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We do not know the true value of our moments until they have undergone the test of 

memory. Like the images the photographer plunges into a golden bath, our sentiments 

take on color; and only then, after that recoil and that transfiguration, do we understand 

their real meaning and enjoy them in all their tranquil splendor. 

 

Georges Duhamel in The heart’s domain (1919) 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Table of contents 

 

Chapter 1 9 

General introduction  

Chapter 2 23 

Neural mechanisms supporting the extraction of general knowledge across episodic 
memories  

Chapter 3 51 

Generalization from episodic memories across time: a route for semantic knowledge 
acquisition  

Chapter 4 77 

Mental schemas hamper memory storage of goal-irrelevant information  

Chapter 5 95 

Emotion enhances separation of hippocampal memory representations  

Chapter 6 107 

Summary  

Chapter 7 111 

General discussion  

References 119 

Nederlandse samenvatting 139 

Dankwoord 143 

List of publications 149 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

Chapter 1 

 

 
General introduction 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 



   1 

 

 

 

 

 

 

 

General introduction 

11 

An important feature of human intelligence is the ability to understand complex relations. 

We are, for example, very good at detecting aspects in our environment that follow 

regular patterns (Jusczyk, 1999; Tononi, Edelman, & Sporns, 1998; Winkler, Denham, & 

Nelken, 2009). These regularities may be fairly simple, such as the general shape of trees 

(see figure 1), but can also be highly complex, and involve multiple dependencies. Through 

the extraction of such regularities, the brain builds up semantic knowledge (Battaglia & 

Pennartz, 2011), which plays a crucial role in our interactions with the world around us. 

Indeed, knowing ‘how things typically occur’ helps us in selecting appropriate behavior in 

many situations. Being able to integrate memories and generalize extracted regularities to 

new situations can thus be considered a highly adaptive process. Unfortunately, 

generalization may sometimes become maladaptive, such as when it becomes excessive. 

This is for example seen in patients suffering from post-traumatic stress disorder (PTSD) or 

depression. Such patients tend to detect relations between (traumatic) old and new 

experiences that others would consider negligible, resulting in high vulnerability to 

(traumatic) memory intrusions (for a review see: Kheirbek, Klemenhagen, Sahay, & Hen, 

2012).  

This thesis focuses on adaptive and maladaptive memory integration and starts with an 

overview of some of the relevant concepts. 

 

 

Long-term memory and its neural correlates 

Long-term memory refers to the ability to recall events that occurred longer than a few 

minutes ago. It can be divided into episodic memory and semantic memory. Episodic 

memory refers to memory for personal experiences (Tulving, 1983). These memories 

often contain various contextual details such as when and where something occurred. 

Semantic memory on the other hand, refers to fact-like knowledge, disentangled from 

when and where it was acquired (Patterson, Nestor, & Rogers, 2007; Tulving, 1985). 

Figure 1: Example of regularity extraction. When we were young 

we learned what a tree generally looks like by extracting 

similarities across different trees: they almost all have a brownish 

trunk and greenish leaves.  

"Generalization process using trees PNG version" by Tomwsulcer - 

Own work. Licensed under Creative Commons Zero, Public 

Domain Dedication via Wikimedia Commons. 
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Semantic memory is crucial for interacting with the world around us, as it allows us to 

interpret new events against a background of general knowledge.  

Whereas episodic and semantic memory can thus be separated at a conceptual level, 

many researchers agree that they also differ with regard to their neural underpinnings 

(McClelland, McNaughton, & O’Reilly, 1995; Murre, 1996; Nadel & Moscovitch, 1997; 

Squire & Alvarez, 1995). For the formation of episodic memory, the hippocampus is 

considered crucial (Burgess, Maguire, & O’Keefe, 2002; Lisman, Talamini, & Raffone, 2005; 

Meeter, Murre, & Talamini, 2004; Nadel & Moscovitch, 1997; Squire, 1992). The 

hippocampus is a bilateral, seahorse-shaped structure located on the medial side of the 

temporal lobe (see figure 2). It has widespread connections with most parts of the 

neocortex (McClelland & Goddard, 1996; McClelland et al., 1995; Meeter & Murre, 2005; 

Murre, Meeter, & Chessa, 2006) and is therefore in an ideal position to connect these 

areas with each other. During memory formation, the hippocampus is thought to link 

information that is stored in different sensory areas, in order to form an integrated 

memory representation (Alvarez & Squire, 1994; Moscovitch et al., 2005; Moscovitch, 

Nadel, Winocur, Gilboa, & Rosenbaum, 2006; Murre, 1996). During memory consolidation, 

this representation is strengthened and becomes less prone to interference from other 

memories (Lechner, Squire, & Byrne, 1999; McClelland et al., 1995). With regard to 

memory retrieval, the hippocampus may be necessarily involved as long as episodic 

memories retain their ‘episodicness’, that is, they contain contextual details from the 

learning episode (Moscovitch et al., 2005). In contrast to episodic memory, semantic 

memory is thought to rely solely on a neocortical network (Binder, Desai, Graves, & 

Conant, 2009; Martin & Chao, 2001). Information is thought to be stored in those areas 

that are important for the initial sensory processing of that information (Buchsbaum, 

Lemire-Rodger, Fang, & Abdi, 2012; Johnson, McDuff, Rugg, & Norman, 2009), although 

this notion is still in need of additional scientific evidence.  

 

 

Figure 2: T1-weighted functional magnetic resonance imaging (fMRI) scans with the hippocampus outlined in 

red. From left to right the images show the following planes: coronal, sagittal and horizontal.  
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Semantic memory build-up 

Whereas episodic memory can be formed almost instantaneously, semantic memory 

instead tends to build up slowly (McClelland et al., 1995). There may exist various routes 

towards semantic knowledge formation, but one of them likely involves episodic memory 

(Moscovitch et al., 2005; Rosenbaum, Winocur, & Moscovitch, 2001). Semantic memory 

may be formed out of a single episodic memory: across time, a once vivid episodic 

memory may lose its contextual specifics such as when and where it was acquired; 

resulting in a memory trace that only captures the essence of the original experience. 

Another way to build up semantic memory may involve the integration of multiple 

episodic memories and the extraction of regularities across them. The resulting semantic 

memory is then not a mere abstract version of a single episodic memory, but rather 

reflects environmental regularities.  

The build-up of semantic memory from episodic memory likely co-occurs with a change in 

the neural network that represents the memory trace (McClelland et al., 1995; Winocur, 

Moscovitch, & Sekeres, 2007; Winocur & Moscovitch, 2011). An influential notion holds 

that the hippocampus replays individual memories to the neocortex, allowing the 

neocortex to slowly extract commonalities across these memories in order to form fact-

like knowledge (Lewis & Durrant, 2011; McClelland et al., 1995). Hereby, across time, 

memories are thought to become less dependent on the hippocampus and instead rely 

solely on a neocortical network, a process referred to as system-level consolidation. 

Whereas various researchers hold the idea that, simply put, a shift from episodic to 

semantic goes hand in hand with a shift from the hippocampus to the neocortex, evidence 

is surprisingly scarce. Indeed, this idea seems in large part built upon indirect support, 

such as the conjoint occurrence of contextual impoverishment and hippocampal 

uncoupling (Winocur et al., 2007). In chapter 2 of this thesis, we aim to find more direct 

evidence for the co-occurrence of semantic knowledge extraction and neocortical memory 

build-up.  

The build-up of a neocortically based semantic memory trace, through the integration of 

multiple episodic memories, may engage brain areas that have strong organizational 

functions, such as the medial prefrontal cortex (mPFC). The mPFC is held to be critically 

involved in various tasks that require the organization and structuring of information, 

including switching between response rules (Birrell & Brown, 2000; Drewe, 1974) and 

schema learning (Tse et al., 2011; Van Kesteren, Fernández, Norris, & Hermans, 2010), 

where a schema can be defined as higher order semantic knowledge. In chapter 2 of this 

thesis, we investigate whether the mPFC plays a role in the extraction of regularities 

across episodic memories, thereby aiding in the formation of new semantic knowledge. 
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While acknowledging that semantic knowledge, regularity structures and schemas may 

not all refer to the exact same construct, these terms will be used interchangeably in this 

thesis to refer to fact-like knowledge about higher-order regularities, abstracted away 

from specific times and places.  

Sleep and memory transformation 

As already touched upon previously, memories need to undergo a process of stabilization 

in order to persist into long-term memory. Interestingly, several reports support the 

notion that memory stabilization occurs particularly during sleep (for reviews on the role 

of sleep in memory see: Diekelman, Wilhelm & Born, 2009; Walker and Stickgold, 2010). 

For example, it has been shown that there is less forgetting (Gais, Lucas, & Born, 2006; 

Lahl, Wispel, Willigens, & Pietrowsky, 2008; Talamini, Nieuwenhuis, Takashima, & Jensen, 

2008), and less memory interference (Norman, 2006; Sheth et al., 2012) after a period of 

sleep than after wakefulness. A few reports furthermore suggest that sleep does not 

merely strengthen memory traces, but also aids in their reorganization (Djonlagic et al., 

2009; Ellenbogen, Hu, Payne, Titone, & Walker, 2007; Lau, Alger, & Fishbein, 2011; Orban 

et al., 2006). For example, it has been shown that sleep promotes insight into a hidden 

rule or higher order regularity structure (Ellenbogen et al., 2007; Wagner, Gais, Haider, 

Verleger, & Born, 2004).  

Sleep can be separated into three main stages: light sleep, rapid eye movement (REM) 

sleep and slow wave sleep (SWS), with the latter possibly of greatest importance for 

memory processing (Cox, Hofman, & Talamini, 2012; Marshall, Helgadóttir, Mölle, & Born, 

2006; Mölle & Born, 2009). SWS is characterized by high amplitude slow waves 

(Rechtschaffen & Kales, 1968), which can be recorded with electroencephalography (EEG). 

Moreover, as slow waves show a strong temporal relation with sharp-wave ripples 

generated in the hippocampus (Mölle, Yeshenko, Marshall, Sara, & Born, 2006), they may 

play a role in the synchronized memory reactivation in the hippocampus and neocortex. 

During SWS, the brain is less responsive to stimuli in the outside world; especially so 

during spindles (rhythmic brain signals with a frequency between 11 and 16 Hz; Cox et al., 

2012). This could allow for the reprocessing of memories without interference from new 

input (Dang-Vu et al., 2011; Steriade, McCormick, & Sejnowski, 1993). Such reprocessing 

may involve the replay of individual memories (Ji & Wilson, 2007; Karlsson & Frank, 2009; 

Skaggs & McNaughton, 1996), but also the replay of extracted regularities (Peyrache, 

Khamassi, Benchenane, Wiener, & Battaglia, 2009), both of which have been reported in 

animal studies. In chapter 3 of this thesis we investigate whether SWS possibly provides 
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the ideal brain state for the extraction of regularities across memories and the build-up of 

(neocortically based) semantic knowledge.  

Existing knowledge influences new memory encoding 

In the previous paragraphs, the stabilization of new semantic knowledge was discussed, 

along with its possible neural substrates. Existing semantic knowledge structures, or 

schemas, may in turn influence new memory encoding by predicting our environment 

(Bar, 2007) and guiding attention, for instance, to schema-relevant features of a stimulus 

(Graesser & Nakamura, 1984). Consider for example a recent birthday party you went to. 

A schema of a birthday party may have steered your attention to typical birthday 

attributes such as gifts, cake or decorations. The sight of a cake with lit candles allowed 

you to predict that people would sing the famous birthday song, and the end of the song 

likely predicted the start of the candles being blown out.  

Whereas pre-existing knowledge greatly aids in guiding our actions, it is unclear how it 

influences the storage of new schema-congruent input. Various studies report positive 

influences of schemas on memory formation (Staresina, Gray, & Davachi, 2009; Van 

Kesteren, Rijpkema, Ruiter, & Fernández, 2010; van Kesteren et al., 2013). It has, for 

example, been shown that when memory of task elements serves a future goal, such as 

obtaining food, schemas can aid the encoding of schema-congruent elements (Tse et al., 

2007), possibly due to the faster interpretation and integration of such elements. 

However, it can be hypothesized that when a schema is merely used to perform a certain 

action, and memory of schema-congruent information is irrelevant for achieving current 

goals, memory formation is in fact hampered. As redundant information is not stored, 

there may be less memory interference, resulting in a more efficient use of our memory 

system. In chapter 4 of this thesis we address the influence of current goals on memory 

storage of schema-congruent information.  

Excessive generalization  

Previous paragraphs mainly discussed adaptive aspects of memory integration. Through 

this process, new fact knowledge can be acquired that can guide our actions and that may 

also hamper the storage of input that is goal-irrelevant.    

Sometimes however, memory generalization can be maladaptive, such as when it takes 

excessive forms. This is for example seen in patients suffering from PTSD (Brown et al., 

2013; Kheirbek et al., 2012). These patients have exceptionally strong and persistent 

memories for previously experienced traumatic events that can be triggered by cues that 

bear only slight resemblance to these events. For example, a simple loud noise may 
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directly trigger war-related memories in veterans suffering from PTSD. It appears as if 

these patients detect similarities between new experiences and their traumatic memories 

that are not necessarily there. Moreover, as these traumatic memories are reinstated by 

even vaguely related cues, they continue to grow stronger, probably due to repetition 

effects on memory strengthening, which occur especially when learning is spaced over 

time (Greene, 1989; Hintzman, 1974, 1976; Melton, 1970; Xue et al., 2011). 

Also in depression, overgeneralization is a key feature of the disorder (Carver & Ganellen, 

1983; Carver, 1998; Kernis, Brockner, & Frankel, 1989; Wenzlaff & Grozier, 1988). New 

experiences are strongly colored by negative self-beliefs, causing an isolated unsuccessful 

endeavor to be perceived as part of an unlimited pattern of defeat. Indeed, when 

describing life events, depressive patients often use terms such as ‘always’ and ‘never’, 

which shows that they highly overgeneralize their experiences.  

The overgeneralization problems that are described in the previous paragraphs seem to 

result from the inability to effectively separate exceptionally strong personal memories 

from new experiences that have insignificant overlap with those memories. A tentative 

hypothesis holds that excessive overgeneralization results from malfunctioning network 

computations in the hippocampus, possibly due to impaired neurogenesis (Kheirbek et al., 

2012). The next section explains some of these computational functions and addresses the 

possible role of neurogenesis therein. 

Hippocampal encoding and retrieval mechanisms 

The hippocampus continuously switches between two modes: an encoding mode and a 

retrieval mode (Duncan, Sadanand, & Davachi, 2012; Meeter et al., 2004). Depending on 

the relative novelty of a stimulus, the hippocampus forms a new memory trace (encoding) 

or rather tries to retrieve related items from memory (retrieval). During memory 

encoding, the hippocampus performs pattern separation, which results in the  

formation of orthogonalized (i.e. decorrelated) memory representations (see figure 3, 

Aimone et al., 2011; Gibson et al., 1991; Lacy et al., 2011; Marr, 1971; O’Reilly and 

McClelland, 1994). If memory traces are not effectively separated, this will cause memory 

interference (Baddeley, Kopelman, & Wilson, 2002; McClelland et al., 1995), the 

consequences of which may regard the inability to retrieve a certain memory, the retrieval 

of an incorrect memory, or even retrieval of a false memory that contains features of 

multiple experiences. Pattern separation plays a crucial role in memory discriminability, 

especially when experiences have high feature overlap. Given that many of our daily 

experiences include the same people, objects and locations, it is important to form non-

overlapping memory representations that allow for the later retrieval of those unique 
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memories based on partial cues (pattern 

completion). The hippocampus can be 

divided into different subfields (see 

figure 4), which vary in their contribution 

to pattern separation and pattern 

completion (for a review see Yassa and 

Stark, 2011). The dentate gyrus (DG) 

subfield is considered most important for 

pattern separation. The DG contains a 

large number of cells, considerably more 

than the region that it receives its input 

from: the entorhinal cortex (Anderson, 

Morris, Amaral, Bliss, & O’Keefe, 2007; 

Boss, Peterson, & Cowan, 1985). 

Moreover, at any given moment, only 3% 

of all DG neurons are active (Chawla et al., 2005) and may thus contribute to 

representations of the input. These characteristics, combined with a dense and highly 

divergent projection from the input region, allow for the formation of memory traces that 

are largely non-overlapping. In patients suffering from PTSD or depression, there may be a 

malfunction of pattern separation. As previously noted, this hypothesis was raised in a 

recent review (Kheirbek et al., 2012), which also discussed the possible role of adult 

neurogenesis in the DG in pattern separation.  

The DG is one of the only two regions in the brain where new neurons are produced 

throughout adult life (Eriksson et al., 1998; Gage, 2002). As these adult born neurons show 

high plasticity during their maturation (Ge, Yang, Hsu, Ming, & Song, 2007; Schmidt-

Hieber, Jonas, & Bischofberger, 2004) they may play an important role in memory 

formation. It is currently under investigation whether such a role involves pattern 

separation. Interestingly, a recent study in mice showed that an increase in neurogenesis 

(due to the removal of the proapoptotic gene Bax) resulted in enhanced context 

discrimination on a cognitive task (Sahay et al., 2011). This study thus supports the notion 

that neurogenesis is related to the ability to tease similar experiences apart, which 

critically depends upon hippocampal pattern separation. 

Whereas a link between neurogenesis and pattern separation may perhaps exist, this still 

leaves open the question of whether patients suffering from PTSD or depression do in fact 

show reduced neurogenesis. At present, there is no direct evidence for such a notion. 

However there are strong indications that stress influences neurogenesis. For example, 

there are various studies that report a reduction in neurogenesis after exposing animals to 
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Figure 3: Schematic overview of pattern 

separation in the hippocampus.  
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stressful situations (Gould, McEwen, Tanapat, Galea, & Fuchs, 1997; Gould, Tanapat, 

McEwen, Flügge, & Fuchs, 1998; Tanapat, Galea, & Gould, 1998). Also, it has been shown 

that removing a rat’s adrenal glands (thereby reducing stress) increased neurogenesis in 

the DG (Gould, Cameron, Daniels, Woolley, & McEwen, 1992). These studies combined, 

suggest that increased stress levels in patients suffering from PTSD or depression may 

cause a reduction in neurogenesis. 

 

 

Figure 4: Manual segmentation of the right hippocampus: a) coronal slice of a T2-weighted image, b) manual 

segmentation of the hippocampal formation overlaid on the coronal slice, c, d) three-dimensional rendering of 

the manual segmentation viewed from superior and inferior directions, respectively. Figure adapted from 

Yushkevich et al., 2010. 

 

 

The studies that have been described in the paragraphs above provide some initial 

support for Kheirbeck’s hypothesis. Increased levels of stress may cause a reduction in 

neurogenesis, which in turn results in impaired pattern separation that gives rise to 
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memory discriminability difficulties. Intriguingly, whereas stress can be linked to impaired 

pattern separation, there is contradictory evidence showing that stress enhances memory 

discriminability (Segal, Stark, Kattan, Stark, & Yassa, 2012). Also, a different study found 

that the DG/CA3 region was more active when subjects distinguished between highly 

similar emotional (stressful) items than highly similar neutral items (Leal, Tighe, Jones, & 

Yassa, 2014). These observations may thus instead be related to an emotion-induced 

facilitation of hippocampal pattern separation.  

In chapter 5 of this thesis we aim to clarify the apparent inconsistency with regard to the 

relation between stress and pattern separation in the hippocampus. It can be speculated 

that hippocampal network computations are differentially influenced by short bursts in 

arousal, compared with steadier negative trait characteristics. To investigate this, we used 

representational similarity analysis to tap into pattern separation functions of the 

hippocampus (see box 1).  

Aims 

This thesis presents various studies that all served the greater aim of characterizing 

(neural) processes underlying memory integration. An important objective was to 

investigate whether the extraction of associative regularities across episodic memories 

would provide a route for higher order semantic knowledge formation. We studied 

whether subjects were able to detect such regularities and consolidate this regularity 

knowledge into stable representations. More specifically, we expected this stabilization to 

encompass a system-level consolidation process, whereby semantic-like information is 

stored into neocortical memory traces. To critically test whether subjects indeed acquired 

semantic-like knowledge, we examined their ability to generalize this knowledge to new 

items. Moreover, we investigated whether the detection and/or consolidation of 

regularity knowledge, as well as existing regularity knowledge, hampered the storage of 

episodic memory components that were not relevant to the regularity structure.  

Sleep plays an important role in memory consolidation (Diekelmann et al., 2009; Gais et 

al., 2006; Lahl et al., 2008; Stickgold & Walker, 2005; Talamini et al., 2008; Walker & 

Stickgold, 2010). In this thesis, we aimed to investigate whether this role also involves 

memory integration and the build-up of semantic knowledge. Such a mechanism may 

regard the preferential strengthening of stable relations across episodic memories over 

more arbitrary (contextual) features of these memories.   

The ability to generalize across experiences that are separated in time and space is an 

important feature of human intelligence. Unfortunately, generalization may sometimes 

take excessive forms, for instance in depression and PTSD. Patients suffering from these 
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disorders may show an exaggerated tendency toward similarity detection between, in 

particular, negative event memories, disregarding notable differences. Such spurious 

generalization may result from the inability to form highly pattern separated memory 

traces in the hippocampus (Kheirbek et al., 2012). The resulting increase in memory 

overlap impairs memory discriminability (for a review on the role of pattern separation in 

memory discriminability, see Yassa and Stark, 2011). Moreover, (traumatic) memories 

may be elicited by even the smallest, most obliquely related cues, causing high 

vulnerability to memory intrusions (Ehlers, Hackmann, & Michael, 2004). In the final part 

of this thesis, we made a first attempt at unraveling the neural correlates of spurious 

generalization. In particular, we studied the influence of emotion on pattern separation-

like functions in different subfields of the hippocampus.  

 

Together, the above-described investigations hopefully result in a better understanding of 

the neural mechanisms underlying adaptive and maladaptive generalization mechanisms.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



   1 

 

 

 

 

 

 

 

General introduction 

21 

 
 

 

 

Box 1: Representational similarity analysis. 

 

A relatively new functional magnetic resonance imaging (fMRI) technique to study 

memory representations is called representational similarity analysis (RSA, Kriegeskorte et 

al., 2008). This is a multivariate fMRI method because it takes the spatial pattern of brain 

activity into account. It is thereby different from univariate methods, which only quantify 

the average activity of a brain region. As spatial information is thus retained in 

multivariate analyses, they provide a more sensitive approach towards studying memory 

representations than univariate analyses.   

RSA entails the comparison of multivoxel activity patterns elicited by different stimuli. 

Hereby, it is possible to compute, for each stimulus, how unique its hippocampal activity 

pattern is, or in other words: its representational separation. This analysis taps into 

pattern separation of the hippocampus: the greater the representational separation, the 

more pattern separation may have been carried out by the hippocampus. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5: This figure illustrates the higher sensitivity of multivariate as compared with univariate analyses 

to pick up differences in brain activity. Each square represents a voxel, the smallest unit of information 

used for fMRI analyses. In this example, univariate analyses would fail to show a difference in the 

representation of a ‘ra’ and a ‘la’ sound. Namely, ‘ra’ and ‘la’ both elicit activity in 4 of the 9 voxels, and 

this is the only information that is used as input for the univariate analysis. The pattern of activity is 

different however, and as multivariate techniques take this into account, the difference between ‘ra’ and 

‘la’ would be detected with this method. Figure adapted from Mur et al., 2009.  
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Outline of this thesis 

 

Chapter 2 presents an fMRI study that was aimed at unraveling the neural underpinnings 

of regularity extraction across episodic memories. Subjects performed an associative 

memory task where half of the items followed a regularity structure and the other half 

had a random pattern. By comparing memory retrieval for the items that were congruent 

and incongruent to the regularity structure, under fMRI recording, we were able to study 

differences in (system-level) consolidation as a function of regularity.  

 

To further characterize how regularities influence memory consolidation, we performed a 

second experiment, which will be discussed in chapter 3. Here, we used a similar encoding 

task as in chapter 2 to now investigate the influence of time and sleep on the 

consolidation of both regularity knowledge, as well as episodic memory components. 

Using EEG, we assessed the relation between various sleep stages and memory 

consolidation. Also, we did a follow-up experiment in order to study the stability of 

different types of memory in the long term.   

 

Chapter 4 presents a study on how an existing regularity structure or schema influences 

the encoding of new information. We used behavioral as well as EEG measures to test the 

memory quality of stimuli that were either congruent or incongruent to a schema.  

 

In chapter 5, we investigated the influence of emotion on pattern separation-like 

functions of the hippocampus. Using emotional stimuli, as well as a questionnaire that 

assessed affective symptoms, we were able to characterize the influence of emotional 

states and traits on the separation of memory representations in different subfields of the 

hippocampus.   

 

Finally, chapter 6 provides a brief summary of the various studies that were carried out, 

and chapter 7 contains an in-depth discussion of the different findings.  
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Abstract 

General knowledge acquisition entails the extraction of statistical regularities from the environment. 

