechterd ophalen van de herinnering, terwijl 
contextuele variabiliteit bescherming bood tegen interferentie. Deze studie toont dus 
aan dat de ruimtelijke context waarin gelijkende gebeurtenissen plaatsvinden en latere 
pogingen om de herinneringen op te halen worden uitgevoerd bepalend is voor het 
verzwakt of versterkt raken van episodisch geheugen.

4. Conclusie
Sommige herinneringen zijn vergankelijk, terwijl andere een leven lang kunnen 
standhouden. Wanneer een gebeurtenis in het geheugen wordt opgeslagen, bepaalt 
de oorspronkelijke representatie van de herinnering gedeeltelijk of deze zal vergaan of 
voortbestaan. Emotionele herinneringen worden bijvoorbeeld zo verwerkt dat ze een 
kleinere kans hebben om te vergaan dan neutrale herinneringen. Met het verstrijken 
van de tijd kunnen echter nieuwe gebeurtenissen zich voordoen die het oorspronkelijke 
verloop van het geheugen drastisch doen veranderen. Deze dissertatie heeft 
bijgedragen aan een beter begrip van dit dynamische karakter van het geheugen. Het is 
duidelijk geworden dat aan subtiele condities moet worden voldaan om veranderingen 
in het geheugen te bestuderen, te induceren en te interpreteren. Op voorwaarde dat 
er op succesvolle wijze met deze voorwaarden wordt omgegaan, kan toekomstig 
onderzoek voortborduren op de inzichten die dit proefschrift heeft opgeleverd. Daarbij 
kunnen mogelijk waardevolle toepassingen bereikt worden, variërend van verbeterde 
technieken voor het vasthouden van informatie in het onderwijs, tot manieren om valse 
herinneringen in forensische settingen tegen te gaan, tot effectieve behandelingen van 
stoornissen waaraan emotioneel geheugen ten grondslag ligt.
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