At high levels of complexity, this may involve the extraction, and consolidation, of associative 

regularities across event memories. The underlying neural mechanisms would likely involve a 

hippocampo-neocortical dialog, as proposed previously for system-level consolidation. To test these 

hypotheses, we assessed possible differences in consolidation between associative memories 

containing cross-episodic regularities and unique associative memories. Subjects learned face-

location associations, half of which responded to complex regularities regarding the combination of 

facial features and locations, whereas the other half did not. Importantly, regularities could only be 

extracted over hippocampus-encoded, associative aspects of the items. Memory was assessed both 

immediately after encoding and 48 h later, under fMRI acquisition. Our results suggest that 

processes related to system-level reorganization occur preferentially for regular associations across 

episodes. Moreover, the build-up of general knowledge regarding regular associations appears to 

involve the coordinated activity of the hippocampus and mediofrontal regions. The putative cross-

talk between these two regions might support a mechanism for regularity extraction. These findings 

suggest that the consolidation of cross-episodic regularities may be a key mechanism underlying 

general knowledge acquisition. 
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Introduction 

The brain stores information about the statistical properties of the environment at all 

levels of complexity. This entails the extraction of regularities over spatially and 

temporally discontinuous events to form perceptual categories, sensorimotor routines 

and more complex forms of concepts and relations. The resulting, highly structured, 

information system is termed ‘semantic memory’ (Patterson et al., 2007; Tulving, 1985) 

and is thought to depend on networks comprising widespread cortical regions (Binder et 

al., 2009; Martin & Chao, 2001). Various observations suggest that the formation of 

semantic memories depends in large part on episodic memory (Moscovitch et al., 2005; 

Rosenbaum, Winocur, & Moscovitch, 2001; but see Gardiner, Brandt, Baddeley, Vargha-

Khadem, & Mishkin, 2008, for an opposite viewpoint) and an intact hippocampus (Bayley 

& Squire, 2005; Hayman, Macdonald, & Tulving, 1993; Manns, Hopkins, & Squire, 2003). 

Episodic memory refers to memory for events and situations, organized in an 

autobiographical stream, and rich in contextual information (Tulving, 1983). This type of 

memory depends on the hippocampus to quickly encode the spatial and temporal 

relations between event components represented in distributed cortical regions (Burgess 

et al., 2002; Lisman et al., 2005; Meeter et al., 2004; Nadel & Moscovitch, 1997; Squire, 

1992). The mechanisms underlying semantic memory formation may therefore involve 

some form of hippocampo-neocortical dialog, whereby only certain aspects of the original 

episodes are recoded to hippocampus-independent cortical representations.  

Hippocampal–neocortical interactions have previously been shown to underlie system-

level consolidation, the process through which hippocampus-dependent memories, over 

time, acquire a more cortically based, and more stable representation. Here, we propose 

that one principle governing this process relates to the extraction of regular associations 

over episodes. Indeed, memory representations reflecting such regularities may be 

consolidated preferentially at the expense of those reflecting incidental associations. This 

implies that different components of episodic memories may undergo different 

consolidation trajectories, depending on the stability of the associations they reflect and, 

therewith, the relevance of these associations in the long-term. In other words, memory 

traces may not be consolidated in their original form, but in a reduced state that reflects 

environmental regularities. 

If extraction of regularities over hippocampus-dependent memory traces indeed occurs, it 

will likely involve the contemporaneous (re)activation of multiple episodic memories and 

detection of associative overlap. An area that may play a central role in such processing is 

the prefrontal cortex (PFC). Its well-known role in memory function relates to the 

organization of information to be memorized and the use of such organization in retrieval 
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strategies (Blumenfeld & Ranganath, 2007; Otani, 2004). While in most pertaining 

experiments these functions regarded object categorization, the prefrontal cortex might 

play a similar role in the organization of episodic memories according to associative 

similarities. However, in the latter case, the necessary reactivation of stored episodic 

memory traces would plausibly require interplay of the prefrontal cortex with the 

hippocampus. The medial prefrontal cortex (mPFC) might be particularly important as 

lesions to this area impair category formation (Drewe, 1974) and shifting between 

response rules (Birrell & Brown, 2000). Moreover, since the mPFC receives monosynaptic 

input from the hippocampus, a direct portal for hippocampo-prefrontal communication is 

available (Swanson, 1981; Thierry, Gioanni, Dégénétais, & Glowinski, 2000). In line with 

this notion, several studies implicate hippocampo-mPFC communication in rule and 

schema learning (Benchenane et al., 2010; Kumaran, Summerfield, Hassabis, & Maguire, 

2009; Van Kesteren, Fernández, et al., 2010), which also involve interactions of new 

associative input with already stored information. 

In view of the above, we expect that hippocampus–mPFC interactions might play a major 

role in the extraction of regularities over episodes. We, furthermore, hypothesize that 

system-level consolidation will be particularly evident for associations containing 

regularities, as compared to arbitrary associations. To test these hypotheses we introduce 

a task that requires the learning of face-location associations and later retrieval of 

locations based on face cues. Half of the material responds to complex associative 

regularities regarding the combination of facial features and locations, whereas the other 

half of the faces is randomly assigned to one of the remaining locations. This creates ‘rule-

locations’: locations that have a specific type of face associated with it, and ‘no-rule 

locations’: locations that can be paired with any type of face. During encoding, the 

regularities associated with a given location can only be extracted across multiple face-

location items that are presented interleaved with faces from other locations. This means 

that the build-up of hippocampus-dependent representations of individual face-location 

associations is a necessary step towards regularity extraction. 

Memory for the location of faces is tested shortly after encoding and 48 h later, while 

brain activity is monitored through functional magnetic resonance imaging (fMRI). We 

expect that the neural networks underlying retrieval of rule-based and non-rule based 

items will be similar shortly after learning, but will differentiate over time, consequent to 

the extraction and preferential consolidation of cross-episodic regularities. 
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Materials and methods 

Subjects 

Thirty-one subjects (five males, mean age ± SD: 20.76 ± 2.71) gave written informed 

consent and received either course credits or a financial compensation for participation in 

this experiment, which was approved by the local ethics committee. Six were excluded: 

two for not reaching the pre-set number of trials (10) in a given condition needed for the 

fMRI analysis, two for expressing insufficient explicit rule knowledge as measured with an 

exit questionnaire,
1
 one due to joystick malfunctioning during scanning and finally one 

based on an outlier analysis on retrieval performance (z-score < − 2.5). The final group 

therefore consisted of 25 subjects. 

Stimuli 

Seventy-two grayscale pictures of emotionally neutral faces were created using Faces™ 

software (IQ Biometrix, 2003). Each face had several non-critical features. However, three 

critical features occurred in each face: faces were either 1) young adult or aged; 2) slender 

or stout and had either 3) headwear (caps, hats or headbands) or no headwear. For 6 out 

of the 8 possible three-way combinations of these features 12 faces were created. Each of 

these face categories had one unique combination of two features (e.g. headwear and 

slender face) that did not occur in other categories. The critical facial features could come 

in various forms (e.g. different types of headwear, and wrinkle patterns), contributing to 

the perceptual distinctiveness of the faces (see Supplementary materials Table 1, for a full 

description of the six face categories). Each face was coupled to one of six screen locations 

in order to create face-location associations (12 faces to each location). Three locations 

were appointed as rule-locations, meaning that all 12 faces associated to that location 

belonged to the same category. The other three locations were no-rule-locations and the 

faces in the three remaining categories were randomly assigned to these locations. Thus, 

half of the associations to be learned responded to regularities governing face 

placements, whereas the other half did not (see figure 1) for an illustration of the 

experimental design and the Supplementary materials for an elaboration of the task 

rationale). Finally, the positions of the rule/no-rule locations, as well as the categories 

associated with the rule/no-rule locations were counterbalanced over subjects. 

 

                                                                 
 
1 In order to make sure that the rule trials reflect trials for which subjects actually made use of rules, subjects 

that did not pick at least 2 out of 3 correct rule locations in the closed-format version of the rules questionnaire 

were excluded from the analysis. 

http://www.sciencedirect.com/science/article/pii/S1053811913010860#f0005
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Procedure 

Subjects were informed that the goal of the task was to learn all 72 face-location 

associations. They were told that for some locations they could learn rules, made up of 

the combinations of physical facial features, which could help them place the faces at that 

location. Subjects were not informed which locations or what physical features were 

relevant for regularity extraction. Therefore, the initial learning strategy was the same for 

rule and no-rule faces. The learning phase consisted of four encoding–retrieval cycles. 

During an encoding block, each of the 72 faces popped up over a mid-screen fixation cross 

and moved to one of the six locations that were organized hexagonally around the fixation 

cross. Immediately after each encoding block, a retrieval block followed in which subjects 

were instructed to indicate the correct location of each face. Subjects used a joystick to 

move the cursor from the fixation cross to the selected location and confirmed their 

choice with a button press. In the first three cycles, subjects received feedback on each 

placement: if the correct location was chosen, a green circle appeared at the correct 

location, and the face moved to that location; if an incorrect location was chosen, a red 

circle appeared at the incorrect location, followed by a green circle at the correct location. 

Subsequently, the subject had to make a movement to the correct location, after which 

the face moved to that location. In the fourth retrieval block, no feedback was given, but 

subjects had to indicate their response confidence on a five-point scale (1 = unsure to 

5 = sure). A short break was given after each cycle, with a longer break (10 min) after the 

second cycle, during which subjects made puzzles. The order of the faces was randomized 

over blocks and over subjects, with the proviso that the same set of faces always appeared 

in either the first or the second half of each block. 

Thirty minutes after the end of the learning phase, subjects entered the first fMRI session 

(recent condition). The second fMRI session occurred 48 h after the start of the learning 

phase (remote condition). During both scan sessions, subjects performed a cued recall test 

for face-location memory under fMRI data acquisition. All 72 faces served as cues and 

were presented on the fixation cross, in random order. Each face, surrounded by the six 

location probes, stayed on-screen for 4 s. Subjects were instructed to indicate the correct 

location by a joystick movement, using their right hand, and to confirm their choice with a 

button press using their left index finger. If the correct location was chosen within the 4 s 

time frame, the trial was considered correct. No feedback was given. After a jittered 

interval of 1–2 s, subjects were additionally instructed to rate the confidence of their 

response. In case they did not remember the location, or failed to pick a location within 

the 4 s time limit, they were instructed to indicate the lowest confidence rating of 1. Each 
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trial was followed by a jittered inter-trial interval of 3–7 s during which the fixation cross 

was presented at the center of the screen. 

At the end of the first retrieval session, a structural magnetic resonance imaging (MRI) 

scan was obtained. After the second retrieval session, subjects performed a localizer task 

in the scanner, in order to identify subject-specific face-processing areas 

(bilateral fusiform face area [FFA]). Subjects performed a one-back working memory task 

while they were presented with blocks (13 images each) containing sequences of either 

faces, scrambled images or houses. The task was to press the button whenever they saw 

the same picture twice in a row. 

At the end of the second retrieval session subjects filled out a questionnaire designed to 

assess their explicit rule knowledge. Subjects were asked at what time point during the 

experiment they had started to get a notion of any regularity and also up to what time 

point they had kept on updating these notions. Next, subjects were informed that there 

had been three rule-locations, and were asked to indicate the three possible positions 

thereof (forced choice). Moreover, for each of the three rule-locations they could indicate 

whether they thought the rules involved the face's gender and/or the presence or absence 

of one or more of the following five features: headwear, wrinkles, stoutness, glasses and 

mole. Points were given for each correctly chosen location (max. 3), as well as for each 

correct physical feature that was part of the rule (max. 3 per location). The total maximum 

score of this questionnaire, summed over location and feature hits, was 12 points. 

MRI data acquisition 

T2*-weighted images covering the whole brain were acquired (31 axial slices, ascending 

slice acquisition, repetition time (TR) = 2280 ms, echo time (TE) = 35 ms, 90° flip angle, 

matrix = 64 × 64, slice thickness: 3.5 mm, slice gap = 0.35 mm and field of view (FOV): 

212 mm) using an echo-planar imaging (EPI) sequence on a 1.5 T Siemens Magnetom 

Avanto system. For structural MRI, T1-weighted images were acquired using a 

magnetization-prepared, rapid-acquisition gradient echo sequence (176 sagittal slices, 

TR = 2250 ms, TE = 2.95 ms, 15° flip angle, matrix = 256 × 256, slice thickness: 1.0 mm, 

FOV: 256 mm). 

MRI data analysis 

Image preprocessing and statistical analysis were performed using SPM8 

(www.fil.ion.ucl.ac.uk). The first five volumes of each participant's functional EPI data 

were discarded to allow for T1 equilibration. The EPI images were realigned to the first 

functional volume and the subject mean was co-registered with the corresponding 

structural MRI using mutual information optimization. Structural MRI data were 
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segmented and probabilistic maps of gray matter and white matter were created for each 

subject. Both functional and structural scans were spatially normalized and transformed 

into a common Montreal Neurological Institute space (resampled at voxel size 

2 × 2 × 2 mm), as defined by the SPM8 T1.nii template, as well as spatially filtered by 

convolving the functional images with an isotropic three-dimensional (3D) Gaussian kernel 

(8 mm full width at half maximum). 

The fMRI data were analyzed statistically using the general linear model (GLM) 

and statistical parametric mapping. The hemodynamic response to each stimulus event 

was modeled as a canonical hemodynamic response function (HRF) along with its 

temporal derivatives provided by SPM8. Each event was time-locked to the presentation 

of the face. The design matrix included six head motion regressors (translations, rotations) 

to account for any residual movement-related effects. A high-pass filter was implemented 

using a cut-off period of 128 s to remove low frequency effects from the time series. The 

following conditions of interest were modeled: correct responses to recent rule faces, 

correct responses to recent no-rule faces, correct responses to remote rule faces, correct 

responses to remote no-rule faces and finally all incorrect trials. Even at low response 

confidence, there might be implicit usage of built-up rules, so trials with all confidence 

levels were included in the corresponding regressors. Relevant contrast parameter images 

were created for each condition to the implicit baseline (mean signal during unmodeled 

periods). These images were generated for each subject and were subjected to a full 

factorial analysis, embedded in SPM8, with TIME (recent/remote) and RULE (rule/no-rule) 

as independent variables. In this factorial analysis, independence and equal variance 

between the conditions were not assumed. Subject covariates were added to account for 

inter-individual differences. 

To probe changes in functional connectivity between conditions of interest, we adopted a 

psychophysiological interaction (PPI) analysis (Friston et al., 1997) embedded in SPM8. A 

PPI analysis investigates task-related changes in co-activation between a seed region and 

all voxels outside this seed region. Several functionally defined seed regions were chosen 

to investigate functional connectivity: the FFA, the hippocampus, and finally a region 

encompassing the anterior cingulate cortex (ACC) and medial prefrontal cortex (mPFC), 

which resulted from the PPI analysis with the hippocampus as seed region (see the Results 

section). 

The FFA was chosen because the face served as the cue to retrieve the corresponding 

location and the FFA has been consistently shown to be active during facial processing 

tasks (Gauthier et al., 2000; Grill-Spector, Knouf, & Kanwisher, 2004; Kanwisher, 

McDermott, & Chun, 1997). The FFA seed region was defined per subject based on the 

face-house contrast in the localizer task. The localizer scans were processed using 
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procedures similar to those for the retrieval runs. In short, hemodynamic responses were 

modeled using a statistical parametric map, in which blocks of 18 s on/off were modeled 

as boxcar functions convolved with a hemodynamic response function. Individual 

movement regressors were again added to each first-level model. Due to between-subject 

variability regarding the ease of detection of the FFA activity peak, the face-scrambled 

image contrast had to be used for a few subjects, instead of the more common face-house 

contrast. 10 mm spheres were drawn (bilaterally) surrounding the voxels showing maximal 

activity in the fusiform gyrus. 

The hippocampal seed ROI was defined as follows: average activation peaks within the 

bilateral hippocampus were calculated for all correct trials combined against the baseline. 

For each hemisphere, the peak voxel was detected and two spheres of 10 mm diameter, 

surrounding these voxels (left [− 22, − 28, − 2] and right [20, − 30, 0]), composed a bilateral 

hippocampal ROI. 

Finally, the ACC/mPFC seed, a 10 mm sphere surrounding the [8, 30, 20] coordinate, 

resulted from the functional connectivity analysis with the hippocampus. The selection of 

the hippocampal and ACC/mPFC seeds is explained in more detail in the Results section. 

For the PPI analyses, GLMs were constructed at the single subject level using three 

regressors: (1) the deconvolved signal from the seed region (defined by the first 

eigenvariate extracted from the signals of all voxels within the seed region, which in the 

case of the FFA and hippocampus is bilateral), (2) trial onset for the condition of interest, 

convolved with the HRF, and (3) the interaction term between the first and second 

regressors. In addition, six movement-related regressors were included in the GLM. 

Conditions of interest were: correct responses to recent rule faces, correct responses to 

recent no-rule faces, correct responses to remote rule faces and correct responses to 

remote no-rule faces. For each of these conditions, a separate GLM was constructed. 

Contrast images of the interaction regressor were used as input to the second level 2 

(TIME) × 2 (RULE) full factorial analysis. 

When a planned PPI analysis revealed a TIME × RULE interaction, additional statistics were 

performed to unravel 1) possible differences between the rule and no-rule conditions at 

the recent and/or remote time point and 2) increases or decreases for the rule and/or no-

rule condition across time. Specifically, for the region of interest (ROI) showing an 

interaction effect, beta weights, reflecting the relative functional connectivity strength for 

each of the four conditions (recent rule, recent no-rule, remote rule, and remote no-rule) 

against implicit baseline, were extracted. Mean beta weights, per subject and per 

condition, were calculated using the Marsbar toolbox (http://marsbar.sourceforge. 

net/projects/marsbar) and used as input for post-hoc statistics (SPSS 18.0). When the PPI 

analysis revealed a significant difference at a specific time point only, beta values were 
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similarly extracted but merely served visualization purposes, as additional statistics on 

these values would result in inflated p-values. 

Results of all full factorial analyses, regarding either activity or connectivity data, were 

initially thresholded at p < 0.001 (voxel-level, uncorrected). Further, cluster-size statistics 

were used as test statistics, applying a threshold of p < 0.05 (family-wise error corrected, 

based on random field theory; Hayasaka & Nichols, 2003) for the whole-brain search. For 

specific ROIs, small volume corrections (SVCs) were performed using anatomical masks 

embedded in SPM8. The SVC method, as implemented in SPM8, allows the results to be 

corrected for multiple comparisons within a previously defined ROI. 

Results 

Behavioral results 

At the end of the encoding phase, correct retrieval of face-location associations was well 

above chance level (mean ± SD: 86.2 ± 11.9%; chance level 16.7%). The occurrence of 

regularities boosted performance, as apparent from higher accuracy (t(24) = 3.56, 

p = 0.002), as well as higher confidence (t(24) = 2.98, p = 0.006) and shorter reaction times 

(RTs) (t(24) = − 2.65, p = 0.014) for correct responses in the rule condition compared to the 

no-rule condition (Table 1). 

 

 

Table 1: Behavioral results, at three time points: end of encoding, recent retrieval session and remote retrieval 

session.  

    
Accuracy   RTs Confidence 

End of encoding Rule 91.33 (9.08) % 2111 (431) ms     4.47 (0.36)    

 
No-rule 81.11 (17.46) % 2308 (431) ms     4.24 (0.54)   

Recent retrieval Rule 88.11 (10.53) % 2229 (294) ms 4.49 (0.37)    

 
No-rule 73.33 (20.91) % 2324 (250) ms 4.32 (0.55) 

Remote retrieval Rule 82.56 (15.74) % 2293 (241) ms 4.27 (0.42)    

 

No-rule 62.89 (20.79) % 2446 (279) ms     4.12 (0.59) 

 

Note: Means and standard deviations are given for accuracy (% correct), reaction times (RTs) and confidence 

ratings (1= unsure, 5 = sure). Confidence ratings and RTs regard correct responses.   

 

 

Memory performance during the two retrieval scans was analyzed through repeated 

measures ANOVA's with within-subject factors TIME (recent/remote) and RULE (rule/no-
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rule). Separate analyses were performed for accuracy, confidence rating and RT. Main 

effects of TIME were found on all three measures, showing that, with time, subjects' 

responses became less accurate (F(1,24) = 18.91, p < 0.0005), slower (F(1,24) = 5.91, 

p = 0.023) and less confident (F(1,24) = 19.56, p < 0.0005). More importantly, main effects 

of RULE indicated that when regularities were present, subjects were on average more 

accurate (F(1,24) = 33.74, p < 0.0005), faster (F(1,24) = 14.04, p = 0.001) and more 

confident (F(1,24) = 4.92, p = 0.036). In addition, an interaction was found between TIME 

and RULE on accuracy scores (F(1,24) = 5.27, p = 0.031), reflecting better memory 

retention in the rule condition (figure 2). Adding the accuracy scores at the end of 

encoding into the analysis (3 × 2 repeated measures ANOVA) rendered this interaction 

effect even more pronounced (F(1,24) = 13.77, p < 0.0005). Next, we carried out post-hoc 

t-tests to investigate behavioral differences at each retrieval point separately. At the 

recent time point, regularities positively influenced accuracy (t(24) = 4.72, p < 0.0005), RTs 

(t(24) = − 2.56, p = 0.017) and confidence ratings (t(24) = 2.31, p = 0.030). At the remote 

time point, only the effects on accuracy (t(24) = 6.21, p < 0.0005) and RTs (t(24) = − 3.61, 

p = 0.001) were significant, with confidence ratings being only marginally influenced by 

regularities (p = 0.073). 

 

 

 
 

Figure 2: Mean accuracy scores (given as % correct trials) for the rule and the no-rule conditions, at the end of 

encoding and during the recent and remote retrieval sessions in the scanner. Error bars represent the standard 

error of the mean. 
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At the end of the second retrieval session, subjects' explicit knowledge of the regularities 

was measured using a questionnaire. On average, subjects scored 52% correct on this 

questionnaire. Separating the two contributions to this score revealed that subjects 

scored 81% correct on the locations and 42% on the specific facial features. This means 

that, on average, they were able to correctly identify 2.4 of the 3 rule locations and 1.3 

out of 3 correct features per location.
2
 None of the subjects showed full knowledge of the 

regularities. Furthermore, on average subjects started to get a notion of the rules roughly 

halfway through the encoding session and continued updating their rule knowledge until 

the end of the first retrieval session in the scanner. These questionnaire results suggest 

that knowledge of the regularities remained incomplete until the end of the experiment. 

Since storage of unique face-location combinations was necessary for regularity extraction 

to occur, it is likely that retrieval performance for the rule-based associations relied on a 

combination of episodic memory and regularity knowledge during all sessions. 

Imaging results: activity 

The activation pattern related to successful retrieval of face-location associations 

(figure 3; all correct trials against implicit baseline) is in close accord with previous findings 

using a similar task (Takashima et al., 2007, 2009). It encompasses areas coding for the 

face stimuli (ventral stream including the bilateral FFA, (Gauthier et al., 2000; Grill-Spector 

et al., 2004; Kanwisher et al., 1997) and the locations of these stimuli (dorsal stream 

including the posterior parietal cortex, (Burgess, Becker, King, & O’Keefe, 2001; Kesner, 

2009; Sack, 2009), as well as areas reflecting motor preparation for the joystick movement 

to the target location (supplementary motor cortex). 

Activity data was analyzed through full factorial analysis, including factors TIME 

(recent/remote) and RULE (rule/no-rule). Main effects of TIME (collapsed over rule and 

no-rule conditions) were, first of all, found in a posterior region of the left hippocampus 

(peak [− 22, − 40, 6], SVC), where activity decreased with the passage of time. Conversely, 

several regions showed a significant increase in activity over time: large clusters in the 

bilateral inferior frontal gyri, a large cluster including the right angular and middle occipital 

gyrus, a large cluster including the left inferior parietal lobe and the left middle temporal 

gyrus, and finally a cluster including the left fusiform and inferior temporal gyrus. No main 

effects were found for RULE, nor did we find any interactions between TIME and RULE in  

                                                                 
 
2 An extra measure of explicit rule knowledge was calculated, focusing solely on the correctly recalled 

combination of features (2 out of 3) that were unique for each rule category. Here, the total maximum score, 

including location points, was 9 points. By this calculation, explicit rule knowledge was only slightly higher (56%). 

The location score remained 81% and the specific facial feature knowledge improved slightly (43%). 

http://www.sciencedirect.com/science/article/pii/S1053811913010860#f0015
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terms of retrieval-related activity. In the Supplementary 

data, detailed information on peak coordinates and 

cluster sizes can be found (Tables S2–S5). For an in-depth 

discussion of the general retrieval network, see our 

previous paper (Takashima et al., 2009). 

Imaging results: functional connectivity 

The functional connectivity correlates of regularity 

learning were assessed through several PPI analyses 

(Friston et al., 1997). Firstly, the bilateral FFA was used as 

seed region. The seed region was defined in each subject, 

based on regional activation in a localizer task, in order to 

identify subject-specific face-processing areas. Full 

factorial analysis revealed a main effect of TIME, showing 

that connectivity between the bilateral FFA and the left 

hippocampus (peak [− 18, − 14, − 18], SVC) decreased 

over time. The main effect of RULE and the interaction 

between TIME and RULE were not significant. Since we 

expected differences between the rule and no-rule 

conditions to be specifically evident in the remote 

session, we performed a planned comparison between 

the remote rule and remote no-rule conditions. This 

revealed stronger functional connectivity for the remote rule condition, between the FFA 

and a cluster encompassing the right superior and inferior parietal lobes and angular gyrus 

(peak [32, − 62, 46]; figure 4). The results of this PPI thus support previous findings 

(Takashima et al., 2006), showing relative disengagement of the hippocampus from 

memory retrieval over time. Moreover, they suggest that, at the remote time point, 

cortico-cortical functional connectivity between areas coding for different components of 

an association (FFA and posterior parietal cortex; Takashima et al., 2007) is higher when 

retrieving rule-based as compared to non-rule based associations. 

The second PPI analysis regarded functional connectivity with the hippocampus. Since all 

four conditions of interest elicited bilateral hippocampal activity with highly similar local 

maxima at the group level, the average left and right hemispheric peaks were calculated. 

Two spheres of 10 mm each, surrounding these peaks ([− 22, − 28, − 2] and [20, − 30, 0]), 

composed a bilateral hippocampal ROI, which was used as a seed region in the PPI. 

Figure 3: Brain areas involved in 

the retrieval of correct face-

location associations, collapsed 

over recent and remote time 

points, as well as rule and no-rule 

conditions (contrasted against 

baseline). 

 

http://www.sciencedirect.com/science/article/pii/S1053811913010860#f0020
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Figure 4: Average beta weights per condition, reflecting connectivity strength between the FFA and a cluster in 

the right parietal cortex. The parietal cluster is shown in red in the sagittal brain cross section on the right, 

thresholded at p < .001, uncorrected. This graph merely serves visualization purposes since statistics were not 

performed on these beta values. 

 

 

The full factorial analysis did not reveal any main effects of TIME or RULE. However, a 

significant interaction effect was found for connectivity between the hippocampus and a 

region encompassing the bilateral dorsal ACC and parts of the mPFC (peak [8, 30, 20] in 

the medial aspect of the dorsolateral PFC, at the level of Brodmann area 9). To investigate 

this pattern further, the beta values reflecting the connectivity strength between the 

hippocampal ROI and this ACC/mPFC cluster were extracted, for each condition (figure 5). 

Post-hoc t-tests on these values revealed that connectivity differences between the rule 

and no-rule conditions were not significant in the recent condition, but connectivity was 

much higher for rule than no-rule items at the remote time point (t(24) = 4.22, 

p < 0.0005). In addition, the rule faces elicited increasing connectivity between the 

hippocampus and ACC/mPFC across time (t(24) = − 3.53, p = 0.002), whereas for no-rule 

faces connectivity decreased across time (t(24) = 4.11, p < 0.0005). 

It thus appears that the ACC/mPFC plays a role in the retrieval of associations when this 

co-depends on knowledge of regularities. To examine this role, a third, exploratory, PPI 

analysis was done, with the ACC/mPFC cluster that resulted from the aforementioned PPI 

as a seed region. We were particularly interested in the TIME × RULE interaction, since it 

was from this interaction analysis, using the hippocampus as a seed, that the ACC/mPFC 

cluster appeared significant. The full factorial PPI analysis revealed a significant 

TIME × RULE interaction for coupling of the ACC/mPFC with the left FFA (peak [− 30, − 48, 

http://www.sciencedirect.com/science/article/pii/S1053811913010860#f0025
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− 18]). Thus, over time the ACC/mPFC shows higher connectivity with facial processing 

areas when retrieving rule-based as compared to non-rule based associations. At a lower 

threshold (p < 0.01), the TIME × RULE interaction also revealed bilateral regions in the 

hippocampus, but these clusters failed to reach our pre-set threshold at p < 0.001 voxel-

level uncorrected. 

 

 
 

 

Figure 5: Average beta weights per condition, reflecting connectivity strength between the hippocampus (HIP) 

and a cluster encompassing the anterior cingulate and medial prefrontal cortex (ACC/mPFC) — the latter is 

shown in red in the sagittal brain cross section on the right, thresholded at p < .001, uncorrected. Error bars 

represent the standard error of the mean. 

 

Discussion 

The ability to detect regularities among spatially and temporally discontinuous events is a 

key aspect of intelligent behavior. In the present study we investigated how the 

occurrence of regularities across face-location associations affected encoding, retention, 

and system-level changes in retrieval networks over 48 h. A control condition consisted of 

similar associations that did not respond to any regularity. Our findings indicate, first, that 

regularities were indeed extracted, as evidenced by explicit knowledge thereof, as well as 

superior performance on the rule-based associations. Furthermore, although the neural 

networks supporting retrieval in the two conditions were very similar immediately after 

encoding, they differed at the remote time point. We will argue that this reflects the build-

up of general knowledge regarding regularities in the material. Moreover, we will discuss 

the idea that the different retrieval networks at the remote time point might mark the 
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start of diverging consolidation trajectories for the common and unique elements of 

episodes. 

The behavioral benefits of cross-episodic regularities included enhanced performance 

during encoding and better retention of the pertaining associations. A plausible 

assumption holds that this is due to the higher endurance of those memory components 

reflecting the regularities in the material, compared to memory for the unique aspects of 

the associations. 

Our findings at the brain level may be divided into general changes of retrieval networks 

over time, and differential changes according to the presence of regularities in the 

encoded material. With respect to the general changes, only one region, in the left 

posterior hippocampus, showed decreasing retrieval-related activity over time. 

Concomitantly, the functional connectivity between the FFA and left hippocampus also 

decreased. These results suggest a disengagement of the hippocampus from memory 

retrieval over time and replicate previous findings on system-level consolidation, using a 

similar face-place task, but without regularities (Takashima et al., 2009). A time-limited 

involvement of the hippocampus in event memory is in line with a large body of evidence, 

including studies in animals (Frankland, Bontempi, Talton, Kaczmarek, & Silva, 2004; 

Maviel, Durkin, Menzaghi, & Bontempi, 2004; Mishkin, 1978; Quillfeldt et al., 1996; 

Takehara, Kawahara, Takatsuki, & Kirino, 2002; Zola-Morgan & Squire, 1985), humans 

(Bayley, Hopkins, & Squire, 2006; Piefke, 2003; Scoville & Milner, 1957; Teng & Squire, 

1999), and in silico (McClelland & Goddard, 1996; McClelland et al., 1995; Meeter & 

Murre, 2005; Murre et al., 2006). We also observed a relatively broad increase in retrieval-

related activity over time. The increase is apparent in parts of the original retrieval 

network such as the bilateral inferior frontal gyri, but extends towards several association 

areas, i.e. the right angular gyrus and the left middle and inferior temporal gyri. The 

angular gyrus, a multimodal association area surrounding the parietal extension of the 

superior temporal sulcus, is anatomically interconnected with both the FFA and the 

posterior parietal area (Binder et al., 2009) and thus may function as a hub in their 

coupling. As such, the angular gyrus may take over some of the face-location binding 

initially subserved by the hippocampus. This notion should be considered with caution, 

however, as the spatial resolution of the adopted fMRI method limits reliable 

differentiation of the angular gyrus and adjacent regions in the posterior parietal area. 

Somewhat surprisingly, we did not find any differences in activity measures between the 

rule and no-rule conditions. This suggests that very similar brain areas were involved in 

the retrieval of the locations in the rule and no-rule conditions. However, the 

communication between these areas differed significantly between the two conditions, 
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reflecting differential retrieval processes for rule and no-rule items. In the paragraphs 

below we will discuss these functional connectivity differences. 

First, functional connectivity was higher for rule-based than for non-rule based 

associations between the FFA and a cluster in the right posterior parietal cortex, at the 

remote time point. This cluster encompassed the inferior and superior parietal lobes and 

also the angular gyrus. The enhanced coupling between the FFA and parietal cortex might 

reflect the strengthening over time of cortico-cortical connections bypassing the 

hippocampus, and providing a more ‘direct’ route for recruitment of the location upon 

cueing with the face stimulus. 

Notably, while our data suggest hippocampal disengagement from the face-location 

representations over time (to a similar extent in the rule and no-rule conditions), various 

studies suggest full hippocampal disengagement from episodic memories develops over 

weeks or longer (Brown, 2002; Maren, Aharonov, & Fanselow, 1997; Squire, Slater, & 

Chace, 1975; Talamini & Gorree, 2012). Thus, our findings may reflect partial rather than 

full hippocampal disengagement. A ‘direct’ route, as suggested above, may therefore, at 

least to some extent, act in addition to a remaining hippocampal connection. Accordingly, 

neural network models of system-level consolidation involve an intermediate 

consolidation state, in which cortico-cortical connectivity in neocortex is building up, while 

connections between the hippocampus and neocortex still bind the representation 

(McClelland & Goddard, 1996; McClelland et al., 1995; Meeter & Murre, 2005; Murre et 

al., 2006). 

The above findings extend our previous work on system-level consolidation, which 

indicated increased cortico-cortical coupling for remotely acquired associations compared 

to recent ones (Takashima et al., 2009). Here, we show that such coupling is particularly 

evident for associations harboring regularities. We like to speculate that this reflects the 

start of a system-level consolidation process. System-level consolidation might, hence, be 

viewed as a competitive process, in which input reflecting relatively stable relations in the 

environment gains preferential access to consolidation mechanisms. 

A second finding related to the existence of cross-episodic regularities regards the 

preferential build-up over time of functional connectivity between the hippocampus and a 

bilateral frontal cluster, spanning the dorsal ACC and extending into the mPFC (medial 

aspect of the dorsolateral PFC). The dorsal ACC and mPFC are heavily interconnected with 

each other and with the posterior parietal lobe (Goldman-Rakic, 1987), reflecting their 

role in the spatiotemporal organization of behavior. Moreover, both regions have strong 

connections with the hippocampus and parahippocampal cortex (Goldman-Rakic, 1987), 

which may provide the anatomical basis for the observed functional coupling. 
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We speculate that the aforementioned mediofrontal regions contribute executive 

functions, such as working memory and attentional control, to regularity extraction. 

Specifically, we envisage that similarity detection will occur in coupled hippocampo-

cortical networks through interactions of externally presented associations with stored 

ones (see Kumaran & McClelland, 2012, for a model of hippocampal similarity detection). 

The mediofrontal regions may orient attention and bias representations in these networks 

towards the overlapping components of memories. The concurrent activation of regularly 

associated face and location features in the network may then promote the linking 

thereof. As the fusiform gyrus and posterior parietal areas, in which facial features and 

locations are represented respectively, are not directly interconnected, synaptic 

strengthening would most likely occur through hierarchically upstream areas, including 

the prefrontal cortex, angular gyrus and hippocampal formation. While the hippocampus 

would incorporate the regular association in a new episodic memory (Tulving & 

Markowitsch, 1998), the PFC and angular gyrus, might build up more abstract (i.e. context 

poor) representations of the association, with the frontal areas including links to 

behavioral strategies regarding task performance. During retrieval, the ACC/mPFC may 

thus function as a secondary, or additional hub, interlinking stimulus features that showed 

a relatively stable relation across episodes. Through this route, facial features involved in 

regular face-location contingencies may activate PFC-mediated general knowledge. Higher 

ACC/mPFC to FFA coupling over time for rule-based than for non-rule based associations 

supports this notion. This suggests that, with the passage of time, retrieval of rule-based 

associations increasingly involves a ‘direct’ route between the FFA and PFC. As explained 

earlier, it should be considered that, even though the FFA to hippocampal route appears 

to become less important over time, the suggested FFA to PFC route may to some extent 

be supplementary thereto. 

A few recent studies offer tangential support for our findings. For instance, coupling 

between the hippocampus and the mPFC during performance on a weather prediction 

task, was shown to be related to the emergence of new conceptual information (Kumaran 

et al., 2009). In another study, using a transitive inference design, increased 

hippocampus–mPFC coupling tracked successful inferential memory performance 

(Zeithamova & Preston, 2010). Finally, a study in rats showed increased theta coherence 

between the hippocampus and mPFC
3
 following the acquisition of response rules in a 

maze task (Benchenane et al., 2010). Although these studies mainly regard simple 

                                                                 
 
3 In the rodent literature, the term mPFC refers to a frontal region that has functions that are similar to those of 

the dorsolateral and possibly medial regions in the primate frontal lobe. The rat mPFC encompasses several 

frontal areas on the medial aspect of the rostral cortex, including the ACC (Bryan & Cioe, 2004). 
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stimulus–response contingencies, they do provide evidence for hippocampo-prefrontal 

communication in the extraction of information across multiple episodes. 

Importantly, in the aforementioned study by Benchenane et al. (2010), the mPFC cell 

assemblies that emerged during the hippocampus-mPFC coherence state were 

preferentially replayed during subsequent sleep, concurrent with hippocampal sharp 

waves (Peyrache et al., 2009). This supports the notion that rules or regularities extracted 

across experiences preferentially access system-level consolidation and that such 

consolidation may occur to an important extent during sleep. The latter is in line with 

several studies showing benefits of sleep for retention (Diekelmann et al., 2009; Durrant, 

Cairney, & Lewis, 2012; Ellenbogen et al., 2007; Meeter et al., 2004; Sterpenich et al., 

2009). 

Interestingly, longer-term studies (considering retention over 1 or more weeks) also 

implicate the ACC and mPFC in remote memory retrieval, but in co-occurrence with 

hippocampal disengagement (Frankland et al., 2004; Restivo, Vetere, Bontempi, & 

Ammassari-Teule, 2009; Takashima et al., 2006; Takehara, Kawahara, & Kirino, 2003). 

These studies suggest that mediofrontal regions may not only play a role in the formation 

of general knowledge, but also eventually achieve some hippocampus-independent role in 

its representation. In line with our earlier statement, such a role might be viewed in terms 

of a cortical hub, interlinking memory representations in other brain areas, which have 

shown a stable association over time that is relevant to behavioral guidance (for related 

views on hub function in system-level consolidation see Battaglia & Pennartz, 2011; Kroes, 

M.C.W., Fernández, 2012; Nieuwenhuis & Takashima, 2011; Talamini & Gorree, 2012; Van 

Kesteren, Ruiter, Fernández, & Henson, 2012). 

Finally, several aspects of our design merit consideration. First, our design yielded clear 

effects of regularity extraction on memory performance: correct locations were chosen 

faster, and with more confidence, for the rule faces than the no-rule faces. Therefore, one 

should take into consideration that neural differences might directly reflect quantitative 

differences in memory strength rather than qualitatively different retrieval networks. 

However, this notion is rendered unlikely by the different patterning of the behavioral and 

neural correlates of regularity extraction across time. Indeed, our main findings at the 

neural level either regard increasing differences across time, or differences at the remote 

time only. On the other hand, confidence and RT differences between conditions, which 

were already apparent at the immediate time point, remained stable or decreased across 

time. Furthermore, one might expect differences in encoding strength to be reflected in 

different activity levels in retrieval areas, which were not observed. A causal relation 

between these behavioral effects and the observed connectivity differences therefore 

seems implausible, although it cannot be excluded. 
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Secondly, since the current design investigated brain activity and connectivity at different 

time points, it should be taken into account that non-specific differences across scan 

sessions might have partially influenced the results. However, this only relates to the main 

effects of time, where recent and remote conditions were directly compared. Effects of 

regularities on connectivity data either regarded an interaction or only considered the 

remote time point. Hence, our primary results on differential consolidation mechanisms 

for rule and no-rule faces do not suffer from this potential limitation. 

Lastly, we would like to acknowledge various models concerning generalization, rule and 

category learning that are pertinent to our account. First, neural network accounts 

considering complementary learning systems in the hippocampal and neocortical areas, 

have shown how interplay of these systems can lead to the formation of generalized 

cortical representations that capture the common structure in ensembles of experiences 

(McClelland & Goddard, 1996; McClelland et al., 1995). Our data offer some first insights 

into how the global processes proposed in these models are implemented in actual brain 

circuits. Second, several mathematical models describe putative processes underlying 

category formation in a neurally agnostic manner (Ashby & O’Brien, 2005; Ashby, 1992; 

Maddox & Ashby, 1993; Minda & Smith, 2002; Nosofsky, Gluck, Palmeri, McKinley, & 

Glauthier, 1994; Nosofsky & Zaki, 2002). For example, exemplar models propose that all 

unique experiences are stored in separate memory traces (Kruschke, 1992; Nosofsky, 

1986). Deciding to which category a new exemplar belongs, results from calculating its 

similarity to all stored exemplars. Prototype models (Nosofsky & Zaki, 2002; Rosch, 2002) 

on the other hand, suggest that we form summary representations that typify categories. 

Although the present data is by no means suitable to dissociate between these individual 

models, our interpretations are slightly more in line with prototype models, as we propose 

abstract representations might be formed through the extraction of regularities across 

event memories. 

Conclusion 

As memories age, they appear to lose contextual richness and instead, acquire a more 

factual, semantic nature. According to a recent study, this occurs through preferential loss 

of hippocampus-dependent configurational components from memory, as of one week 

after encoding (Talamini & Gorree, 2012). Other studies have also shown diminished 

context-sensitivity of memories over time (Zhou & Riccio, 1996), some of them in relation 

to hippocampal disengagement from retrieval (Wiltgen & Silva, 2007; Winocur et al., 

2007). This suggests that system-level consolidation is related to a loss of memories' 

configurational complexity. Indeed, many, if not most, hippocampus-encoded 
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configurations may be lost with degradation of the hippocampal trace, whereas only a 

fraction is retained through system-level consolidation. Our findings suggest that one 

factor determining which configurations are retained, relates to their stability across 

episodes. These findings provide some first insights into the poorly understood interplay 

between episodic and semantic memory, suggesting that the consolidation of cross-

episodic regularities may constitute a key mechanism underlying general knowledge 

acquisition. 
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Supplementary material 

Rationale of the task 

The purpose of our research was to investigate the extraction of regularities across 

episodic memories. Hence, the novel paradigm used in our study consists of an episodic 

memory task with some complex regularities blended into the material. As subjects learn 

the individual associations, they extract part of the regularity structure, which helps their 

memory performance to some extent. One should understand that the complex 

contingencies governing face placement, while in fact deterministic, were experienced by 

subjects as stochastic.  

In view of this set up, memory performance on the task is based on a mixture of episodic 

memory and regularity knowledge, with performance on any item possibly never being 

‘purely’ regularity-based or episodic-memory-based. The results on the rules 

questionnaire support this: On average, subjects correctly identified 2.4 of the 3 rule 

locations and 1.3 out of 3 correct features per location. Moreover, no single subject 

gained perfect regularity knowledge. The regularity structure was thus only partially 

known to the subject and only aided rather than determined performance in the rule 

condition.  

The design of the task also implies that rule knowledge to some extent aids performance 

in the no-rule condition. However, this effect is very small. Consider that knowing one 

feature is highly prevalent on a particular rule location helps performance very little: while 

this feature occurs on the 12 faces that belong to that particular rule location, the same 

feature also occurs 24 times on other locations. The influence of such one-feature 

knowledge on no-rule performance is negligible. Typically, subjects acquire a two-feature 

strategy only for one location. Consider that this only excludes 1 out of 6 locations for 

placement of no-rule faces.  

In view of the above, the crucial comparison in our experiment was between a condition 

that was largely dependent on episodic memory (no-rule faces) and another that was 

dependent on a mixture of episodic memory and regularity knowledge (rule faces). Even 

for the subjects with the highest rule knowledge, where the contribution of regularity 

knowledge in the no-rule condition would be somewhat more extensive, we can still be 

confident that performance for rule-items lays further on the ‘rule-side’ of the continuum 

than performance for no-rule-items. This suffices for the purpose of the current study, 

which was to assess the neural mechanisms underlying regularity acquisition. As the rule 

and no-rule condition only differ with regard to the experimentally induced regularities, 

any differences at the behavioral or brain level must be related to the differential 

presence of these regularities in the two conditions.  
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Category details 

72 artificial faces were created that could be divided into six categories (see SM table 1) 

based on a critical combination of the following three features: 1) young adult or aged; 2) 

slender or stout and 3) headwear (caps, hats or headbands) or no headwear. Each binary 

option of the 3 critical features occurred equally often: 36 faces were young, 36 were aged 

etc. The 3 critical features could come in various forms such that the 12 faces belonging to 

one category could still look very different. In addition, there were several non-critical 

features (eyes, nose, mouth, eyebrows, hair, glasses etc.) that could also come in various 

shapes and sizes, further increasing the uniqueness of each face.  

 

Table S1.: The table provides a detailed overview of the binary features that were used to create the 6 

categories.  

 

category young(1)/aged(2) slender(1)/stout(2) headwear(1)/no 

headwear(2) 

1 1 2 2 
2 2 1 2 
3 2 2 1 
4 1 1 2 
5 1 2 1 
6 2 1 1 

 

Example of the task for 1 subject 

The following shows how the task could be implemented for one particular subject (in 

view of randomization the allocation of face categories to rule conditions, the position of 

the rule locations and other factors varied from subject to subject). Categories 1, 2 and 3 

are the rule categories, whereas categories 4, 5 and 6 are the no-rule categories. 

 

Rule categories: All 12 faces from one category are coupled to the same location 

on the screen, creating three rule-locations. 

No-rule categories: The 12 faces from one category are divided over the three 

remaining no-rule locations. 

 

The figure below shows how the faces could be spread over the six locations. Subjects did 

not know beforehand which locations were rule and no-rule locations.  
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Abstract  

The storage of input regularities, at all levels of processing complexity, is a fundamental property of 

the nervous system. At high levels of complexity, this may involve the extraction of associative 

regularities between higher order entities such as objects, concepts and environments across events 

that are separated in space and time. We propose that such a mechanism provides an important 

route towards the formation of higher order semantic knowledge. The present study assessed 

whether subjects were able to extract complex regularities from multiple associative memories and 

whether they could generalize this regularity knowledge to new items. We used a memory task in 

which subjects were required to learn face-location associations, but in which certain facial features 

were predictive of locations. We assessed generalization, as well as memory for arbitrary stimulus 

components, over a 4 hr post-encoding consolidation period containing wakefulness or sleep. We 

also assessed the stability of regularity knowledge across a period of several weeks thereafter. We 

found that subjects were able to detect the regularity structure and use it in a generalization task. 

Interestingly, the performance on this task increased across the 4 hr post-learning period. However, 

no differential effects of cerebral sleep and wake states during this interval were observed. 

Furthermore, it was found that regularity extraction hampered the storage of arbitrary facial 

features, resulting in an impoverished memory trace. Finally, across a period of several weeks, 

memory for the regularity structure appeared very robust whereas memory for arbitrary 

associations showed steep forgetting. The current findings improve our understanding of how 

regularities across memories impact memory (trans)formation.  
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Introduction 

Episodic memory refers to memory for events and situations, organized in an 

autobiographical stream, and rich in contextual information (Tulving, 1983). The 

hippocampus is thought to be crucial for the encoding and retrieval of such vivid 

memories (Burgess, Maguire, & O’Keefe, 2002; McClelland, McNaughton, & O’Reilly, 1995; 

Nadel, Samsonovich, Ryan, & Moscovitch, 2000; Squire, 1992; Tulving & Markowitsch, 

1998). Semantic memory, on the other hand, refers to general knowledge about the world 

(McClelland & Rogers, 2003; Moscovitch et al., 2005; Patterson, Nestor, & Rogers, 2007) 

and is stored in networks comprising widespread cortical regions (Binder et al., 2009; 

Martin & Chao, 2001). Though there may be various routes towards creating semantic 

memories, the acquisition of complex semantic knowledge frames appears to involve 

episodic memory (Rosenbaum et al., 2001; Moscovitch et al., 2005) and an intact 

hippocampus (Bayley & Squire, 2005; Hayman, Macdonald, & Tulving, 1993; Manns, 

Hopkins, & Squire, 2003; but see Gardiner et al., 2008 for a critical viewpoint). It has, in 

fact, been proposed that semantic memory is extracted from episodic memories through a 

hippocampo-cortical dialogue (Battaglia & Pennartz, 2011; McClelland et al., 1995; Meeter 

& Murre, 2005). According to the pertaining accounts, event memory would initially 

require a highly plastic memory system, the hippocampus, to quickly store the conjunction 

of different event components represented in widespread cortical circuits. Reinstatement 

of overlapping event memories, facilitated by the hippocampus, would allow less plastic 

extrahippocampal systems, to gradually discover the structure across ensembles of 

experiences. Thus, memories for statistical regularities, which are important for predicting 

behavior in the long run, would acquire a neural representation that is relatively resistant 

to decay. On the other hand, arbitrary associations would tend to be forgotten at 

relatively high rate, consequent to fast overwriting of neural patterns in the hippocampus.  

This general framework accounts for a large spectrum of neurophysiological and 

behavioral observations regarding mammalian learning. In particular, the time-limited 

involvement of the hippocampus in (many forms of) memory (o.a. Kim and Fanselow, 

1992) and the occurrence of temporally graded amnesia following brain damage (Brown, 

2002; Ribot, 1881; Squire et al., 1975), especially when such damage involves the 

hippocampus (Manns et al., 2003; Murre, Meeter & Chessa, 2006; Scoville & Milner, 1957; 

Squire, Clark, & Knowlton, 2001). More recent support comes from studies on system-

level consolidation, showing that hippocampus-dependent memories, over time, acquire a 

more cortically based representation (Frankland et al., 2004; Paz, Bauer, & Paré, 2007; 

Takashima et al., 2006, 2009). Another study directly compared hippocampally and 

extrahippocampally stored aspects of events, and showed that memories preferentially 



Chapter 3 

54 

lose hippocampus-dependent configurational components as they age (Talamini and 

Gorree, 2012). Hippocampal lesion studies in rodents suggest that such contextual 

impoverishment coincides with hippocampal disengagement from retrieval (Wiltgen et al., 

2010; Winocur, Frankland, Sekeres, Fogel, & Moscovitch, 2009).  

Several aspects of the model have thus been supported by experimental evidence, 

including hippocampo-neocortical memory recoding over time, and a parallel loss of 

memories’ configural complexity, leading to memory semantization. On the other hand, 

the proposed hippocampus-mediated regularity extraction across episodic memories has 

long remained hypothetical.
1
 A recent study from our lab generated initial support for this 

notion (Sweegers, Takashima, Fernández, & Talamini, 2013). In this study, subjects were 

required to learn associations between faces and screen locations. Half of the associations 

harboured complex regularities, in that facial features were predictive of screen locations; 

the other half did not. Importantly, regularities could only be extracted over 

hippocampus-encoded, associative aspects of the items. We will henceforward use the 

term ‘associative regularity extraction’ to denote this type of regularity extraction. The 

results indicated enhanced memory encoding and retention when associative regularities 

could be extracted. Moreover, the build-up of general knowledge regarding regular 

associations involved the coordinated activity of the hippocampus and mediofrontal 

regions, and the build-up of a functionally interconnected (neo)cortical network.  

These findings suggest that cross episodic regularities gain preferential access to system-

level consolidation processes, over arbitrary episodic memory components, leading to 

preferential maintenance of such regularities and, therewith, the build-up of general 

knowledge. Significant questions, however, remain. For one, our previous study (Sweegers 

et al., 2013) did not test whether acquired regularity knowledge could be generalized to 

new situations (c.q. new exemplars). Thus, definitive proof that flexibly applicable, general 

associative knowledge can be extracted across episodes is still lacking.  

Ulterior questions regard the temporal dynamics of associative regularity extraction. In 

particular, does such extraction occur largely at the moment when a new episode occurs 

that holds overlap with a stored one, or might it proceed after encoding? There is some 

indication that the extraction of regularities across temporally spaced events may further 

develop during offline consolidation processes. In the pertaining studies sets of items 

were encoded, that – unbeknownst to the subjects – carried a hidden structure or 

grammar (Durrant et al., 2012; Ellenbogen et al., 2007; Gómez, Bootzin, & Nadel, 2006; 

                                                                 
 
1 Of note, many studies have investigated category formation and generalization, but in most of these the 

acquisition of exemplars is not crucially hippocampus-dependent and neither, therefore, is the extraction of 

regularities. 
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Tamminen, Davis, Merkx, & Rastle, 2012). While subjects immediately grasped some parts 

of such underlying structures, the extraction of additional relations evolved across time. In 

these studies, however, the encoding of the individual items may not have been crucially 

dependent upon hippocampal functioning.  

If generalization of associative regularities does continue post-encoding, this might occur 

differentially during the wake and sleep state. Indeed, sleep has been shown to contribute 

importantly to both the consolidation (Gais et al., 2006; Payne, Stickgold, Swanberg, & 

Kensinger, 2008; Plihal & Born, 1997; Talamini et al., 2008) and the reorganization of 

memories (Djonlagic et al., 2009; Ellenbogen et al., 2007; Lau et al., 2011; Orban et al., 

2006; see Lewis and Durrant, 2011 for a model on the stabilization of regularities during 

sleep). Thus, it is possible that the extraction of associative regularity knowledge might 

also occur preferentially during such an ‘offline’ processing period. 

A final question is what happens to arbitrary aspects of episodes harbouring regular 

associations (i.e. episodic components that do not reflect any regularity). Are these lost at 

the average hippocampal decay rate, maintained preferentially, along with the regular 

association(s) in the episode or, rather, lost preferentially, consequent to some trade-off 

between the storage of regularities and of unique episodic details?  

The present study was designed to investigate the extraction of regularities across 

memories that require the hippocampus to be stored. To answer the particular questions 

that were raised in the paragraphs above, we used a face-location memory task similar to 

the one used in our previous study (Sweegers et al., 2013). In half of the associations, 

combinations of facial features were predictive of the face’s location (e.g. slender faces 

with wrinkles and headwear appeared in one particular location); the other half of the 

faces were randomly assigned to a location. Importantly, the regularity structure in the 

material was of such complexity that it could only be extracted slowly and gradually, 

across many exemplars. Shortly following acquisition, and after a 4 hr delay containing 

either a nap or quiet waking, face-cued location retrieval was tested. At these same times, 

we also assessed generalization of extracted regularity knowledge to new face-location 

exemplars and memory for arbitrary (regularity-irrelevant) facial features. Finally, longer-

term memory for arbitrary and stable associations was tested at one month post-

encoding. 

Methods 

Participants 

Seventy-eight subjects that reported no history of neurological or psychiatric disorders 

participated in the experiment after giving written informed consent. The local ethics 
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committee approved the experiment. Five subjects were excluded: one due to a failed 

electroencephalography (EEG) recording, two for having slept less than half an hour 

during the experimental nap condition and two for having poor learning performance (less 

than the pre-set threshold of 40 face-location associations). Thus, 73 subjects (12 males, 

mean age ± SD: 20.45, ± 2.22) were included in the data analyses. One additional subject 

was excluded for the EEG analysis only, as the EEG recording was partially obscured and 

hence sleep stage analysis was not possible. It could be determined, however, that this 

subject obtained at least half an hour of sleep. Finally, 20 new subjects (10 males, mean 

age ± SD: 21.30, ± 2.49) participated in a replication study (see the section Exploratory 

follow-up & replication below).  

Overview 

The following gives an overview of the experimental approach (figure 1). Please see the 

sections below for methodological details. The experimental task consisted of a learning 

phase, a test phase and an exploratory follow-up test phase. In the learning phase, 

participants encoded face-location associations, half of which responded to underlying 

regularities. As they learned individual associations, they could gradually extract part of 

the regularity structure in the material. Indeed, the task was designed such that regularity 

knowledge, at all stages of the task, remained well below 100% with performance in good 

part dependent on episodic memory (see the supplementary materials for further details). 

In the  test phase of the task we assessed: 1) memory for the learned associations, 2) 

generalization of regularity knowledge to new items and 3) memory for arbitrary facial 

details, i.e. features that did not contribute to the regularity structure. For the first of 

these measures, the influence of time and sleep on retention was assessed through a 

within subject comparison between memory at the end of the learning phase and during 

the test phase, which took place after a 4 hr retention interval containing either a nap or 

quiet waking (documentary watching). On the other hand, tests on generalization and 

arbitrary facial details were assessed only once per subject as we wanted them to be naïve 

with respect to these specific memory tasks. To enable assessment of these variables over 

time, a ‘direct group’ was incorporated, in which the test phase occurred 10 min after 

encoding (to keep the retrieval sessions comparable between groups all three memory 

measures were tested). The influence of time on these latter variables was thus assessed 

through between-subjects analyses. 

Finally, an exploratory follow-up test at approximately one month post-encoding, assessed 

the relative stability of memory for arbitrary associations and regularity knowledge on the 

longer term. 
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Figure 1: Overview of the experimental procedure for the 3 groups: direct, nap and no-nap.  

 

 

Stimuli 

One hundred and forty-four grayscale pictures of emotionally neutral faces were created 

using Faces TM software (IQ Biometrix, 2003). The artificial faces differed on multiple 

features, however three features were critical to the present study: faces were either 1) 

young adult or aged; 2) slender or stout and had either 3) headwear (caps, hats, 

headbands, etc.) or no headwear. These critical features were perceptually very different 

across faces (e.g. different headwear, wrinkle patterns, etc.), contributing to the 

distinctiveness of the faces. Six out of the eight possible three-way combinations of these 

features were selected for use in the experiment. Each of these six face categories was 

thus characterised by a unique combination of three critical features. However, for each 

face category just 2 (out of the 3) critical features sufficed to distinguish that category; this 

two-feature combination did not occur in any other category (see the supplementary 

materials for an in depth explanation). Twenty-four faces were created for each of these 

six face categories, half of them with dark hair; the other half with blond hair. One set of 

72 faces, with all faces having either blond or dark hair, was used for the learning phase, 

while the other set served to test generalization. 

For the arbitrary facial feature test, an additional 144 stimuli were created consisting of 

the original faces with a red box covering the eyes. In the pertaining task, subjects had to 

indicate whether the face had worn glasses or not. Importantly, the box did not hide rule-
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relevant information and glasses occurred in 50% of the faces, counterbalanced over the 

occurrence of the three critical features. For further details regarding the task see the 

supplementary materials. 

Procedure 

Learning phase 

On the day of the experiment, subjects were asked to wake up before 8.30. They had 

agreed not to consume any caffeine, alcohol or drugs during the experiment and the 24 

hrs preceding it. When subjects arrived at the lab between 11.30 am and 1 pm, they were 

presented with the Stanford Sleepiness Scale and a psychomotor vigilance task (Mueller, 

2005). For the vigilance task, average reaction times (RTs) were calculated, as well as 

attention lapses, defined as responses with an RT exceeding 500 ms.  

Next, subjects entered the learning phase of the memory task. For this phase, each of the 

72 faces of a single set was assigned to 1 of 6 screen locations in order to create face-

location associations (12 faces to each location). Three locations were appointed as ‘rule-

location’, meaning that all 12 faces associated with that location belonged to the same 

category. The other three locations were ‘no-rule-locations’ and the faces in the three 

remaining categories were randomly assigned to these locations. Thus, half of the 

associations to be learned adhered to regularities governing face placement, whereas the 

other half did not. Finally, the positions of the rule/no-rule locations, as well as the 

assignment of categories to rule/no-rule locations, were counterbalanced over subjects 

(see figure 2 for a clarification of the task design). 

Subjects were instructed to learn all face-location associations. Additionally, they were 

told that for some locations they could learn regularities, regarding combinations of 

physical facial features, which may help them place the faces at that location. Subjects 

were not informed which locations or which physical features were relevant for regularity 

extraction. 

The learning phase consisted of four encoding-retrieval cycles. During an encoding block, 

each of the 72 faces was presented for 1 sec over a mid-screen fixation cross, then moved 

to one of six locations that were organized hexagonally around the fixation cross, and 

stayed there for another 1.5 sec. Immediately after each encoding block, a retrieval block 

followed, in which subjects were instructed to indicate the correct location of each face. 

Each face was presented for 2 sec over the fixation cross. Subjects used a joystick to move 

the cursor from the fixation cross to the selected location and confirmed their choice with 

a button press. 
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In the first three cycles, subjects received feedback on each placement: if the correct 

location was chosen, a green circle appeared at the correct location, and the face moved 

to that location; if an incorrect location was chosen, a red circle appeared at the incorrect 

location, followed by a green circle at the correct location. Subsequently, the subject had 

to make a movement to the correct location, after which the face moved to that location. 

In the fourth retrieval block, no feedback was given, but subjects had to indicate their 

response confidence on a five-point scale (1 = unsure to 5 = sure). A short break was given 

after each cycle, with a longer break (10 min) after the second cycle, during which subjects 

did puzzles. The order of the faces was randomized over blocks and over subjects.  

After the learning phase, subjects in the direct group again did puzzles for 10 min, after 

which they continued with the test phase of the experiment at 2.15 pm. The subjects in 

the nap group were prepared for polysomnographic registration, put to bed at 3 pm, and 

offered the opportunity to sleep for 2 hrs. In order to control for any time spent 

rehearsing the learned material, the no-nap group made puzzles for about 20 min 

(simulating the time spent on electrode placement) and afterwards sat quietly for another 

15 min (simulating the approximate time it would take the nap subjects to fall asleep). At 

3.15 pm, the no-nap subjects watched an emotionally neutral nature documentary for 

another 1 hr and 45 m. At 5.15 pm the nap and no-nap group continued with their normal 

daily activities outside the lab, and at 6.15 pm they returned and started with the test 

phase of the experiment.  

Test phase 

Upon their arrival at the lab, subjects filled in the Stanford Sleepiness Scale and performed 

the vigilance task. Next, memory for arbitrary facial features of the encoded faces was 

tested. Subjects were presented with the 72 faces from the learning phase that now had a 

red box covering the eyes. Faces were presented sequentially, for 3 s each, during which 

subjects indicated whether the face had worn glasses in the learning session. Following 

each face presentation, subjects indicated their response confidence on a five-point scale 

(1 = unsure to 5 = sure).  

Next, subjects performed the face-location test. They were informed that all 72 faces from 

the learning phase would be presented, as well as 72 new faces (which were from the 

other set). Subjects were asked to select a location for all faces, making use of any 

extracted regularities for faces they thought might be new and using their ‘gut feeling’ in 

case of uncertainty. The set of new faces contained 36 rule faces that served to assess 

generalization of regularity knowledge to new exemplars. Thirty-six new no-rule faces, for 

which no correct location existed, were included to maintain an equal occurrence of all 

facial features. All 144 faces were presented sequentially in random order, for 4 s each, 
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during which subjects had to pick a location. Subjects again made a confidence judgement 

for each response. 

Finally, subjects filled out a questionnaire that assessed explicit rule knowledge. First, 

subjects were asked at what time point during the experiment they had started to get a 

notion of any regularity and also up to what time point they had kept on updating these 

notions. Next, subjects were informed that there had been three rule-locations, and were 

asked to indicate the three possible positions thereof (forced choice). Moreover, for each 

of the three rule-locations they could indicate whether they thought the rules involved the 

face’s gender and/or the presence or absence of one or more of the following five 

features: headwear, wrinkles, stoutness, glasses and mole. Points were given for each 

correctly chosen location (max. 3), as well as for each correctly chosen physical feature 

that was part of the rule (max. 3 per location). The total maximum score of this 

questionnaire, summed over location and feature hits, was 12 points. 

Exploratory follow-up & replication 

Longer-term performance on the face-location task was first assessed through an 

exploratory analysis on a subset (n=15) of the subjects, following an average delay from 

encoding of 33 days (SD = 10.36). Four of these subjects were from the direct group, seven 

from the nap group and four from the no-nap group. Subjects again performed the face-

location test with the same stimuli as during the test phase (72 faces from the learning 

phase + 72 faces that were newly presented during the test phase). Memory for arbitrary 

facial features was not tested again as we assumed performance on this task to approach 

chance level at this point.  

To assess whether the results of this exploratory analysis were substantially influenced by 

any possible knowledge ‘crystallization’ during the filling out of the regularities 

questionnaire, a replication study was run. Twenty new subjects followed the same 

procedure as the direct test group, but without the questionnaire being presented. Face-

location memory and generalization performance were tested again after an average 

delay of 28 days (SD = 0.64).  

EEG acquisition and analysis 

EEG (C3 and C4, referenced to linked mastoids), EOG and submental EMG were acquired 

with a 16-channel Monet polysomnographic recording system (sampling rate: 200Hz, high- 

and low-pass filters 0.03 and 70 Hz respectively, notch filter 50 Hz) and REMbrandt 

software (Medcare Automation BV, Amsterdam, the Netherlands).  

Sleep stages were scored manually according to standard criteria (Rechtschaffen & Kales, 

1968). For each sleep recording, we calculated total sleep time, as well as time spent in 
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light sleep (stage 1 and stage 2), deep sleep or slow wave sleep (SWS; stage 3 and stage 4) 

and rapid eye movement (REM) sleep. Pearson correlations were calculated between the 

time spent in the major sleep stages (light sleep, SWS and REM sleep) and memory 

parameters (face location performance during the test phase (sum of rule & no-rule), 

facial detail performance (sum of rule & no-rule) and generalization). We report both the 

uncorrected, as well as the False Discovery Rate (FDR) corrected p values (Benjamini & 

Hochberg, 1995). 

Results  

Control measures 

To exclude the presence of incidental differences in arousal between groups during the 

morning session, ANOVAs with factor GROUP (direct/nap/no-nap) were performed on 

sleepiness scores (assessed with the Stanford Sleepiness Scale) and vigilance (average RT 

and number of lapses). No differences between groups were found (all p values > 0.1). 

Further control analysis, in the groups with a 4 hr retention interval, assessed possible 

differential effects of napping and waking on alertness during the test phase in the late 

afternoon (mixed ANOVA’s with factors TIME (learning/test) and GROUP (nap/no-nap) on 

sleepiness scores, average RT and number of lapses). No significant differences were 

found (all p values > 0.1). Finally, we compared sleepiness scores and vigilance (average RT 

and number of lapses) during the test phase between the direct group and the long-

interval groups. No significant differences were found (all p values > 0.1). The results 

indicate that overall alertness was equal across groups at all test times.  

Behavioral results 

Learning phase 

At the end of the learning session, retrieval performance was higher for rule faces (mean 

proportion = 0.95, SD = 0.05) than for no-rule faces (mean proportion = 0.86, SD = 0.10, 

F(1,70) = 59.68, p < 0.0005), as revealed by an ANOVA with factors RULE (rule/no-rule) and 

GROUP (direct/nap/no-nap; see figure 3). Similar ANOVAs on RTs and confidence scores 

revealed that subjects retrieved locations for rule faces faster (F(1,70) = 40.72, p < 0.0005) 

and with higher confidence (F(1,70) = 8.69, p = 0.004) than those for no-rule faces. No 

main effects or interactions with the variable GROUP were found. Thus, performance at 

the end of the learning phase was similar for all groups, and showed a clear advantage for 

the regularity condition (indicating regularity extraction). 
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Figure 3: Encoding Performance. Mean accuracy scores for location retrieval on the face-location task, for the 

rule and the no-rule condition, at the end of the learning phase. Error bars represent the standard error of the 

mean. 

 

Test phase 

Memory for encoded face-location associations 

We first investigated retention of the learned face-location associations across time. 

Within the groups with the long interval, we performed a mixed ANOVA on face-cued 

location memory with factors RULE (rule/no-rule), TIME (learning/test) and SLEEP 

(nap/no-nap). A main effect of RULE was found (F(1,46) = 55.20, p < 0.0005), indicating 

higher overall performance in the rule condition as compared to the no-rule condition. 

Also, a main effect of TIME was found (F(1,46) = 133.60, p < 0.0005), indicating overall 

forgetting across time. Finally, an interaction between TIME and RULE (F(1,46) = 12.80, p = 

0.001) was found, reflecting that fewer rule associations were forgotten (mean proportion 

= 0.07, SD = 0.06) than no-rule associations (mean proportion = 0.12, SD = 0.09), see figure 

4. This finding shows that regular associations are more stable across time than arbitrary 

associations. No main effect of SLEEP was found, nor any interactions with the factor 

SLEEP.  
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Figure 4: Face-location retrieval. Mean accuracy scores for location retrieval on the face-location task collapsed 

over the nap and no-nap conditions. Performance is given for the end of the learning phase as well as the test 

phase. An interaction was found between RULE and TIME showing that fewer rule associations were forgotten 

(mean = 2.52, SD = 2.19) than no-rule associations (mean = 4.35, SD = 3.13). Error bars represent the standard 

error of the mean. 

 

 

Generalization 

A one-sample t-test, including all subjects, revealed that scores were above chance level 

(chance level = six correct placements) on the generalization task (mean proportion 

correct = 0.47, t(1,72) = 18.42, p < 0.0005). If subjects had understood that there were 

three rule locations and that the other three locations were no-rule locations, one may 

suggest that chance level was rather 1 out of 3 instead of 1 out of 6. However, even if we 

compare performance to the concomitant chance level of 12, performance was 

significantly higher (t(1,72 = 8.14, p < 0.0005). 

Next, we tested the hypothesis that generalization improves across time, using a between-

subject comparison. An independent samples t-test showed that the groups with the 

longer interval (nap & no-nap) outperformed the direct group (t(1,71) = 2.28, p = 0.026, 

means: 0.49 and 0.42 respectively; figure 5). Post-hoc comparisons showed that the direct 

group differed significantly from the no-nap group (t(1,48) = 2.40, p = 0.020), but not from 

the nap group (p > 0.1). The nap and no-nap group did not differ significantly from each 

other (p > 0.1). These results indicate that generalization evolved over time, possibly 

slightly more so over waking than sleeping. Analyses on RT and confidence did not show 

any significant group differences.  
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Figure 5: Generalization performance. Together, the nap and no-nap groups outperformed the direct group (p = 

0.026). Error bars represent the standard error of the mean. 

 

Memory for arbitrary facial features  

In the memory test for arbitrary facial features, subjects had to indicate whether faces had 

worn glasses during learning or not. Correct retrieval proportions averaged 0.59 and 0.63 

for rule and no-rule faces respectively. This performance was above chance level (rule 

faces: t(1,70) = 8.12, p < 0.0005), no-rule faces: (t(1,70) = 10.61, p < 0.0005). Next, a mixed 

ANOVA was performed to investigate effects of the factors RULE (rule/no-rule) and SAME 

DAY INTERVAL (short interval/long interval) on memory for arbitrary facial features. For 

this analysis the two long-interval groups were combined. A main effect of RULE was 

found (F(1,71) = 5.41, p = 0.023), indicating worse detail memory for faces involved in 

regular associations. No main effect of SAME DAY INTERVAL (short interval/long interval) 

was found, however, nor an interaction between RULE and SAME DAY INTERVAL (see 

figure 6), indicating that, overall, facial detail memory did not significantly deteriorate 

between ½ hr and 4 hrs post-learning either for rule or for no-rule items.   

Next, we used the two long-interval groups to directly compare the effects of the sleep 

and wake state on memory for arbitrary facial features in a mixed ANOVA with the factors 

RULE (rule/no-rule) and SLEEP (nap/no-nap). No main effect of SLEEP was found, nor an 

interaction between SLEEP and RULE (all p values > 0.1). The combined results show that 

the extraction of regularities across memories may hamper the encoding and/or early 

consolidation of arbitrary memory components. 
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Figure 6: Task performance on the arbitrary facial detail test. Overall, accuracy was higher for the no-rule 

condition as compared to the rule condition (p = 0.023). Error bars represent the standard error of the mean. 

 

 

Finally, using a correlation analysis, we tested the possible interdependence of 

generalization performance and memory for arbitrary facial features of the rule faces. 

Only the longer-interval groups were included to investigate this relation across a 

considerable post-learning period. No significant correlation was found, either within each 

individual group, or in the combined groups (all p values > 0.1). Thus, increasing 

generalization performance across time was not directly related to forgetting of unique 

episodic memory components.  

Questionnaire results 

The regularities questionnaire tested subjects’ explicit knowledge for both the locations of 

the rules and the specific facial features defining the rules. On average (across the direct, 

nap and no-nap groups), subjects started to get a notion of the rules during the third 

encoding round and continued updating their rule knowledge during the delay period 

between learning and test. Subjects scored on average 78% correct on identifying rule 

locations and 37% on the facial features, resulting in a total rule knowledge score of 46% 

(see methods section for the calculation of this final score). In other words: subjects were, 

on average, able to correctly pick 2.34 rule-locations and knew 1.11 facial features on each 

location.  
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Next, we tested the hypothesis that explicit regularity knowledge (as assessed with the 

questionnaire) improves across time. Using an independent samples t-test we compared 

the scores of the long-interval groups (combined) with the scores of the direct group. No 

significant difference was found (p > 0.1). Finally, we assessed whether sleep and 

wakefulness exerted a differential influence on regularity knowledge. The independent t-

test that compared the nap and no-nap group did not reveal a significant result either (p > 

0.1).  

Sleep analyses 

Sleep architectural parameters for participants in the nap group are given in table 1. 

Subjects slept on average 90.00 min (SD = 25.94); all reached SWS, but only 77% reached 

REM sleep.  

Correlational analyses revealed a marginally significant correlation between the amount of 

SWS and performance on the generalization task (r = 0.559, uncorrected p = 0.007, FDR 

corrected p = 0.063, figure 7). Since SWS did not correlate with any other memory 

measure, it seemed particularly related to the ability to extract regularities from episodic 

memories. The only other marginally significant correlation was found between REM sleep 

and memory for arbitrary facial features (r = 0.507, uncorrected p = 0.016, FDR corrected 

p = 0.072). This suggests that while SWS is more important for integrating different 

episodic memories, REM sleep may additionally play a role in consolidating episode-

unique information.  

 

 

Table 1. Polysomnography sleep stage values for the nap group. Means are calculated across those subjects that 

reached that particular sleep stage. 

 

 

 
Mean (minutes) SEM Proportion of TST Obtained by 

Stage1 12.66 1.18 .14 N = 22 

Stage2 31.36 2.46 .35 N = 22 

SWS 36.73 3.82 .41 N = 22 

NREM 80.75 4.43 .90 N = 22 

REM 10.94 2.01 .09 N = 17 

TST 90.00 5.53 1 N = 22 

 

SEM = standard error of the mean 

TST = total sleep time 
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Figure 7: Correlation between SWS and generalization. This scatterplot shows the positive correlation between 

minutes spent in SWS and generalization performance.  

 

 

We have explored the possibility that SWS leads to particularly well-rested subjects who 

score better on the generalization test. We did this by running several additional 

correlational analyses. First, we found that within the nap group, generalization did not 

correlate with any sleepiness measure (sleepiness, RT & nr of lapses in the vigilance task) 

during the test phase (all p’s > 0.1). Moreover, SWS did not correlate with these sleepiness 

measures either (all p’s > 0.1). As sleepiness does not relate to generalization and SWS 

does not lead to particularly well-rested subjects, we can be confident that fatigue did not 

strongly mediate the correlation between SWS and generalization. 

Exploratory follow-up & replication 

The final analyses investigated face-location memory at roughly 1 month post-learning in 

a subset of participants. Note that the face-location retrieval test from the previous test 

phase was repeated and, thus, the faces to test generalization had been seen once before. 

However, since no feedback had been given during the earlier test and subjects’ focus was 

on retrieval, storage of location links for the generalization faces was probably minimal.   

First, we tested for significant forgetting between the test phase and the follow-up test 

one month later. A repeated measures ANOVA was performed with factors FACE TYPE 

(learned rule faces/learned no-rule faces/generalization faces) and DELAY (test 

phase/follow-up). A main effect of FACE TYPE was found (F(2,28) = 51.19, p < 0.0005), 

indicating differences in performance across face categories. Also, a main effect of DELAY 

was found (F(1,14) = 76.97, p < 0.0005), reflecting overall forgetting of associations across 

time. Finally, we observed an interaction between FACE TYPE and DELAY (F(2,28) = 19.02, 
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p < 0.0005) suggesting differential forgetting rates for the face-conditions. Post-hoc 

comparisons showed that all forgetting rates differed significantly from each other (all p 

values <0.05), with most forgetting occurring for no-rule faces from the learning session 

(mean proportion = 0.42); less forgetting occurring for rule faces from the learning session 

(mean proportion = 0.29), and no significant forgetting occurring for the generalization 

faces (mean proportion = 0.04, see figure 8). 

To assess whether the preferential retention of regularities might be importantly 

influenced by any knowledge ‘crystallization’ during the completion of the regularities 

questionnaire, a replication was run in which this questionnaire was not presented (see 

methods for details). The data from this independent sample was analysed in the same 

manner as above, yielding highly similar results. The repeated measures ANOVA with 

factors FACE TYPE and DELAY again revealed a main effect of FACE TYPE (F(2,38) = 37.31, p 

< 0.0005), a main effect of DELAY (F1,19) = 112.80, p < 0.0005) and an interaction between 

FACE TYPE and DELAY (F(2,38) = 53.21, p < 0.0005). As before, the forgetting rates differed 

between all conditions (all p values < 0.05) with again most forgetting for the no-rule faces 

(mean proportion = 0.43); less forgetting for the rule faces (mean proportion = 0.22) and 

least forgetting for the generalization faces (mean proportion = 0.06). It can be concluded 

that rule related information was highly resistant against forgetting, irrespective of any 

knowledge ‘crystallization’, whereas arbitrary associations showed a steep forgetting rate. 

 

 

Figure 8: Memory decay. Mean accuracy scores for the rule, no-rule and generalization condition, at 3 different 

time points: end of the learning phase, test phase and the follow-up after approximately 1 month post-learning. 

Error bars represent the standard error of the mean. 
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Discussion 

The present study investigated the extraction of complex regularities across associative, 

hippocampus-dependent memories. The results suggest regularity extraction in the course 

of encoding, resulting in higher accuracy scores and confidence ratings, as well as faster 

responses, for the retrieval of associations containing regularities compared to unique 

ones. Importantly, subjects were able to generalize the regularity information to new 

exemplars, confirming the extraction of flexibly applicable regularity knowledge. 

Generalization ability was apparent immediately after learning, but further improved 

across the ensuing 4 hrs. However, no differential effects of waking or sleeping during this 

period were found. Across the following weeks, regularity knowledge remained very 

stable, whereas memory for arbitrary associations showed strong decay − findings that 

were replicated in an independent subject sample. Finally, the extraction of regularities 

appeared to hamper the storage of more arbitrary features of the individual faces, 

suggesting some trade-off between the storage of regularities and storage of feature-rich 

episodic memories. In the paragraphs below we will discuss these findings in more detail.  

To ensure that regularity extraction would depend on the storage of episodic memories, 

we employed a task that involved the encoding of multiple associations, in particular, 

between faces and their location in space. Such tasks have been shown to strongly call 

upon hippocampal functioning (Staresina and Davachi, 2009; Giovanello et al., 2003; 

Zeineh et al., 2003; Takashima et al., 2009; Westerberg et al., 2011). The regularity 

structure embedded in the task material was sufficiently complex to ensure slow and 

gradual development of regularity knowledge, across many exemplars, and to allow for 

further offline development after the learning phase. In view of this complexity, the 

contingencies governing face placement, while in fact deterministic, were experienced by 

subjects as stochastic. Although early performance already benefited from the presence of 

regularities, knowledge thereof remained incomplete until the end of the experiment. This 

is reflected by the generalization scores that remained on average 49%.   

Performance patterns for the rule and no-rule conditions suggest that regularity 

extraction occurred throughout encoding, presumably through interactions of new 

exemplars with already stored ones. Accordingly, generalization ability was present 

directly after encoding. Interestingly, this ability increased in the 4 hrs post-learning. A few 

other studies also showed progressive generalization in the time after encoding (e.g. 

Gómez et al., 2006; Ellenbogen et al., 2007; Tamminen et al., 2012), though the adopted 

tasks are co-dependent on procedural and other non-hippocampal types of learning. In 

one of these studies (Ellenbogen et al., 2007), subjects learned relations among pairs of 

stimuli (A>B,  D>E) that followed a hierarchical structure (A>B>C>D>E>F). The ability to 
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infer relations across presented pairs (for example that B > D), significantly improved 

across a 12 hr post-encoding period. Another study tested the ability to apply language-

related rules to unlearned items (Tamminen et al., 2012). It was found that subjects’ 

ability to generalize significantly improved across two days post-training.  

In principle, the improvement in generalization performance across time may be due to 

further extraction of regularities, strengthening of the existing regularity representations 

or a further loss of arbitrary detail from such representations, which might enhance their 

application to new situations. The stability of rule-irrelevant facial detail memory across 

the 4 hr post-encoding interval argues against the latter mechanisms. Note, however, that 

our facial detail task could possibly be solved based on non-hippocampal memory 

mechanisms (dependent on higher order visual areas, including the fusiform face area). It 

can therefore not be excluded that associative aspects of the memories were not lost 

preferentially for rule items. We can thus also not exclude that a loss of arbitrary 

configural memory components might have contributed to the post-encoding 

generalization increment. Ongoing studies in our lab are addressing this issue.  

Interestingly, the cerebral sleep and wake states appeared to contribute similarly to the 

post-learning development of generalization. Indeed, our results suggest that 

generalization processes, be they similar or different ones, occur during the sleep and the 

wake state alike. During sleep these generalization processes correlated with SWS. This is 

perhaps not surprising, given that declarative memory consolidation has also been 

attributed to this sleep stage (Diekelmann & Born, 2010), and to its oscillatory hallmarks: 

slow waves (Marshall et al., 2006; Mölle, Marshall, Gais, & Born, 2004) and spindles (Cox, 

Hofman, de Boer, & Talamini, 2014; Cox et al., 2012; Gais, Mölle, Helms, & Born, 2002). 

During wakefulness, other EEG parameters may correlate with generalization 

performance. However, we did not measure EEG during wakefulness and thus correlations 

were only reported for the nap group. Interestingly, we recently found that 

decontextualization of memories also occurs during sleeping and waking alike (Cox, 

Tijdens, Meeter, Sweegers, & Talamini, 2014). While the combined findings support a role 

of sleep in the formation of semantic knowledge across episodic memories, they 

counteract the notion that sleep might be the main contributor to this process (Lewis & 

Durrant, 2011; Tamminen, Payne, Stickgold, Wamsley, & Gaskell, 2010). We therefore do 

not believe that little SWS hinders or impairs generalization. Rather, in those subjects with 

little SWS, the SWS-related improvement may have remained small or absent. 

It should be noted that a few studies, using different memory paradigms, did report a 

preferential benefit of sleep over waking for generalization (Durrant et al., 2012; 

Ellenbogen et al., 2007; Gómez et al., 2006). Conversely, a recent study on language-

related generalization processes in toddlers found that wakefulness rather than sleep 
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promoted generalization of word learning (Werchan & Gómez, 2013). A tentative 

explanation for such seemingly disparate findings is that different types of memory, 

including episodic, declarative and procedural memory, contribute differentially to the 

adopted memory tasks and may be differentially influenced by sleep (Stickgold, 2005). 

Another putative factor, relates to differential effects of interference in different memory 

tasks. Part of the typical sleep benefit observed in declarative memory tasks might be due 

to reduced interference-based memory decay. Generalization performance may not 

always benefit from reduced interference. In fact, it is possible that interference-based 

degradation of arbitrary event components aids generalization performance. Thus, during 

wakefulness, interference-based memory decay may contribute to regularity extraction by 

eroding arbitrary episodic links with relative maintenance of, plausibly stronger, regular 

associations. During sleep, on the other hand, generalization may also occur, but perhaps 

act through the process of memory consolidation, rather than reduced interference. In 

sum, when the memories used for generalization are particularly rich in episodic details, 

wakefulness and sleep may both exert positive influences on generalization, but through 

different mechanisms. Previous studies that preferentially found generalization 

improvements during sleep may have regarded contextually poor memories, and 

wakefulness may have failed to contribute to the process of generalization. 

While undoubtedly of major adaptive importance, regularity extraction appears to come 

at a price. Indeed, it seems to counteract the formation of a detailed memory 

representation of individual stimuli. This was already apparent in retrieval performance 

shortly after learning, while across the 4 hrs post-learning interval no additional forgetting 

of arbitrary episodic details was observed. This suggests that diverging encoding or very 

early consolidation mechanisms caused the observed rule/no-rule difference. A tentative 

interpretation of these results holds that attention and subsequent neural processing are 

biased towards the overlapping aspects of episodes. Given capacity limits, especially in 

working memory (Luck & Vogel, 1997; Turner & Engle, 1989), this would likely lead to 

suboptimal processing of the remaining aspects of the material.  

Our follow-up investigation showed that, across approximately one month, regularity 

knowledge was very resistant against forgetting. This stands in sharp contrast to the steep 

memory decay that was observed for the associations that did not adhere to a regularity 

structure. Consolidation processes thus seemed to have favoured the strengthening of 

regularities over more arbitrary memory aspects, leading to highly stable memories for 

these regularities.  

The combined findings thus show that associative regularities across episodic memories 

are extracted and preferentially retained in the form of flexibly applicable general 

knowledge. Our previous study (Sweegers et al., 2013), which compared consolidation of 
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similar associations with and without underlying regularities in the first 48 hrs after 

encoding, shed some light on the underlying neural mechanisms. The results showed 

preferential system-level reorganisation processes in the condition with regularities. This 

reorganisation involved coordinated hippocampo-mediofrontal activity and the build-up 

of a functionally interconnected (neo)cortical network including the aforementioned 

hippocampus and mediofrontal regions as well as higher order cortical areas representing 

different aspects of the stimuli. We have proposed that the hippocampo-mediofrontal 

cross talk might support a mechanism for regularity extraction, with the frontal regions 

contributing executive functions, such as working memory and attentional control, and 

the hippocampus retrieving relevant stored memories (see Sweegers et al., 2013 for a 

more detailed account). In line with this notion, several studies have implicated 

hippocampo-mediofrontal communication in rule and schema learning (Benchenane et al., 

2010; Kumaran et al., 2009; Van Kesteren, Fernández, et al., 2010), which also involves 

interactions of new associative input with already stored information. 

 Such memory reorganization as discussed above, may involve the offline replay of 

previous experiences. While studies on memory replay have mainly focused on sleep time 

(Ji & Wilson, 2007; Louie & Wilson, 2001; Peyrache et al., 2009; Skaggs & McNaughton, 

1996), some evidence exists that replay also occurs during wake periods of relative 

immobility (Carr, Jadhav, & Frank, 2011; Karlsson & Frank, 2009). It has furthermore been 

proposed that memory replay might take the form of ‘generalized replay’ (Kumaran & 

McClelland, 2012), in which memories that share certain elements are replayed together. 

This stands in contrast to the reactivation of a specific experience, coded in a single CA3 

ensemble. The conjunctive replay of multiple related episodes would allow for the 

formation of links between them. Links may also be formed between memories that were 

previously seen as unrelated, thereby promoting insight into underlying similarity 

structures. In support of such a mechanism, a recent study reported ‘replay’ of never 

experienced short-cuts during sleep (Gupta, Van Der Meer, Touretzky, & Redish, 2010). At 

the behavioral level, this idea is supported by a sleep study in which subjects gained 

insight into a hidden rule after a period of sleep (Wagner et al., 2004). Replay, possibly 

occurring during both wakefulness and sleep may thus play a critical role in the detection 

of new relations among experiences, such as the regularities across face-location 

associations in our current study. 

Finally, several aspects of our study merit consideration. First, we would like to address 

the possible concern that our follow-up interaction results were influenced by the 

different memory accuracy levels for the three face types in the test phase of the 

experiment. Several studies investigated whether initial encoding (i.e. initial memory 

performance) affects the shape of the forgetting function (Bogartz, 1990; Loftus & 
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Bamber, 1990; Loftus, 1985; Slamecka & McElree, 1983; Slamecka, 1985; Wixted, 1990). 

These studies found equal slopes for different initial performance, except when floor 

effects clouded the picture. As floor effects are not at play in the mentioned comparison, 

we believe the findings are not confounded by differences in initial memory accuracy.  

Second, we wish to acknowledge that ceiling effects may have influenced our results 

regarding memory stability across the 4 hr post-learning interval. In an additional analysis 

we investigated whether our main findings would persist in a subject sample in which the 

highest performers (top 25%) were excluded. This analyses involved face-location memory 

scores of the learning and test phase of the experiment, as rule performance was 

particularly high here. In this subgroup we still found less forgetting occurring for rule 

faces as compared to no-rule faces, as evidenced by a significant interaction between time 

and regularity (F(1,30) = 5.38, p = 0.027). To offer further reassurance on this point, we 

would like to point to a previous study that used a similar paradigm, but where memory 

performance was further away from ceiling (Sweegers et al., 2013). Also here, the 

differential forgetting pattern for rule and no-rule faces was observed. In view of the 

above, we conclude our main findings are robust, despite the occurrence of some ceiling 

performance. 

Conclusion 

The present study shows that when memories contain associative regularities, encoding 

and consolidation mechanisms appear particularly devoted to storing these regularities, at 

the cost of arbitrary memory components. We propose that the stabilization of associative 

regularities across memories may be one route toward the build-up of our large semantic 

knowledge base. Such a mechanism seems highly adaptive, given limited memory capacity 

and the long-term relevance of associative regularities for predicting the more complex 

aspects of our environment and guiding behavior accordingly.  
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Supplementary material 

Rationale of the task 

The purpose of our research was to investigate the extraction of regularities across 

episodic memories. In terms of the underlying neural processes, we wanted to investigate 

the extraction of regularities across memories that require the hippocampus to be stored. 

Hence, the novel paradigm used in our study consists of an episodic memory task with 

some complex regularities blended into the material. As subjects learn the individual 

associations, they extract part of the regularity structure, which helps their memory 

performance to some extent. One should understand that the complex contingencies 

governing face placement, while in fact deterministic, were experienced by subjects as 

stochastic.  

In view of this set up, memory performance on the task is based on a mixture of episodic 

memory and regularity knowledge, with performance on any item possibly never being 

‘purely’ regularity-based or episodic-memory-based. The results on the rules 

questionnaire support this: On average, subjects correctly identified 2.34 of the 3 rule 

locations and 1.11 out of 3 correct features per location. Moreover, no single subject 

gained perfect regularity knowledge. The regularity structure was thus only partially 

known to the subject and only aided rather than determined performance in the rule 

condition.  

The design of the task also implies that rule knowledge to some extent aids performance 

in the no-rule condition. However, this effect is very small. Consider that knowing one 

feature is highly prevalent on a particular rule location helps performance very little: while 

this feature occurs on the 12 faces that belong to that particular rule location, the same 

feature also occurs 24 times on other locations. The influence of such one-feature 

knowledge on no-rule performance is negligible. Typically, subjects acquire a two-feature 

strategy only for one location. Consider that this only excludes 1 out of 6 locations for 

placement of no-rule faces.  

In view of the above, the crucial comparison in our experiment was between a condition 

that was largely dependent on episodic memory (no-rule faces) and another that was 

dependent on a mixture of episodic memory and regularity knowledge (rule faces). Even 

for the subjects with the highest rule knowledge, where the contribution of regularity 

knowledge in the no-rule condition would be somewhat more extensive, we can still be 

confident that performance for rule-items lays further on the ‘rule-side’ of the continuum 

than performance for arbitrary associations. This suffices for the purpose of the current 

study, which was to assess the temporal dynamics of regularity extraction/stabilization.  
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For category details & example of the task for one subject see the supplementary material 

in chapter 2. 
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Abstract  

Mental schemas have been shown to aid in the interpretation and storage of new information. 

However, when behavior can fully depend on existing schemas, this may actually suppress the 

encoding of sensory input. The present experiment set out to test this schema-induced shallow 

encoding hypothesis. Our approach involved a memory task in which faces had to be coupled to 

homes. For half of the faces the responses could be guided by a pre-learned schema, for the other 

half of the faces such a schema was not available. Memory storage was compared between schema-

congruent and schema-incongruent items. We assessed memory for visual details and contextual 

aspects of each item. Moreover, we investigated the parietal old/new ERP effect. This ERP effect, 

observed between 500-800 ms post stimulus onset, is thought to reflect the extent of recollection: 

the retrieval of a vivid memory, including various contextual details from the learning episode. It was 

found that both item and context memory were impeded by schema congruence. Furthermore, the 

parietal old/new ERP effect indicated higher recollection for the schema-incongruent than the 

schema-congruent memories. The combined findings indicate that schemas can hinder the in-depth 

processing of novel input, thereby impairing the formation of perceptually detailed and contextually 

rich memory traces. Taking into account both current and previous findings, we suggest that 

schemas may improve memory processing of goal-relevant information but suppress processing of 

goal-irrelevant information.  
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Introduction  

Information processing in the nervous system is crucially dependent on gating and 

selection mechanisms, which prevent flooding of the system. Top-down attention, driven 

by stored information and internal goals, plays an important role in such mechanisms, 

biasing information processing in relation to stimulus novelty and relevance. At high levels 

of processing complexity, such stored information consists of mental schemas, here 

defined as structured clusters of knowledge about a particular concept (Thorndyke & 

Yekovich, 1980; but see e.g. Fiske & Linville, 1980; Ghosh & Gilboa, 2013 or van Kesteren 

et al., 2013 for other schema definitions). We propose that such mental schemas, in 

interaction with internal goals, co-determine which information undergoes in-depth 

processing and long-term storage. 

The impact of schemas on information processing has been investigated in several studies. 

A number of these find that schemas aid the storage of schema-congruent information, 

i.e. new information that is in line with, or can be related to the schema (Bartlett, 1932; 

Bransford & Johnson, 1972; Tse et al., 2011; van Kesteren et al., 2013). One of the 

mechanisms underlying this memory benefit may regard the acceleration of hippocampus-

dependent consolidation mechanisms (McClelland, 2013; Tse et al., 2007). In these 

experiments, memorizing the so-called ‘schema-congruent’ items was typically rewarding. 

For example, in a rat study, extra food was delivered when these items were retrieved 

(Tse et al., 2007), and motivation was boosted in a human study through announcement 

of an upcoming memory test (van Kesteren et al., 2013). In other words, memorizing the 

specific schema-congruent items in the mentioned experiments very likely served an 

internal goal. 

It has not been investigated how memory formation proceeds when the storage of new 

schema-congruent input is irrelevant for achieving current goals; that is, when behavior 

can fully depend on existing schemas, without an important benefit from storing 

individual schema-congruent items. Given limited neural processing capacity, mental 

schemas may then lead to shallow encoding of goal-irrelevant information, thus 

preserving processing capacity for more relevant input.  

Many studies support the notion that shallow encoding leads to qualitatively poor 

memory traces, holding few visual details and contextual aspects from the learning period. 

In such studies encoding strength has been manipulated through, for instance, stimulus 

presentation time (Vilberg & Rugg, 2009), encoding task (Craik & Tulving, 1975), attention 

at encoding (Craik, Govoni, Naveh-Benjamin, & Anderson, 1996; Naveh-Benjamin, Guez, & 

Marom, 2003) or the number of stimulus repetitions (Nelson, 1977; Rugg & Doyle, 1994). 

The influence of such encoding manipulations on memory is also reflected in the 
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electroencephalography (EEG) during memory retrieval. In particular, in the parietal 

old/new effect: an event related potential (ERP) effect, occurring between 500 and 800 ms 

after stimulus onset over parietal areas of the scalp. This ERP effect, reflects higher EEG 

amplitudes evoked by correctly recognized old items than by correctly rejected new items 

(Parker, Bussey, & Wilding, 2003). Importantly, the aforementioned studies on encoding 

strength manipulations have shown that only vivid memories, containing rich contextual 

detail from the learning period (created under deep encoding conditions), elicit this effect, 

whereas memories that hold little contextual detail (created under shallow encoding 

conditions) do not. In other words: the presence of this ERP is thought to reflect 

recollection: the ability to retrieve source information from the study episode (Wilding, 

2000; Yonelinas, 2002). If schemas, similar to the previously mentioned manipulations, 

induce shallow encoding, visual detail and context memory will suffer and the parietal ERP 

will be diminished.  

A previous study in our lab (Sweegers & Talamini, 2014) that investigated the formation of 

general knowledge (schemas) from episodic memory provided support for this schema-

induced shallow encoding hypothesis. We found that the extraction of regularities from 

the learning material negatively influenced the formation of detailed memory traces, 

incorporating regularity-irrelevant details. In the present experiment we build upon this 

finding by having subjects now learn a regularity structure, or schema, before encoding. 

The aim is to study the influence of existing mental schemas on the encoding of new 

information. 

To address this issue, we had subjects perform a task in which faces had to be associated 

to a limited set of homes (a house, a caravan, a tent, etc.). Before encoding, subjects 

learned a schema consisting of several rules regarding the relation between certain facial 

features and particular homes (for example: stout faces with no headwear go with the 

caravan). During encoding, a schema of this sort predicted the corresponding home for 

half of the faces, whereas the other half was randomly assigned to non-schema homes. 

Subjects learned to pick the corresponding home for each face. The rationale was that 

schemas would hamper the formation of a detailed memory representation for the 

congruent items, as there was, in theory, no need to create memory representations of 

these items to perform the task at hand. Shortly after encoding we assessed recognition of 

the faces against highly similar lures and new faces, under EEG recording. We expected 

recognition performance to be inferior for the schema-congruent faces as compared to 

the schema-incongruent faces. For the EEG analysis, we focused on the parietal old/new 

effect. We hypothesized that this ERP effect would be less pronounced in the schema-

congruent condition than the schema-incongruent condition, reflecting the retrieval of 

poor memories for schema-congruent items. Finally, we tested context memory 
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behaviorally, as indexed by memory for the location of the home that was coupled to each 

face during encoding. Also here, we expected performance to be lower for schema-

congruent items than schema-incongruent items.  

Materials and Methods  

Subjects 

Fifty-four subjects gave written informed consent and received either course credits or a 

financial compensation for participation in this experiment, which was approved by the 

local ethics committee. Six subjects were excluded from the experiment as they did not 

reach the pre-set number of trials during the practice session (see below). Another 12 

were excluded from the EEG analyses due to technical problems (3), having fewer than 10 

artifact-free trials per condition (3) or not showing the schema manipulation in their 

behavioral responses (6, see below). Behavioral analyses were thus performed on 48 

subjects (14 males, mean age 20.60, SD = 1.62); EEG analyses on 36 subjects (11 males, 

mean age 20.58, SD = 1.61).  

Overview 

The following gives an overview of the experimental design; please see the sections below 

for methodological details. The experiment was spread across two consecutive days. On 

day 1, subjects were familiarized with the face-home task and asked to memorize several 

rules regarding combinations of facial features and homes, which together made up the 

schema. On day 2, allowing for some consolidation of the schema, subjects took part in 

the learning session. This entailed learning 72 associations of faces with homes. Half of the 

associations were congruent with the schema; the other half was random. After the 

learning session, subjects were prepared for EEG recording. In the ensuing test phase, 

recognition memory for both the schema-congruent and the schema-incongruent faces 

was assessed under EEG recording. Finally, context memory was assessed by asking 

subjects to pick the location of the home that belonged to the face in the learning phase.  

Stimuli 

One-hundred and forty-four grayscale pictures of emotionally neutral faces were created 

using Faces TM software (IQ Biometrix, 2003). The faces varied on several non-critical 

features. However, three systematically manipulated, binary features occurred in each 

face: faces were either 1) young adult or aged; 2) slender or stout and had either 3) 

headwear (caps, hats or headbands) or no headwear. These critical facial features could 

come in various forms (e.g. different types of headwear, wrinkle patterns, etc), 
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contributing to the perceptual distinctiveness of the faces (see figure 1). Six out of the 

eight possible three-way combinations of these features were selected for use in the 

experiment. Each of these six face categories was thus characterized by a unique 

combination of three critical features. However, for each face category just 2 (out of the 3) 

critical features sufficed to distinguish that category; this two-feature combination did not 

occur in any other category. For each of these six face categories 24 faces were created. 

Twelve faces from each category (72 in total) were used in the learning phase. With 

photo-editing software (Adobe Photoshop), these 72 faces were slightly modified to 

create 72 additional lure faces (changes mainly involved the size and shape of the eyes, 

nose and mouth). In the face recognition test we presented subjects with 216 faces: the 

72 faces from the learning phase, the 72 similar lures and the remaining 72 original faces 

(appointed as ‘new faces’). Finally, 24 extra faces (four from each category) were created 

with Faces TM software to serve as practice faces for day 1, and another 10 (from various 

categories) served as examples.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Day 1: schema learning and practice 

After arriving at the lab, subjects received a sheet of paper with the schema and were 

asked to memorize it. They were informed that the schema would greatly aid in 

connecting the faces to the homes in an upcoming memory task and that they should use 

Figure 1: Example of a schema. Subjects 

were asked to memorize this schema 

before the start of the practice session 

on day 1. Note that although all face 

examples are from the same face 

category, they are still perceptually very 

different.  
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the schema whenever possible. The practice phase followed, in which subjects had to 

associate 24 faces, 12 schema-congruent and 12 schema-incongruent ones, with their 

corresponding homes in two encoding-retrieval cycles. During an encoding block, each of 

the 24 faces was presented for 1 s over a mid-screen fixation cross, then moved to one of 

the six homes that were organized hexagonally around the fixation cross, and stayed there 

for another 1.5 s (see figure 2a). Immediately after each encoding block, a retrieval block 

followed, in which subjects were instructed to indicate the correct home for each face. 

Faces were presented sequentially, for 2 s each, over the fixation cross. Subjects used a 

joystick to move the cursor from the fixation cross to the selected home and confirmed 

their choice with a button press. In the first retrieval block, subjects received feedback on 

each placement: if the correct home was chosen, the home turned green, and the face 

moved to that location; if an incorrect location was chosen, the home turned red, and the 

correct home turned green (see figure 2b). Subsequently, the subject had to make a 

movement to the correct home, after which the face moved to that home. In the second 

retrieval block, no feedback was given, but subjects had to indicate their response 

confidence on a five-point scale (1 = low to 5 = high; see figure 2c). The order of the faces 

was randomized over blocks and over subjects. 

Importantly, there was no systematic relation between homes and screen locations. 

However, for a particular face-home association the home always appeared on the same 

location. Hence, the location of the home can be seen as a contextual aspect to the more 

central face-home association that could be implicitly learned during the task.  

At the end of the practice session, subjects needed to have a good understanding of the 

task layout. Subjects who did not pick the correct homes for at least 9 out of 12 schema-

congruent faces and 6 out of 12 incongruent faces were excluded from the experiment. 

We reasoned that subjects who did not meet this criterion did not have a good 

understanding of the task, which required switching between schema and non-schema 

strategies in order to obtain maximum performance. 

Day 2: Learning and test phase 

Upon arrival at the lab subjects were instructed to learn 72 new face-home associations. 

They were asked to use, where possible, the previously learned schema for connecting the 

72 new faces with their corresponding homes. Three encoding-retrieval cycles followed 

(similar to those from day 1), with two retrieval blocks including feedback, and the final 

one with confidence rating instead of feedback. After a short break, subjects were 

prepared for EEG recording. Thereafter they performed a surprise face recognition test, 

under EEG recording.  
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During face recognition the 72 faces from the learning phase, 72 lure faces and 72 new 

faces were presented, intermingled. The lure faces were introduced to assess whether 

subjects’ face memories incorporated sufficient detail to distinguish between previously 

seen faces and faces that were very similar. The new faces were included for the parietal 

old/new ERP investigation. For this analysis, the averaged EEG potentials evoked by 

recognized old items were compared to those evoked by correctly rejected new items; see 

below for more details on the EEG analysis. The lure faces were thus not used for the EEG 

analyses.  

Each face was presented, sequentially, in the middle of the screen for 750 ms. This was 

followed by the question “Old, lure or new?” which appeared for 3 s. Subjects were 

instructed to use buttons on the joystick to answer the question and to make a confidence 

judgment thereafter.  

 

 

 
 

Figure 2: Screen shots from the learning phase. a) Encoding phase: subjects observed the faces moving to their 

corresponding home. b) Retrieval phase with feedback: subjects were asked to pick the home that was 

associated with the face. Feedback was provided by presenting the wrong home in red, and subsequently the 

correct home in green. c) Retrieval phase with confidence: subjects were asked to pick the corresponding home 

and to make a confidence judgment thereafter. The small pink circle is the cursor that the subjects had to move 

to make their choice. 
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Next, subjects performed the contextual memory task, which required them to pick the 

location of the home that corresponded to each face. Each of the 72 learned faces was 

shown for 2 s in the middle of the screen, which also showed a hexagonal pattern of 6 

grey circles, reflecting the positions of the homes during learning. Subjects responded by 

selecting one of the grey circles with the cursor, after which confidence was rated.  

Finally, a questionnaire was administered to assess whether subjects intentionally 

encoded the locations of the homes along with the face-home associations during 

encoding. In the current experiment, the location is seen as a contextual aspect to the 

more central face-home association. Subjects’ intentional use of location information for 

task performance would confound interpretation of the contextual memory results. 

EEG acquisition and analyses 

EEG was recorded using a 64-electrode ANT Waveguard EEG cap with, in addition, two 

mastoid electrodes as reference and four electrodes for horizontal and vertical electro-

oculography (72-channel Refa DC amplifier (TMS International, Enschede, the 

Netherlands), sampling rate: 512 Hz, impedance below 20 kΩ). EEG data was analyzed 

using the EEGLAB toolbox in Matlab (Delorme & Makeig, 2004). Break periods were 

manually removed from the continuous filtered EEG (high pass filter: 0.1 Hz, notch filter: 

50 Hz), and bad channels were interpolated. Independent Component Analysis (ICA) was 

used to remove eye blinks, eye movements, and other noise components from the 

continuous EEG data. Next, EEG data from the face recognition test was epoched from 200 

ms before stimulus onset to 2 s post onset and epochs containing excessive artifacts (> 75 

µV) were removed.  

For the investigation of the parietal old/new effect we included the recognized old items 

and the correctly rejected new items from the recognition test. Importantly, for old faces, 

both old and lure responses were included, as they correctly reflected familiarity with the 

item. This resulted in four conditions of interest: schema-congruent old faces, schema-

congruent new faces, schema-incongruent old faces and schema-incongruent new faces.  

As the parietal old/new effect is found over parietal scalp sites, two regions of interest 

(ROIs) were considered: a left parietal cluster (including P1, P3, P5, PO3 and CP3) and a 

right parietal cluster (P2, P4, P6, P04, CP4). Per subject, EEG data was first averaged across 

trials in a condition, and then averaged across the five electrodes in a ROI. Finally, a single 

mean amplitude was calculated, by averaging across the time points within our time 

window of interest (500-800 ms). These averaged EEG amplitudes per subject, per 

condition, per ROI were used for group-level analyses.  
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Results  

Behavioral results 

As the behavioral data was largely non-normally distributed, Wilcoxon Paired Signed Rank 

tests were used to compare between the schema-congruent and schema-incongruent 

conditions. As there were 36 faces in each condition, this was always the maximum score.  

Face to home association 

During the learning phase, subjects could make use of the schema to connect the schema-

congruent faces to their homes. We compared subjects’ performance on schema-

congruent and incongruent items to assess whether the schemas indeed aided 

performance. At the end of the learning session, face to home allocation was superior for 

schema-congruent faces (mean = 34.65, SD = 1.44) than for schema-incongruent faces 

(mean = 28.21, SD = 6.86; Z = -5.74, p < 0.001). Subjects also retrieved the homes for 

schema-congruent faces faster (schema-congruent mean = 2965 ms, SD = 526 ms; 

schema-incongruent mean = 3406 ms, SD = 919 ms; Z = -4.04, p < 0.001) and with higher 

confidence (schema-congruent mean = 4.74, SD = 0.35; schema-incongruent mean = 4.14, 

SD = 0.56; Z = -5.98, p < 0.001) than those for schema-incongruent faces. As performance 

was much higher in the schema-congruent condition, this convincingly shows that subjects 

used the schema to their advantage.  

Face recognition 

To test the hypothesis that the use of a schema leads to shallow item encoding, we 

investigated recognition memory accuracy for the previously learned faces. We indeed 

found that subjects were more accurate at responding ‘old’ to old faces in the incongruent 

condition (mean = 21.56, SD = 5.75) than the congruent condition (mean = 16.67, SD = 

4.43; Z = -4.63, p < 0.001). Furthermore, in the schema-congruent condition, subjects 

more often gave a ‘lure answer’ (schema-congruent mean = 12.48, SD = 4.03; schema-

incongruent mean = 11.29, SD = 4.23; Z = -1.77, p = 0.076) or a ‘new answer’ (schema-

congruent mean = 6.39, SD = 3.69; schema-incongruent mean = 2.52, SD = 2.78; Z = -5.33, 

p < 0.001) to these old faces. 
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Figure 3: Face recognition results. The x-axis shows the number of hits (out of 36). The y-axis shows the 9 

possible trial types: 3 face types (old/lure/new) x 3 possible responses (old/lure/new). On this axis, filled black 

squares indicate the correct answer (e.g. responding ‘old’ to an old face), whereas the grey circles indicate the 

given response. Overlapping filled squares and circles refer to correct answers (3 in total). The incongruent 

condition is depicted in orange and the congruent condition in turquoise. Error bars represent the standard error 

of the mean.  

 

With regard to the lure faces, subjects were more accurate at correctly classifying them as 

lure faces in the schema-incongruent condition than in the schema-congruent condition 

(schema-incongruent mean = 18.94, SD = 5.95; schema-congruent mean = 16.79, SD = 

5.51; Z -3.01, p = 0.003). Also, in the schema-congruent condition subjects more often 

gave ‘new’ responses to these lure faces than in the schema-incongruent condition 

(schema-congruent mean 10.98, SD = 4.70; schema-incongruent mean = 7.77, SD = 4.51; Z 

= -3.80, p < 0.001). With regard to the new faces, no differences were found between the 

schema conditions (all p’s > 0.1). Subjects were highly accurate at correctly rejecting the 

new faces (mean incongruent condition: 29.71, SD = 4.11; mean congruent condition: 

29.75, SD = 4.46).  
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Together, these findings clearly show that memory for schema-congruent items was 

markedly inferior to memory for schema-incongruent items.  

Contextual memory 

To test the hypothesis that the use of a schema leads to contextually impoverished 

memories, we assessed memory for the location of the homes during encoding. Subjects 

were far more accurate in selecting the corresponding locations for the faces in the 

incongruent condition (mean = 19.15, SD = 6.33) than the congruent condition (mean = 

9.60, SD = 3.87; z = -5.97, p < 0.001). Moreover, in the incongruent condition, confidence 

was higher (schema-incongruent mean: 3.67, SD = 0.72 vs. schema-congruent mean: 2.84, 

SD = 0.69; Z = -5.30, p < 0.001) and RTs were shorter (schema-incongruent mean: 2472 ms, 

SD = 559 ms vs. schema-congruent mean: 2638 ms, SD = 765 ms; Z = -2.55; p = 0.011). 

These findings provide strong support for the idea that schema-incongruent memories 

were ‘contextually richer’ as compared to the schema-congruent ones.  

The questionnaire results revealed that a few subjects intentionally encoded the location 

of the faces during encoding, even if only for some faces. When excluding all subjects that 

reported the use of this feature, schema effects on accuracy and confidence remained 

significant (both p’s < 0.001).  

The combined behavioral results thus show a clear memory disadvantage for schema-

congruent items. This is apparent for recognition memory of the target items (faces) and 

even more so for schema-irrelevant contextual information.  

EEG results 

We used the face recognition task to study the neural correlates of this schema effect. To 

reduce noise, the data from subjects that did not show the effect was excluded. To 

quantify the schema effect on an individual basis, we first summed the correct 

identification scores of old and lure faces for each schema condition separately. Next, the 

summed score in the schema-congruent condition was subtracted from the summed score 

in the schema-incongruent condition. Thirty-six subjects had positive difference scores 

whereas a mere six showed either no difference or a negative difference score. These six 

subjects were excluded from the EEG analysis.  

In the remaining sample, we first investigated whether there were differences in the 

average ERP amplitudes for the schema-congruent new and the schema-incongruent new 

condition. If these conditions did not differ, this would allow us to collapse these trials into 

a single ‘new’ condition to which the ‘old’ conditions could be compared. A repeated 

measures ANOVA with factors SCHEMA (congruent new, incongruent new) and ROI (left 
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parietal, right parietal) revealed no main effects, nor an interaction (all p’s > 0.1). 

Therefore a single ‘new’ condition was created.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4: In panel A, the average ERP waveforms for the three conditions are plotted: schema-incongruent, 

schema-congruent and new. The first plot represents the left parietal ROI and the second one the right parietal 

ROI. The dotted circles represent the time window for the parietal old/new effect (500 – 800 ms post stimulus 

onset). Panel B shows topographic maps of 1) differences between the congruent old vs. new condition, 2) 

incongruent old vs. new condition and 3) incongruent old vs. congruent old condition.  
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Next, we tested our main hypothesis of a stronger parietal old/new effect in the schema-

incongruent condition as compared to the schema-congruent condition. First we 

performed a repeated measures ANOVA with factors CONDITION (congruent old, 

incongruent old, new) and ROI (left parietal, right parietal). This yielded a main effect of 

CONDITION (F(2,34) = 4.85, p = 0.011) and a CONDITION x ROI interaction (F(2,34) = 7.03, 

p = 0.002). No main effect of ROI was found (p > 0.1). The significant effects were further 

analyzed through one-way ANOVAs with factor CONDITION (congruent old, incongruent 

old, new) for both ROIs separately. Significant main effects of CONDITION were found 

bilaterally (left ROI: F(1,35) = 5.16, p = 0.008; right ROI: F(1,35) = 4.70, p = 0.012). Follow 

up t-tests revealed that in the left ROI, the schema-congruent old condition (mean = 

16.81µV, SD = 6.22µV) differed significantly from the ‘new’ condition (mean = 15.56µV, SD 

= 6.27µV; t(1,35) = 2.23, p = 0.032). The schema-incongruent old condition (mean = 

17.03µV, SD = 6.37µV) also differed significantly from the new condition (mean = 15.56µV, 

SD = 6.27µV; t(1,35) = 2.88, p = 0.007). However, the schema-incongruent old and schema-

congruent old condition did not differ significantly (p > 0.1). In the right ROI, the schema-

incongruent old condition (mean = 16.99µV, SD = 6.04 µV) differed from both the ‘new’ 

condition (mean = 15.69µV, SD = 5.81µV; t(1,35) = 2.72, p = 0.010) and the schema-

congruent old condition (mean = 16.30µV, SD = 5.57µV; t(1,35) = 2.31, p = 0.027). The 

schema-congruent old condition did not differ from the ‘new’ condition (p > 0.1). It can 

thus be concluded that the parietal old/new effect was more pronounced for the schema-

incongruent condition than the schema-congruent condition in the right parietal region. 

As this ERP effect reflects recollection and, indeed, scales with the amount of recollection 

(Vilberg, Moosavi, & Rugg, 2006; Wilding, 2000), this supports the notion that schema-

incongruent memories were contextually richer than schema-congruent memories.  

Correlations 

As explained previously, the parietal old/new effect is thought to reflect the retrieval of a 

vivid memory trace, including contextual information from the study episode. This 

measure might, therefore, be expected to correlate with subjects’ context memory scores. 

Such a correlation would support the notion that the ERP effect indeed reflects contextual 

memory retrieval. We correlated the average ERP amplitudes in the schema-incongruent 

old and schema-congruent old condition with the contextual memory scores (i.e. memory 

for the location of the home). A significant correlation was found in the incongruent 

condition where average EEG amplitude in the right ROI correlated with contextual 

memory scores (r(34) = 0.039, p = 0.018; see figure 5). In the left ROI, a similar, marginally 

significant correlation was found (r(34) = 0.324, p = 0.054). The average amplitudes in the 
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congruent old condition did not reveal any significant correlations with context memory 

(all p’s > 0.1). 

 

Figure 5: Correlation between scores on the contextual memory task in the incongruent condition (x-axis) and 

EEG amplitude for the schema-incongruent old faces (y-axis) during the recognition task.  

 

Discussion 

The present study set out to test whether schemas induce shallow encoding of goal-

irrelevant information. The results confirm our hypothesis: both item and context memory 

accuracy were strongly reduced in the schema-congruent condition. Moreover, the 

parietal old/new ERP effect was less pronounced for the schema-congruent condition as 

compared to the schema-incongruent condition, further supporting the hypothesis that 

memories for schema-congruent items are contextually impoverished.  

In the present paradigm, each face stimulus was presented multiple times during the 

learning phase, and some level of attention to the face was always needed to select the 

corresponding home. These paradigm characteristics, considering also the fast processing 

of face stimuli by our brain (Itier & Taylor, 2004; Pegna, Khateb, Michel, & Landis, 2004), 

allowed, in theory, for the formation of robust memory traces for faces in both schema 

conditions. Still, large differences were observed between memory for the schema-

congruent and schema-incongruent faces. In the recognition memory test, the schema-

congruent faces were less likely to be recognized, and were more often falsely endorsed 

as ‘new’. With regard to memory for contextual aspects of the learning episode, 
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performance was also much higher for the schema-incongruent condition than the 

schema-incongruent condition. It thus appears that the use of schemas strongly impairs 

memory formation, which is intriguing given the ample opportunity subjects had to form 

strong memory traces. 

 The ERP results provide further support for differences in memory quality between the 

schema conditions. We investigated the parietal old/new effect, which is believed to 

reflect recollection: the ability to retrieve source information from the study episode 

(Wilding, 2000). This ERP effect is generally most pronounced over parietal electrode sites 

and may be left lateralized (Finnigan, Humphreys, Dennis, & Geffen, 2002; Schloerscheidt 

& Rugg, 1997; Wilding, 2000) or bilateral (Curran & Doyle, 2011; Marzi & Viggiano, 2010). 

The notion that higher ERP amplitudes reflect stronger recollection is supported by several 

studies showing that the ERP amplitude scales with the number of episodic details being 

retrieved (Vilberg et al., 2006; Vilberg & Rugg, 2009; Wilding, 2000).  

 In the present study, the schema-congruent faces elicited a left-lateralized ERP effect, 

whereas the effect was bilateral in the schema-incongruent condition. Indeed, in the right 

parietal region the old/new effect was significantly higher for schema-incongruent than 

for schema-congruent faces. We like to speculate that this difference reflects the stronger 

recollection in the schema-incongruent condition. This notion is strengthened by the 

positive correlation between amplitude of the old/new ERP effect, especially on the right 

side, and the availability of spatial context memory. In fact, as spatial information 

processing tends to be largely lateralized to the right hemisphere (Corballis, 1997; 

Shulman et al., 2010; Smith, Jonides, & Koeppe, 1996), the right-sided ERP difference 

between the two schema conditions may (in part) reflect superior spatial memory 

availability in the incongruent condition.  

The current findings extend previous work from our lab where we showed that memory 

for visual details is poor when regularities can be extracted across the material to-be-

learned (Sweegers & Talamini, 2014). In that study, the negative influence on storage of 

arbitrary (schema-irrelevant) stimulus aspects may have been related to the process of 

regularity extraction. We now show that such negative effects on memory encoding also 

occur when a pre-established schema is used. Thus, at least part of the effect is related to 

schema use, rather than schema formation. We, moreover, now show that such 

regularities, or schemas, also impair context memory retrieval, and that this is evidenced 

by changes in the underlying neural networks. 

So how do schemas influence memory formation? In the present study schemas appeared 

to particularly alter memory processing during the encoding phase. Poor memory for 

schema-items was already evident shortly after learning, and this was also the case in our 

previous study (Sweegers & Talamini, 2014). Furthermore, schema effects on retrieval 
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processes are unlikely to have contributed importantly to the findings, as the adopted 

recognition task places relatively low demands on retrieval processes. Instead, schemas 

likely exert their influence through top-down attentional modulation during encoding.  

Considering also the previous literature regarding schema influences on learning, it 

appears the end result of this attentional modulation may vary.  Whereas various studies 

report positive influences (Tse et al., 2007; Van Kesteren, Rijpkema, et al., 2010; van 

Kesteren et al., 2013; Whetstone, Reynolds, et al., Askari, & Pezdek, 1989), others, 

including the present study, report the opposite (Neuschatz, Lampinen, Preston, Hawkins, 

& Toglia, 2002; Porubanova, Shaw, McKay, & Xygalatas, 2014; Stangor & McMillan, 1992). 

We propose that this inconsistency can be explained assuming that schemas direct 

attention and learning in relation to current goals. 

When such goals require memorizing novel input, schemas may provide the background 

knowledge necessary for fast interpretation and storage of the input. For example, it has 

been shown that after extensive training on various flavor-place associations, rats can 

acquire a new association in a single trial (Tse et al., 2007). In another study, schema 

knowledge regarded the types of fabric generally used to make particular products (Van 

Kesteren, Rijpkema, et al., 2010). Here it was found that such a schema greatly aided in 

memory formation for congruent product-fabric pairs. In both the rat and the human 

study, memorizing the individual elements was highly relevant in relation to task goals, 

suggesting that schemas help memory storage in such situations.  

There are, however, also situations where schemas can fully predict task performance, so 

that memorizing novel input is not directly useful. Here, schemas may in fact hamper 

memory storage. Such a mechanism may be beneficial as it prevent us from storing 

redundant information and spares memory capacity for more important input. Thus, 

depending on momentary goals, schemas may exert different influences on memory 

formation, steering attention so as to promote the efficient use of information processing 

capacity.  

At the neural level, schemas are thought to involve a network incorporating the medial 

prefrontal cortex (mPFC) and the hippocampus. During schema formation, the interaction 

between these two regions appears crucial, biasing consolidation towards the regularities 

across hippocampus-dependent memories (Sweegers et al., 2013; van Kesteren et al., 

2013). Once schemas have been formed, further encoding of new schema-congruent 

information seems to particularly involve the mPFC, rather than the hippocampus (van 

Kesteren et al., 2013).  

The neural underpinnings of schema-induced memory suppression have thus far remained 

undiscussed. We propose that these impairments are related to pattern separation and 

completion functions of the hippocampus, which are important during memory encoding 
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and retrieval, respectively. Whereas a highly novel stimulus puts the hippocampus in 

encoding mode, familiar input, instead, shifts the hippocampus to retrieval mode 

(Hasselmo, Wyble, & Wallenstein, 1996; Meeter et al., 2004; Schomaker & Meeter, 2012; 

Wittmann, Bunzeck, Dolan, & Düzel, 2007). Dependent on goal-relevance, schemas will 

either bias attention, and therewith item processing, towards the similarities with the 

schema (when the schema suffices for goal achievement), or towards the unique aspects, 

that is, the dissimilarities to the schema (when these aspects of the stimuli are goal-

relevant). In the former case, item information reaching the hippocampus will be relatively 

familiar, setting the hippocampus to retrieval mode. In the latter case, however, 

hippocampal input will contain more novel information, driving the system towards 

encoding mode.  

Conclusion 

Schemas should not always be considered beneficial for learning and memory. Namely, 

when the storage of schema-congruent input serves no direct personal goal, schemas may 

in fact reduce the detailed processing of such input. Whereas the adaptive value of such a 

mechanism is likely related to information selection in relation to relevance for survival, 

an exaggerated or undue influence of schemas on information processing might 

counteract the flexible adaptation of already stored information. Future research should 

try to come to a better understanding of the circumstances under which schema use 

should be emphasized or rather avoided.  
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Abstract  

The neural underpinnings of emotional memory enhancement have been studied extensively, in 

particular at the cellular level. Much less is known, however, regarding the influence of emotion on 

memory network computations. An important such computation, ascribed to hippocampal 

networks, is pattern separation: the decorrelation of memory representations to reduce 

interference. In the present study we used representational similarity analysis to tap into effects of 

both emotional states (induced by aversive stimuli) and emotional traits (related to affective 

pathology) on pattern separation in the hippocampus. Twenty healthy human participants encoded 

neutral and emotional scenes under high-resolution functional magnetic resonance imaging (fMRI). 

Recognition memory was tested 9 days later and encoding trials were sorted into hits and misses. 

Results reveal increased representational separation for successfully encoded emotional as 

compared to neutral items, in a region encompassing the bulk of the hippocampus. Moreover, 

representations were more uncorrelated in the dentate gyrus and CA1 than in the subiculum, 

irrespective of emotional modulation. Whereas acute emotional arousal thus increased the 

separation of memory representations, the occurrence of mild affective symptomatology was 

negatively related to such separation. We propose that the enhanced representational separation 

for emotional stimuli may represent an adaptive mechanism to reduce risks of runaway 

consolidation that accompany the formation of strong memories. Affective disorders may be 

characterized by a breakdown in pattern separation and, thus, high risk of runaway consolidation. 

This, in turn, would lead to the formation of super-strong, overgeneralized and intrusive memories, 

as are often observed in affective disorders. 
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Introduction  

Emotionality exerts strong positive effects on memory processing (Cahill et al., 1996; 

LaBar & Cabeza, 2006; McGaugh & Roozendaal, 2002). Indeed, memories for emotional 

stimuli appear to be more vivid (Kensinger & Corkin, 2003) and longer-lasting (LaBar & 

Phelps, 1998) than memories for neutral stimuli. Whereas the cellular mechanisms 

underlying these effects have been studied in detail (Richter-Levin, 2004; Schafe, Nader, 

Blair, & LeDoux, 2001; Thomas, Hall, & Everitt, 2002), little is known about the effects of 

emotion at the level of memory-related network computations. An important such 

computation, ascribed to hippocampal networks and the dentate gyrus (DG) in particular, 

is pattern separation: the decorrelation of memory representations, enhancing memories’ 

discriminability and limiting interference among them (Aimone et al., 2011; Gibson et al., 

1991; Lacy et al., 2011; Marr, 1971; O’Reilly & McClelland, 1994). 

While possible effects of emotion on pattern separation are currently unknown, a recent 

study showed that norepinephrine-mediated emotional arousal enhanced memory 

discriminability (Segal et al., 2012). Another, using univariate fMRI, found that emotion 

modulates DG/CA3 activity in relation to the accurate discrimination of similar stimuli 

(Leal et al., 2014). These observations might be related to an emotion-induced facilitation 

of hippocampal pattern separation. 

A relatively unexplored method to tap into pattern separation functions of the 

hippocampus is representational similarity analysis (RSA; Kriegeskorte et al., 2008; 

LaRocque et al., 2013). This method uses multivoxel activity patterns to quantify the 

similarity between different neural representations. Using this method, the present study 

set out to investigate the effects of both emotional states, induced by aversive stimuli, 

and emotional traits related to affective symptomatology, on representational separation 

in the hippocampus. We expected acute emotional arousal to increase representational 

separation, but mild affective symptomatology to show a negative relation with 

representational separation. The latter expectation stems from computational studies, 

showing that impaired pattern separation leads to the formation of super-strong, 

overgeneralized memory representations, which tend to get reactivated inappropriately 

(Hasselmo, 1994; Meeter, Murre, & Talamini, 2002; Meeter, 2003; Talamini, Meeter, 

Elvevåg, Murre, & Goldberg, 2005). This ‘symptomatology‘ is reminiscent of depression 

and PTSD, in which patients suffer from aversive memory intrusions and tend to detect 

similarities between these memories and novel events that to others would seem 

negligible (Kheirbek et al., 2012; Shelton & Kirwan, 2013). 

Acute emotional effects were assessed through a subsequent memory paradigm, whereby 

fMRI was recorded during incidental encoding of neutral and emotional scenes. 
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Recognition memory was tested 9 days later, and encoding trials were sorted into hits and 

misses for neutral and emotional items. Differences in representational separation as a 

function of subsequent memory and emotion were analyzed in the following hippocampal 

subfields: DG, CA1 and subiculum (SUB), which were segmented using automated 

software.  

To investigate the relation between affective symptomatology and pattern distinctiveness, 

we administered the Depression Anxiety Stress Scales (DASS; Lovibond & Lovibond, 1995) 

and correlated the severity of affective symptoms with pattern distinctiveness in the DG. 

The DG was selected based on evidence that this subfield most strongly contributes to 

pattern separation (Aimone et al., 2011; Gibson et al., 1991; Lacy et al., 2011; Marr, 1971; 

O’Reilly & McClelland, 1994). 

Materials and methods  

Participants 

Twenty-five participants (mean age = 20.80, SD = 1.94) gave written informed consent and 

received either course credits or a financial compensation for participation in this 

experiment, which was approved by the local ethics committee. Participation was 

restricted to females to reduce variation in emotional reactivity to the stimuli. Five 

participants were excluded: 2 for not reaching the pre-set minimum number of trials (10) 

per condition for fMRI analyses, and 3 due to excessive motion during scanning.  

Materials 

From the International Affective Picture System (IAPS; Britton et al., 2006) and the 

Emotional Picture Set (Wessa et al., 2010) 112 emotionally neutral (mean valence score = 

5.36, SD = 0.41) and 112 emotionally negative (mean valence score = 2.13, SD = 0.46) 

colored scene images were drawn. The image sets were matched on visual complexity, 

using measures of contrast energy and spatial coherence (Groen, Ghebreab, Prins, 

Lamme, & Scholte, 2013). 

Behavioral procedure 

The experiment involved two sessions, set 9 days apart. In the first session, subjects 

performed an incidental encoding task under fMRI recording. Encoding was spread across 

four runs; each run containing a new set of 20 neutral and 20 emotional scenes. Each 

image was visible for 3 s, followed by a fixation cross for 2 s. Within these 5 s, participants 

rated the valence of the picture using one of four possible answers: very 

negative/negative/neutral/very neutral. Encoding trials were intermixed with baseline 
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trials of varying lengths (adding up to 1/3 of the total scan time), during which participants 

indicated whether numbers on the screen were odd or even. The sequence of neutral, 

emotional, and baseline trials was pseudorandom and optimized for rapid event-related 

fMRI (Dale, 1999). In addition, full odd/even runs (5 min each) were presented before and 

after encoding, and were used for analyses not reported in this paper. In the second 

session, participants performed a recognition test containing the 160 previously seen 

images (80 neutral; 80 emotional), intermixed with 64 new ones (32 neutral; 32 

emotional). Again, each image was visible for 3 s followed by a 2 s fixation cross. 

Participants could give the following possible answers: new/guess/know/remember. Prior 

to testing, participants were familiarized with the remember/know distinction. They were 

asked to use ‘know’ when they merely recognized the image, and ‘remember’ when they 

could recollect particulars from the moment of encoding the image. At the end of the 

second session, the DASS was administered. The DASS is a 42-item, self-report, Likert-type 

(4-point) measure of three negative emotional states: depression, anxiety and stress 

(Lovibond & Lovibond, 1995). Total scores on the DASS range between 0 and 126, with 

average scores around 18.38 (SD = 18.82; range = 0 – 121; Crawford & Henry, 2003) for 

healthy adults. We used participant’s total scores for correlational analyses.  

MRI scanning and data analysis 

MRI data was collected using a 3 T Philips Achieva MRI scanner with a 32-channel head 

coil. Functional data were acquired using a gradient-echo, echo-planar pulse sequence (TR 

= 2500 ms; TE = 27.02; 38 slices oriented perpendicular to the long axis of the 

hippocampus; ascending slice acquisition; 1.88 x 1.88 x 2 mm voxel size; 0.2 mm slice gap; 

SENSE factor = 2). The first six volumes of each functional run were discarded to allow for 

magnetic field stabilization. High-resolution T1 (1 x 1 x 1 mm) and T2 (0.4 x 0.4 x 2.2 mm) 

images were acquired to perform automatic segmentation of hippocampal subfields to 

create regions of interest (ROIs) of the CA1, DG and SUB. The adopted segmentation 

procedure (ASHS; Yushkevich et al., 2010) combines multi-atlas segmentation, similarity-

weighted voting, and a novel learning-based bias correction technique to segment 

structural images and thereby achieves high agreement with manual segmentations. All 

fMRI analyses used a region-of-interest approach, and the reported ROIs are composed of 

bilateral structures (the bilateral CA2 and CA3 subfields were considered too small for 

analysis). Image preprocessing and statistical analysis were performed using SPM8 

(www.fil.ion.ucl.ac.uk/spm/). Preprocessing included slice-time correction, followed by 

motion correction. No spatial smoothing or normalization was performed.  

For the RSA, we used a mass-univariate GLM to model each individual trial during 

encoding as an individual impulse regressor convolved with a hemodynamic response 

http://www.fil.ion.ucl.ac.uk/spm/
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function. To correct for noise, we included regressors for head motion, low-frequency 

scanner drift and run means. The resulting β values were transformed into t values in 

order to down-weight noisy voxels and increase the sensitivity of pattern analyses 

(Kriegeskorte et al., 2008; Misaki, Kim, Bandettini, & Kriegeskorte, 2010). This 

transformation was done by dividing each voxel’s β parameter estimate by the standard 

error of that voxel’s residual error term after fitting the first-level general linear model. 

These ROI-specific t values were used for RSA (Kriegeskorte et al., 2008). Pearson 

correlation coefficients were calculated by comparing a trial’s activation pattern with the 

activation patterns of all other trials in the same run (i.e. 39 neutral and emotional trials). 

Thus, 39 correlation coefficients were averaged to calculate a trial’s average similarity to 

other trials or, in other words, its representational separation.  

Based on the retrieval test, encoding trials were sorted into hits and misses. To have at 

least 10 trials per condition in each participant, we collapsed across ‘remember’ and 

‘know’ responses (hits) and across ‘guess’ and ‘new’ responses (misses) to create four 

conditions of interest: 1) neutral hits; 2) neutral misses; 3) emotional hits and 4) emotional 

misses. Condition averages per subject were used to perform EMOTION (neutral/ 

emotional) x MEMORY (hits/misses) ANOVAs.  

Results  

Behavioral results 

As expected, emotional images were rated as more negative than neutral images. Indeed, 

the amount of ‘very negative’ and ‘negative’ ratings combined for emotional images was 

higher than for neutral images (mean emotional = 66.15, SD = 8.60; mean neutral = 1.55, 

SD = 1.70; t(1,19) = 33.91, p < 0.001).  

D’ scores (z(FA) - z(H); Snodgrass and Corwin, 1988; Wickens, 2001) were used to compare 

recognition memory sensitivity between the neutral and emotional condition (means and 

standard deviations in table 1). A paired t-test showed that d’s for ‘remember’ & ‘know’ 

responses combined were higher in the emotional condition (mean = 1.74, SD = 0.47) than 

the neutral condition (mean = 1.49, SD = 0.43; t(1,19) = -2.21, p = 0.040). Additional t-tests 

showed that only the ‘remember’ d’s were significantly higher in the emotional condition 

(mean = 1.29, SD = 0.51) than the neutral condition (mean = 0.48, SD = 0.65; t(1,19) =           

-5.46, p < 0.001), while ‘know’ d’s did not differ (p > 0.1). These findings are in line with 

the general notion that memory for emotional items is superior to memory for neutral 

items (Cahill et al., 1996; Kensinger & Corkin, 2003; LaBar & Cabeza, 2006; LaBar & Phelps, 

1998; McGaugh & Roozendaal, 2002), and that differences mainly regard the episodic 

component of emotional memories (Kensinger & Corkin, 2003).  
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Table 1:  Average response frequencies for old and new images, in the neutral and emotional conditions. 

Possible answers were: remember (R), know (K), guess (G) and new (N). Note that there were 80 neutral old and 

80 emotional old images and only 32 neutral new and 32 emotional new images. Standard deviations are given in 

parentheses.  

 

  R  K  G  N 

 

Neutral  

 Old 6.75 (7.57) 26.10 (11.28) 23.10 (11.44) 23.80 (10.37) 

 New 0.15 (0.37) 1.35 (1.23) 6.65 (4.71) 23.65 (5.25)  

Emotional 

 Old 19.45 (10.96) 28.70 (13.12) 18.60 (10.28) 12.80 (7.84) 

 New 0.35 (0.49) 2.45 (1.96) 9.10 (5.33) 20.05 (5.42) 

 

 

fMRI results 

To investigate whether acute emotional arousal influenced representational separation in 

hippocampal subfields, we performed an EMOTION (neutral/emotional) x MEMORY 

(hits/misses) x SUBFIELD (CA1/DG/SUB) ANOVA on the pattern similarity scores. This 

revealed a main effect of SUBFIELD (F(2,38)= 14.04, p < 0.001), and an interaction effect 

between EMOTION and MEMORY (F(1,19) = 5.72, p = 0.027). Paired t-tests to follow-up on 

the main effect of SUBFIELD, revealed that representations were significantly more 

dissimilar in the DG (mean = 0.048, SD = 0.011; t(1,19) = -4.51, p < 0.001) and CA1 (mean = 

0.051, SD = 0.012; t(1,19) = -3.78, p = 0.001) than in the SUB (mean = 0.063, SD = 0.018). 

Representational separation in a specific subfield did not correlate with univariate activity 

in that subfield, suggesting that the findings are not secondary to differences in univariate 

activity. Importantly, the interaction between EMOTION and MEMORY reflects that for 

hits only, memory representations were more separated in the emotional (mean = 0.050, 

SD = 0.012) than the neutral condition (mean = 0.056, SD = 0.015; t(1,19) = -2.57, p = 

0.019). Again, no correlations were found between representational separation and 

univariate activity levels, either for neutral or for emotional hits. It can therefore be 

concluded that representational separation differs per subfield and is increased by 

emotion, in relation to memory retention.   
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Figure 1: The top part of this figure shows a coronal section of a T2-weighted scan. Bilateral hippocampal 

subfields are outlined for a single participant. The bottom part shows the average pattern similarity per subfield, 

averaged across all trials. Error bars represent the standard error of the mean. 
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Figure 2:  Pattern similarity per condition (averaged across the dentate gyrus, CA1 and subiculum). Error bars 

represent the standard error of the mean.  

 

 

 

 
Figure 3: Correlation between the total score on the DASS questionnaire and pattern similarity in the dentate 

gyrus for emotional items (hits & misses combined).  
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Correlations 

To investigate whether symptoms of affective pathology influence pattern separation, we 

correlated the DASS scores (mean = 17.48, SD = 15.22; range = 0 - 58) with 

representational similarity scores in the DG. This was done separately for neutral and 

emotional items (averaged across hits and misses) to investigate the potential specificity 

of the effect to emotional material. Whereas a positive correlation was found between 

DASS scores and similarity scores for the emotional trials (r = 0.586; corrected p = 0.014) 

no such correlation was found for the neutral trials (p > 0.1). These findings show that an 

increase in depressive symptoms is related to a decrease in the separation of memory 

representations in the DG, an effect that appears to be specific to emotional material. 

Discussion  

The present study set out to investigate the influence of emotion on memory 

representations in the hippocampus. As expected, memory performance was superior for 

emotional items. Moreover, acute emotional arousal increased representational 

separation, whereas affective symptomatology was instead related to a decrease. 

Furthermore, we found representational separation to differ across hippocampal 

subfields, with larger separation in DG and CA1 than in SUB.  

A key finding of the present study regards the enhanced separation of hippocampal 

representations for emotional stimuli. Importantly, this was only evident for successfully 

encoded items. As such, the increase in representational separation was not a general 

effect of emotion, but was critically associated to mnemonic outcome. We propose that 

enhanced pattern separation for emotional memories may constitute an adaptive 

mechanism to counteract runaway consolidation in hippocampal networks. As 

demonstrated in model networks, runaway consolidation is prevented by adequate 

pattern separation (Hasselmo, 1994; Meeter et al., 2002; Meeter, 2003; Talamini et al., 

2005). However, with insufficient pattern separation and thus excessive representational 

overlap, memory patterns may become reactivated by unspecific cues. This leads to 

repeated, inappropriate reactivations, through which a representation progressively 

becomes associated to more and more input patterns and grows even stronger. The 

resulting giant attractor is reactivated by even the slightest cues and dominates network 

function (Hasselmo, 1994; Meeter et al., 2002; Meeter, 2003; Talamini et al., 2005). The 

risk of runaway consolidation is especially high for patterns that are strong to begin with. 

Thus, the storage of emotional events, which typically acquire strong memory 

representations, conveys an increased risk for the formation of these super-strong, 

overgeneralized memory representations. Neural mechanisms that scale pattern 
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separation with emotional arousal or the strength of memory encoding would thus 

constitute an important safeguard for normal network function. 

The ‘symptomatology’ of giant attractor formation is reminiscent of affective disorders 

like depression and post-traumatic stress disorder. In patients suffering from these 

disorders, strong and persistent aversive memories occur. Such memories may be 

triggered by even the most obliquely related cues and continually intrude into 

consciousness, exerting a strong influence on the subject’s mood and train of thought 

(Carver and Ganellen, 1983; Kernis et al., 1989; Ehlers et al., 2004; Brown et al., 2013). We 

propose that the mentioned disorders are associated with a breakdown in pattern 

separation, leading to runaway consolidation and giant attractor formation. In support of 

this notion, we found a robust inverse relation between affective symptoms and 

representational separation in the hippocampus.  

Importantly, none of our participants were ever diagnosed with a psychological disorder, 

and the average score on the DASS questionnaire was very much in line with previous 

findings in a healthy population (Crawford and Henry, 2003). Nonetheless, we found a 

strong relation between affective symptoms and altered brain functioning, raising the 

hypothesis that the inability to form well-separated memory traces may predispose to the 

development of clinical depression or anxiety. 

Though not part of our main investigation, we found that representational separation 

differed between hippocampal subfields. Computational neural network studies have 

suggested that the DG, with its dense, non-topological cortical input, large number of cells 

and sparse activation, might contribute most strongly to pattern separation (Marr, 1971; 

Meeter et al., 2004; O’Reilly & McClelland, 1994; Treves & Rolls, 1994). This notion has 

been supported in a few recent studies that assessed the involvement of hippocampal 

subfields in the discrimination of similar task stimuli (Bakker, Kirwan, Miller, & Stark, 2008; 

Lacy et al., 2011). Our results are only partly in line with these findings as, numerically, the 

DG showed the highest representational separation. However, statistically the 

representations in the DG and CA1 were both more distinct than those in the SUB, but 

those in DG and CA1 did not differ significantly. Of note, differences in pattern correlation 

between DG and CA1 might be more pronounced in paradigms requiring the 

discrimination of highly similar items
1
 (as used previously by Lacy et al., 2011). Thus, the 

                                                                 
 
1 The consensus in hippocampal modeling studies is that DG, and possibly also CA3, contribute to pattern 

separation, while CA1 and SUB store the link between the orthogonalized DG/CA3 representations and the 

concomitant unorthogonalized input pattern in entorhinal cortex, thus enabling pattern completion. As such, the 

degree of correlation between CA1 representations is expected to be more similar to that of the input patterns 

than is the case in DG and CA3. Hence, differences in pattern separation between DG and CA1 might most 

sensitively be detected using highly similar items. This notion finds support in a previous study showing that the 
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weak pattern separation difference between DG and CA1 does not necessarily contradict 

the existing literature.  

More interesting perhaps is our finding of a significant difference in representational 

separation between CA1 and subiculum. These two regions have thus far been considered 

as more or less equivalent with respect to their role in hippocampal memory 

computations, the predominant idea being that both CA1 and subiculum are involved in 

linking the orthogonalized DG/CA3 pattern back to the entorhinal cortex representation, 

enabling retrieval through pattern completion (Meeter et al., 2004; Rolls, 2007). The 

consequent assumption is that pattern separation should be lesser in these subfields, as 

the representations are relatively closer to the ‘unseparated’ format of the entorhinal 

cortex. Our findings reveal an interesting distinction between CA1 and SUB, which 

suggests that the representations in CA1 are somewhat more influenced by the 

orthogonalized DG/CA3 code, while those in subiculum remain closer to the unseparated 

entorhinal format.  

Conclusion 

The present findings shed new light on emotional influences on memory representations 

in the hippocampus. We show that whereas acute emotional arousal increases 

representational separation, affective symptomatology was instead related to a decrease 

thereof. The enhanced representational separation of emotional memories likely 

counteracts the formation of super-strong, overgeneralized memory representations, 

associated to various affective disorders. 
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DG was only more strongly involved in representational separation than CA1, when highly similar task stimuli had 

to be discriminated (Lacy et al., 2011). In our study, however, different design choices were made that capitalized 

on finding pattern separation differences between emotional and neutral stimuli, rather than differences 

between DG and CA1. 
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The aim of this thesis was to characterize the neural mechanisms underlying memory 

integration. This chapter summarizes the findings presented in this thesis, and the final 

chapter contains an in-depth discussion thereof.  

In chapter 2, we studied the neural underpinnings of regularity extraction across 

hippocampus-dependent episodic memories. The results of the experiment showed, first 

of all, that subjects were able to pick up (parts of) the complex regularity structure. At the 

brain level, we found higher connectivity between the hippocampus and the mPFC for the 

retrieval of items that were congruent to the regularity structure than for the items that 

were incongruent to it. Moreover, we also found increased cortico-cortical connectivity, a 

key feature of system-level consolidation, for the items that were congruent as compared 

with incongruent to the regularity structure. Finally, across a period of 48 hrs, there was 

less memory decay of congruent items than incongruent items. All in all, this experiment 

showed that our brain is highly capable of picking up complex regularity structures, which 

may become consolidated into stable, neocortical memory representations.  

In a next experiment, presented in chapter 3, we characterized the influence of time and 

sleep on the transformation from episodic to semantic memory, considering both 

regularity extraction and the possible loss of episodic details. First of all, we found that 

regularity knowledge evolved in the first few hours post-encoding, as evidenced by an 

increase in generalization accuracy from immediately following encoding, to 4 hrs later. 

Whereas sleep and wakefulness did not differentially contribute to this increase, the 

amount of time spent in SWS did correlate with generalization accuracy. Interestingly, the 

extraction of regularities across episodic memories appeared to come at a price. We found 

that the memories for items that were congruent to the regularity structure contained less 

episodic details than the items that were incongruent to it. We speculated that this effect 

resulted from encoding differences between items congruent and incongruent to the 

regularity structure as the difference in episodic memory availability already existed 

immediately following encoding, and did not further evolve across the first 4 hrs post-

encoding.  

In chapter 4 we shifted our focus from studying regularity extraction, to investigating how 

a previously formed regularity structure, or schema, impacts new memory formation. In 

particular, this study was designed to test whether the storage of schema-congruent items 

is impaired when memory of these items serves no direct goal. Subjects studied items that 

were either congruent or incongruent to a schema, and after a short interval, their 

episodic memory for these items was tested. At the behavioral level, we found that 

episodic memory accuracy was substantially higher for items that were incongruent, as 

compared with congruent, to the schema. At the brain level, we studied the parietal 

old/new effect, thought to reflect the retrieval of a high quality memory trace. It was 
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found that this ERP effect was more pronounced for incongruent, as compared with 

congruent items. Together, the behavioral and EEG results revealed that memory was 

inferior for schema-congruent items, leaving us to conclude that current goals have a 

strong impact on what is stored into memory.  

Finally, in chapter 5, we used a very different experimental approach than used in 

chapters 2, 3 and 4, in order to study hippocampal network computations. We 

investigated the influence of acute emotional arousal, as well as negative emotional traits, 

on representational separation in the hippocampus. Results showed that acute emotional 

arousal increased representational separation in the hippocampus, whereas symptoms of 

affective pathology were instead related to a breakdown in representational separation. 

We speculated that such a breakdown predisposes to the formation of overgeneralized, 

intrusive memories, such as is seen in depression or anxiety-related disorders. 

 



 

 

 

 

 

 

 

Chapter 7 

 

 
General discussion 

 

 

 

 



 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

   7 

 

General discussion 

113 

Memories never provide a full representation of what has actually been experienced. They 

often lack considerable detail and are therefore perhaps not as vivid as we might wish 

them to be. Intuitively, it may seem adaptive to be able to remember everything we 

experience. However, memory research has shown us that if too much information is 

stored into memory in a short period of time, accurate memory retrieval suffers due to 

memory interference (Osgood, 1948; Postman & Underwood, 1973; Underwood, 1957). 

An efficient memory system filters out irrelevant information and is thereby able to 

extract ‘the bigger picture’ from our various experiences. 

General knowledge build-up 

Through the extraction of regularities across memories of different experiences, we form 

an understanding of stable relations in our environment. The consolidation of such 

regularities into durable memory representations provides an important route towards 

semantic knowledge build-up. The findings presented in chapter 2 are, for a large part, in 

line with the influential notion that the build-up of semantic knowledge from episodic 

memory co-occurs with a shift in the neural network that represents the memory trace 

(Winocur & Moscovitch, 2011). In particular, this notion holds that the initial episodic 

memory depends critically on the hippocampus, whereas the semantic knowledge that is 

extracted therefrom instead depends on extrahippocampal cortex alone. We found that 

system-level consolidation was stronger for memories that contained a regularity 

structure, compared with arbitrary memories. In other words, when memories 

encouraged the extraction of higher order/gist information, system-level consolidation 

was enhanced. As our findings show that different memories undergo different 

consolidation trajectories, they argue against previous notions that memory consolidation 

is similar for different types of information (Alvarez & Squire, 1994; Squire & Alvarez, 

1995).  

The findings in chapter 3 furthermore suggest that the process of regularity extraction 

across multiple episodic memories may not necessarily co-occur with any additional 

forgetting of these episodic memories. Episodic and more fact-like memories, resulting 

from the same experiences, may thus coexist but depend on different neural networks. 

Whereas episodic memories may continue to depend on the hippocampus, the 

regularities that can be extracted among them may acquire a neocortical representation. 

Such neocortical representations are thought to be less susceptible to interference, and 

thus more stable, than hippocampus-dependent memories (McClelland et al., 1995). This 

is mainly due to the very gradual modification of cortico-cortical connections, upon 

multiple repetitions, whereas the hippocampus instead rapidly combines various features 
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into new memory traces (Frankland & Bontempi, 2005). Results in chapter 2 and 3 

showed that memory for regularity-congruent items, for which we showed enhanced 

system-level consolidation, was indeed more stable than arbitrary memories. It was found 

that after 4 hrs, 2 days, and also a month, retention was higher for regularity knowledge 

than for arbitrary relations. These results are therefore in line with the idea that the 

extraction of regularities across hippocampus-dependent episodic memories provides a 

possible route for the formation of new semantic knowledge, which stands the test of 

time.  

It should be noted that the process of system-level consolidation may take longer than a 

period of two days, or even a few weeks (Nadel, Winocur, Ryan, & Moscovitch, 2007; 

Takashima et al., 2006; Winocur et al., 2007). As such, we do not wish to claim that the 

memories containing regularities were fully, and only, dependent upon a neocortical 

network at all times tested.  

In chapter 3 we additionally showed that directly after encoding, regularity-congruent 

items were less episodically detailed than their incongruent counterparts. In trying to 

extract and/or apply a certain regularity structure, subjects may have paid attention to 

only limited parts of each face. They may have quickly scanned each face for the presence 

of rule-features, and then only when rules did not apply, performed the additional in-

depth processing of the face. In other words: the regularity structure may have guided 

attention to regularity-relevant features, thereby possibly hampering the formation of 

more global face representations.  

Whereas chapter 3 thus showed that regularity-congruent items were less episodically 

detailed than regularity-congruent ones, in chapter 2, we did not find a differential 

hippocampal contribution to these different types of memories. As previous studies have 

shown that hippocampal involvement tends to scale with the amount of episodic detail 

that can be retrieved (Addis, Moscovitch, Crawley, & McAndrews, 2004; Rugg et al., 2012), 

one might have expected reduced hippocampal activity for the retrieval of regularity-

congruent items. The difference in episodic detail memory between the regularity 

conditions was, however, rather small, and concomitant brain differences may not have 

been large enough to survive the stringent multiple comparison corrections.  

In a future study, it would be interesting to acquire fMRI data at time points following the 

currently adopted 2-day delay. It can be hypothesized that after a few weeks of 

consolidation, the hippocampus would take a less prominent role in retrieving the correct 

location for the items that were congruent to the regularity structure. On the other hand, 

tasks that critically depend upon episodic memory would expectedly continue to require 

the hippocampus, whether the items are congruent or incongruent to the regularity 

structure. 
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Schemas and new memory encoding 

Normal human behavior would not be possible without our extensive semantic knowledge 

system. It allows us, for example, to predict upcoming events and focus our attention on 

those parts of a stimulus that are currently relevant to perform a certain action (Bar, 

2007). Such an attentional focus may in turn have large influences on new memory 

encoding (Broadbent, 1958; Chun & Turk-Browne, 2007; Mulligan, 1998; Norman, 1969). 

In chapter 3, we showed that the build-up of semantic knowledge impaired the formation 

of detailed memory representations. In a subsequent study, we wanted to find out 

whether pre-existing semantic knowledge has an even more substantial influence on the 

encoding of congruent items, resulting in very poor memories. We used a paradigm 

whereby a previously learned set of regularities, together forming a schema, could fully 

guide task performance for all congruent items. Thus, our aim was to study memory 

formation in a situation where memory storage served no direct future goal.  

The findings in chapter 4 show that for those items where schemas could fully predict the 

correct response, memory formation was impaired. We found that subjects often failed to 

recognize the previously presented schema-congruent items, or their highly similar 

versions. Moreover, EEG data confirmed that memory for schema-congruent items was 

inferior to memory for incongruent ones. Indeed, the parietal old/new effect was more 

pronounced in the schema-incongruent condition, suggesting that the respective 

memories were richer in contextual detail – which was confirmed in an additional context 

memory task. Together, the findings in chapter 3 and 4 demonstrate that not everything 

we perceive is consolidated into a stable memory trace, and that mental schemas may 

hamper the storage of information that is irrelevant for achieving current goals.    

Throughout our daily lives, we constantly find ourselves in highly predictable situations: 

riding our bike to work, preparing breakfast, doing laundry etc. One might argue that it 

does not serve any direct goal to create detailed memories of these events. Whereas the 

hippocampus has a very large capacity to store new memories, these may interfere with 

already stored ones, possibly causing retrieval problems (Barnes & Underwood, 1959; 

Deffenbacher, Carr, & Leu, 1981). Reduced memory storage in certain situations may thus 

be beneficial and prevent the storage of redundant information.  

Of note, there are various studies that report positive influences of mental schemas on 

memory formation (Staresina et al., 2009; Van Kesteren, Rijpkema, et al., 2010; van 

Kesteren et al., 2013). It has been shown that having the appropriate background 

knowledge aids in acquiring new, but related, information (van Kesteren, Rijpkema, Ruiter, 

Morris, & Fernández, 2014). Also, a study in rats showed that the location of a new food 

well was rapidly stored into memory in those rats that had already created a map of the 
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respective environment (Tse et al., 2007). Importantly, in these two studies, the storage of 

schema-congruent information was goal-relevant as it increased performance and/or food 

availability. A tentative hypothesis holds that schemas may facilitate or hamper memory 

encoding depending on current goals. If new schema-congruent input adds relevant 

information to pre-existing knowledge, memory storage may be facilitated. Conversely, 

when the new schema-congruent input carries no information that is relevant for 

achieving current goals, memory formation may be hampered. Together, these opposing 

mechanisms could importantly contribute to the efficient use of our memory system.  

Emotional influences on hippocampal memory representations 

In chapter 5 we shifted our focus from studying resemblances across memories, to 

studying their uniqueness. In particular, we studied influences of emotion on 

representational separation in the hippocampus. This served the broader aim of gaining a 

better understanding of the adaptive and maladaptive influences of emotion on memory 

processing.  

From an evolutionary perspective, it is important to form strong memory traces for 

situations that pose a threat, so that that these situations can be recognized and avoided 

in the future. Whereas strong emotional memory traces are generally highly adaptive, 

they may also give rise to a process called runaway consolidation (Meeter, 2003). Hereby, 

a strong memory pattern becomes associated to progressively more input patterns, thus 

growing ever stronger, until it is reactivated by even the slightest, most obliquely 

associated cues. To overcome such spurious overgeneralization, our memory system may 

have developed an adaptive mechanism for coping with strong (emotional) memory 

traces. A first hint towards such a mechanism was found in chapter 5 and may relate to 

the increased pattern separation for emotionally charged information. Such a mechanism 

may reduce the risk for memories to become (too) highly interlinked and to increasingly 

involve similar neural connections.  

Whereas we found that acute emotional arousal increased the uniqueness of the memory 

representation, symptoms related to negative emotional traits had an opposite effect. We 

found that the more people suffered from mild affective symptomatology, the more 

similar hippocampal memory representations were. As previously explained, the reduced 

pattern separation may convey a risk for runaway consolidation (Meeter, 2003). Through 

this process, a strong memory trace would continue to grow stronger, resulting in a giant 

attractor that may come to dominate the memory system. It can be hypothesized that 

such a process may underlie the intrusive negative memories and overgeneralization in 

patients suffering from depression or post-traumatic stress disorder (PTSD, Ehlers et al., 
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2004; Kheirbek et al., 2012). Consider the example given in figure 1. When experiencing a 

cozy campfire in a park, the healthy brain may try to link this experience to memories of 

previous campfires. However, the new event is experienced as sufficiently different from 

such memories, and a separate memory trace is formed. In veterans suffering from PTSD, 

the sight of fire may instantaneously trigger traumatic experiences involving fire. This may 

cause their new experience to be strongly colored by their negative memories, and 

perhaps even linked to it as well. As a result, their traumatic memories may continue to 

grow stronger, giving rise to a vicious cycle that fosters the maintenance of PTSD 

symptomatology.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: A novel experience, such as the sight 

of a cozy campfire, may elicit previous 

memories that involve fire. In the healthy 

brain, the new event acquires a new 

representation, separated from previous ones. 

In patients suffering from PTSD however, the 

new event may trigger a very vivid memory of 

a previous traumatic event. As a result, the 

perception of the new event is strongly colored 

by this negative memory, and the new event 

may in fact become integrated into the super-

strong traumatic memory. Figure adapted from 

Kheirbek et al., 2012. 
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As already discussed in chapter 1, a recent hypothesis holds that intrusive memories and 

overgeneralization may result from impaired neurogenesis in the dentate gyrus (Kheirbek 

et al., 2012). This could result from the heightened stress-levels in patients suffering from 

anxiety or depression (Brewin, 2001; Ehlers & Clark, 2000; Hammen, 2005; Pittenger & 

Duman, 2008), which causes cellular dysfunctions such as a decrease in neurogenesis 

(Gould et al., 1992, 1997, 1998; Tanapat et al., 1998). Interestingly, it has been proposed 

that antidepressant drugs exert their effect through the increase in neurogenesis 

(Malberg, 2004). This idea has found support in an extensive study where rats were 

exposed to various antidepressants, and neurogenesis in the dentate gyrus was quantified 

(Malberg, Eisch, Nestler, & Duman, 2000). The results show that various antidepressants 

(fluoxetine, reboxetine and tranylcypromine) increased neurogenesis, but only when they 

were administered for a prolonged period of time in the range of 2 to 4 weeks. Given that 

the therapeutic effects of antidepressants in humans also tend to take a few weeks to 

occur (Frazer, 1997), their impact on neurogenesis may very well be key to their success.  

In chapter 5, we showed that already mild symptoms of affective symptomatology could 

be related to reduced representational separation in the hippocampus. The inability to 

effectively separate memory traces may thus precede the start of clinical depression or 

anxiety. As such, it is interesting to explore the possibility of using a pattern separation 

deficit as a potential biomarker for the development of an affective disorder. An early 

treatment program, possibly with neurogenesis-promoting antidepressant drugs, may 

counteract the development of full-blown affective symptomatology. Future research is 

needed to both replicate our own findings, as well as investigate the possibility of using 

representational separation in the hippocampus as a biomarker for depression or PTSD.   

Conclusion 

The ability to extract relations across different experiences is an essential aspect of human 

life. It allows us to build semantic knowledge, which we use to interact with frankly 

everything we encounter in our daily lives. Findings presented in this thesis provide 

several novel insights into the neural mechanisms that underlie the build-up of our 

encyclopedia of knowledge, through a process of generalization. Moreover, some ideas 

were provided on how memory generalization may become maladaptive such as is 

evident in people suffering from depression or PTSD. There appears to be a fine balance 

between extracting useful relations among experiences and detecting too many of them. 

Understanding how these mechanisms work in the brain will eventually aid in promoting 

an adaptive memory system; one that guides intelligent behavior and sometimes warms 

us up from the inside (adapted from Murakami, 2002). 
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Herinneringen geven nooit een volledige weergave van wat er daadwerkelijk is 

meegemaakt. Ze zijn vaak weinig gedetailleerd en wellicht niet zo levendig als je zou 

willen. Intuïtief gezien lijkt het misschien nuttig om alles te onthouden wat je meemaakt. 

Onderzoek naar het geheugen heeft echter aangetoond dat wanneer je teveel informatie 

in een te korte tijd opslaat, dit een averechts effect heeft. Herinneringen gaan dan 

namelijk met elkaar interfereren waardoor je geheugen juist verslechtert. Een efficiënt 

geheugensysteem filtert irrelevante informatie eruit, en is daardoor in staat om de grotere 

lijnen te zien in de vele dingen die we meemaken.  

In dit proefschrift is er gekeken naar de neurale mechanismen die de integratie van 

herinneringen mogelijk maken. In dit hoofdstuk worden de verschillende bevindingen die 

in dit proefschrift gepresenteerd zijn samengevat, waarna deze in het laatste hoofdstuk 

bediscussieerd worden.  

In hoofdstuk 2 onderzochten we de neurale mechanismen die onderliggen aan het 

extraheren van regelmatigheden uit hippocampus-afhankelijke episodische herinneringen. 

De resultaten lieten zien dat de proefpersonen in staat waren deze regelmatigheden 

(deels) te ontdekken. Op het niveau van het brein vonden we verhoogde connectiviteit 

tussen de hippocampus en de medio-frontale cortex, wanneer proefpersonen 

herinneringen ophaalden die een bepaald patroon volgden, in verhouding tot het ophalen 

van herinneringen die geen patroon volgden. Ook vonden we verhoogde connectiviteit 

tussen verschillende neocorticale gebieden wanneer proefpersonen patroon-congruente 

herinneringen ophaalden, in verhouding tot patroon-incongruente herinneringen. Dit 

soort verhoogde connectiviteit tussen neocorticale gebieden wordt gezien als uiterst 

kenmerkend voor systeem-consolidatie. Tot slot vonden we dat gedurende de eerste 48 

uur na het encoderen van de items, er minder werd vergeten van de items die het patroon 

volgden, dan van de items die hier incongruent aan waren. Samengenomen liet dit 

experiment dus zien dat ons brein zeer goed in staat is om regelmatigheden te ontdekken, 

die geconsolideerd kunnen worden in stabiele, neocorticaal gerepresenteerde 

geheugensporen.  

In een volgend experiment, gepresenteerd in hoofdstuk 3, onderzochten we de invloed 

van tijd en slaap op de transformatie van episodische naar semantische herinneringen. We 

keken hierbij zowel naar het extraheren van regelmatigheden, als ook het mogelijke verval 

van episodische details. Allereerst vonden we dat kennis van het onderliggende patroon 

zich ontwikkelde in de eerste paar uur na encoderen. Dit uitte zich in de verbetering van 

het generalisatievermogen in de eerste 4 uur na encoderen. Hoewel slaap- en waaktijd dit 

vermogen niet verschillend beïnvloedden, vonden we wel een correlatie tussen de 

hoeveelheid diepe slaap (tragegolfslaap) en het vermogen tot generalisatie. Opvallend 

was dat het extraheren van het onderliggende patroon een prijs had. We vonden namelijk 
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dat de herinneringen die patroon-congruent waren minder episodische details bevatten 

dan de herinneringen voor patroon-incongruente items. We speculeerden dat dit effect 

een gevolg is van het verschillend encoderen van de items die congruent en incongruent 

waren aan het patroon. Het effect was namelijk al direct na het encoderen zichtbaar, en 

ontwikkelde zich niet verder in de eerste 4 uur na encoderen.  

In hoofdstuk 4 verschoven we onze focus van het extraheren van regelmatigheden naar 

het bestuderen van de invloed van een reeds aanwezig patroon, of schema, op het 

encoderen van nieuwe informatie. In het bijzonder onderzochten we of het opslaan van 

schema-congruente informatie gehinderd wordt wanneer het onthouden van deze 

informatie geen direct doel nastreeft. Proefpersonen bestudeerden items die ofwel 

congruent waren aan een schema, ofwel incongruent, en na een kort interval werd hun 

episodisch geheugen voor deze items getest. Op het gedragsniveau vonden we dat de 

accuraatheid van het episodisch geheugen hoger was voor schema-incongruente items 

dan voor schema-congruente items. Op het niveau van het brein bestudeerden we het 

pariëtale oud/nieuw effect, waarvan men denkt dat dit het ophalen van een gedetailleerd 

geheugenspoor representeert. Dit effect was, zoals verwacht, duidelijker aanwezig in de 

incongruente conditie, dan in de congruente conditie. Bij elkaar genomen laten de 

gedragsbevindingen en de EEG resultaten zien dat het geheugen voor schema-congruente 

items inferieur was aan het geheugen voor schema-incongruente items. Hieruit valt op te 

maken dat actuele doelen een sterke invloed hebben op wat er in het geheugen 

opgeslagen wordt.  

Tot slot, in hoofdstuk 5, gebruikten we een hele andere experimentele aanpak dan die in 

hoofdstuk 2, 3 en 4, om informatieverwerking in hippocampale netwerken te 

onderzoeken. We bestudeerden de invloed van zowel kortdurende emotionele arousal, als 

ook de invloed van negatieve karaktereigenschappen, op de uniekheid van hippocampale 

geheugenrepresentaties. We vonden dat kortdurende emotionele arousal deze uniekheid 

verhoogde, terwijl affectieve symptomen daarentegen gerelateerd waren aan een 

verlaging van deze uniekheid. We speculeerden dat deze ineenstorting van uniekheid, als 

gevolg van affectieve symptomatologie, mogelijk ten grondslag ligt aan het vormen van 

overgegeneraliseerde, intrusieve herinneringen, zoals die kenmerkend zijn voor depressie 

en angststoornissen. 



 

 

 

 

 

 

 

Dankwoord 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 

 

 



Dankwoord 

145 

Van alle geweldige dingen die ons brein kan, is het vermogen om herinneringen aan te 

maken toch wel één van de meest fascinerende. Het blijft vaak een raadsel waarom we 

belangrijke dingen vergeten, maar de meest triviale details ons bij blijven. Ik hoop in ieder 

geval dat ik niemand vergeet te bedanken in dit dankwoord. En mocht dat wel zo 

zijn…blame it on the hippocampus!   

 

Ik begon met het onderzoeken van het menselijk geheugen in het tweede jaar van de 

master Brain & Cognitive Sciences. Ik liep toen stage in het lab van Michael Rugg in het 

zonnige California. Terug in Nederland wilde ik niets liever dan soortgelijk onderzoek 

blijven doen. Gelukkig deed die mogelijkheid zich vrij snel voor. Lucia Talamini had twee 

PhD vacatures beschikbaar, met als onderwerp ‘het menselijk geheugen en de rol van 

slaap daarbij’ –  ik was meteen verkocht. Gelukkig werd ik uitgenodigd voor een interview 

en zoals jullie inmiddels weten is dat allemaal goed afgelopen. Ik kan me nog goed 

herinneren dat Lucia me na een paar officiele sollicitatierondes ook nog een keer 

spontaan thuis opbelde om me aan een mini kruisverhoor te onderwerpen . Wat ze me 

allemaal precies vroeg weet ik niet meer, maar ik weet nog wel dat ik thuis op de bank zat 

met mijn laarzen aan om de sneeuw in te gaan , fascinerend toch?  

 

Ik ben jou Lucia enorm dankbaar dat je me deze kans hebt gegeven. Je gaf Roy en mij veel 

vrijheid om zelf te ontdekken wat we interessant vonden – mits het maar over het 

langetermijngeheugen ging, en het liefst iets met slaap daarbij. Misschien klinkt dit voor 

velen al vrij specifiek, maar geloof me, dat gaf ons nog steeds een bulk aan mogelijkheden. 

Lucia, ik heb de afgelopen jaren enorm veel van je geleerd. Je bent ontzettend goed in het 

kritisch beoordelen van experimentele designs, en het ontdekken van potentiele 

confounds daarin. Ook kun je enorm goed schrijven, en heb je me goed op weg geholpen 

met het schrijven van wetenschappelijk artikelen, iets waar ik in het begin van mijn PhD 

periode nog niet zo bedreven in was. Ik wens je enorm veel succes met al het 

(ongetwijfeld enorm gave!) onderzoek dat je in de toekomst nog gaat doen.  

 

Ik wil Jaap Murre enorm bedanken voor zijn rol als promotor. Bedankt voor je (enorm 

efficiënte) waardevolle feedback op meerdere manuscripten. Verder was ik blij met de 

vrijheid die je me gaf – maar dat je er toch voor me was wanneer ik je hulp kon gebruiken. 

 

Winni, van jou heb ik veel geleerd over slaap en slaapstoornissen. Verder is jouw feedback 

op de verschillende studies die ik heb uitgevoerd erg waardevol geweest. Met Marieke (de 

Boer), Roy en Lucia heb ik naast direct werk-gerelateerde ervaringen ook waardevolle 

herinneringen aan bijvoorbeeld China! Waar we ons meerdere keren in vage restaurantjes 
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begaven en ik ondervond dat mijn weerstand om nieuwe gerechten uit te proberen toch 

wel een beetje onavontuurlijk was . Marieke, ik heb veel waardering voor je 

doorzettingsvermogen als het gaat om de PTSD studie die je uitvoert. Gaandeweg kwam je 

toch aardig wat kleine tegenslagen tegen, maar je ging door (go Marieke!). Ik hoop dat je 

nu een hoop gave data hebt binnengehaald, waar een mooi artikel uit voort kan vloeien.  

Roy, zonder jou had ik mijn PhD-tijd toch wel een heel stuk saaier gevonden. Ik denk dat 

onze roots (Brabant!) toch wel zorgden voor iets van een extra ‘klik’, en gelukkig ben ik 

dankzij jou een heleboel bizarre Brabantse uitspraken nog niet vergeten . Verder was je 

een waardevolle collega omdat je me meer dan eens van advies hebt voorzien over: het 

opzetten van een experimenteel design (die ik uiteraard in de vorm van ontelbare mooi 

gekleurde schema’s aan je presenteerde), het programmeren van taakjes, het schrijven 

van papers, het connecten met de Z schijf en ga zo maar door . Ik heb genoten van onze 

reis door China, het bewonderen van de Chinese muur, maar ook die verlate discotheek in 

de middle of nowhere. Ik hoop dat we elkaar nog af en toe eens zien, en ik wens je veel 

plezier bij Mr Popstickle . 

 

In the beginning of my PhD period, Lucia brought me in contact with “the Donders 

people”. I am very happy that I got to learn all about performing an fMRI study from the 

many great people in Guillen’s lab, and in particular from Atsuko and Guillen himself. 

Whereas Guillen has given valuable feedback on the design of my first study, as well as the 

final paper of that study, Atsuko has taken my hand and guided me through all the steps 

of carrying out an fMRI study, thank you for that! Atsuko, I am very glad we still meet 

every now and then, and if you are up for more pizza & wine, you know where to find me! 

 

At the Donders Centre, I also got to know Marlieke. Although we never collaborated on a 

study, I did learn a lot from you, and I can honestly say you were quite an example for me. 

You managed to get me into a symposium at the Society for Neuroscience conference. 

How exciting (but quite scary!) was that! Also, we had many good discussions about 

schemas and how we could do research on them. In Nijmegen, I also got to know Susanne. 

We had many interesting conversations on emotional memory, and I really enjoyed our 

dinners together! We even shared part of our holiday in Mexico after the SFN conference 

in San Diego, which was really nice! I also want to mention my collaboration with Marijn. 

You helped me big time with designing & analyzing a fear conditioning experiment with 

about 120 participants. I can honestly say that I would not have been able to do that 

experiment without your help. I also want to mention that I am very happy to have met 

Eelco. I truly respect your perseverance in carrying out an extensive nighttime sleep study. 

Wow, that must have been so much work, good job! Also thanks to all the other people in 
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Guillen’s lab! For our scientific discussions, but also for the good (beach & party!) times at 

various conferences. 

 

Terug  naar Amsterdam. Toen ik nog in het A gebouw werkte, heb ik een leuke groep 

kamergenoten leren kennen: Bram, Mark, Renée, Marieke (de Vries) en Anne. Gelukkig zie 

ik jullie nog af en toe om samen te borrelen en te roddelen over van alles en nog wat. Het 

was altijd fijn om frustraties & blijheden over onderzoek doen te delen met collega’s!  

 

In the last year of my PhD I also got to know Anne and Camile. I really enjoyed our lunches 

together, which felt like a little picnic every time ! I hope that we will have more BBQ 

nights together, and I am curious to hear about your future experiments! 

 

Thanks also to all my other colleagues on the 3
rd

 floor of the Diamantbeurs! Thanks for the 

many random discussion in the hallway, and for your great Brown Bag talks over the years.   

 

Andere mensen die zeker een significante bijdrage hebben geleverd aan de experimenten 

in dit proefschrift (vooral op technisch vlak) zijn: Steven Scholte (dankzij jou hebben we 

hele mooie plaatjes van de hippocampus kunnen maken!), Paul Gaalman, Ander Astudillo, 

Marcus Spaan en Bert Molenkamp, many thanks to you!  

 

Bernhard, without you I could not have carried out my final super cool experiment. I am 

very thankful for all your help with setting up the experiment & analyzing the results, as 

well as the comments on the manuscript.   

 

Ook wil ik alle studenten bedanken die stage hebben gelopen in ons lab. Naast dat ik – 

hoop ik – jullie wat heb kunnen leren, hebben jullie ook zeker een hele belangrijke 

bijdrage geleverd aan de verschillende experimenten in dit proefschrift. In willekeurige 

volgorde wil ik bedanken: Hiu Man, Robin, Rony, Dominic, Tanja, Eva, George en James.  

 

During my PhD, I also organized a conference: the Amsterdam Memory Slam. I did this 

together with Mauricio and Judith, which was really fun! Thank you for the good time we 

had organizing it, and good luck with your future careers! 

 

Gelukkig zijn er ook veel mensen in mijn omgeving die niet direct iets met mijn onderzoek 

te maken hadden. Bedankt voor jullie steun en de nodige afleiding tijdens de toch wel 

stressvolle periodes! In het bijzonder bedank ik Christina en mijn lieve vriendinnetjes van 

de middelbare school: Suus, Linda, Marleen en Mijke. Natuurlijk wil ik ook mijn ouders 
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bedanken, voor dat ik toch maar altijd weer een weekendje ‘thuis’ mag komen als ik even 

het hektische leven van Amsterdam wil ontlopen. Oh.. en als ik iemand moet noemen met 

echt een knettergoed geheugen dan is het mijn moeder wel. Bedankt mam voor al die 

keren dat ik je vroeg “help me herinneren dat ik dit nog meeneem of dat ik zus nog moet 

doen” en dat je dat dan ook echt ALTIJD deed . Bedankt pap dat je altijd zo trots op me 

bent, dat doet het zelfvertrouwen van een mens goed . Ik bedank ook Luc (je hebt toch 

menig computer probleem weten op te lossen in de afgelopen jaren) & Am en mijn kleine 

(nou ja…) zusje Maike. Bedankt Maike dat je de allereerste proefpersoon wilde zijn van 

mijn allereerste experiment. Ik geloof dat je toen nog niet eens 18 was  maar je was al 

zo wijs en hebt me van veel goede tips voorzien. Veel succes met jouw wetenschappelijke 

cariere, en op naar dat eerste artikel! Met jouw enthousiasme en intelligentie kom je er 

wel! 

 

Naast mijn eigen ouders, heb ik ook die van Max de afgelopen jaren steeds beter leren 

kennen. Ik ben echt blij dat ik het goed met jullie kan vinden, en heb genoten van de vele 

kaasfondues en de adviezen in alle soorten en maten tijdens mijn PhD.  

 

Last but not least….MC Kitchen. We leerden elkaar kennen tijdens onze studie psychologie 

(in Utrecht). Hoe heette het vak ook alweer waar we samen proefjes deden met allemaal 

enge dieren? We luisterden naar real-life action potentials, en moesten sprinkhanen 

onthoofden... We konden het meteen goed met elkaar vinden en hadden veel lol samen. 

Een half jaartje later bleek dat we ons hadden aangemeld voor dezelfde masterstudie. Ik 

denk dat we vanaf het begin af aan bijna elke dag samen waren. Zo hield je me 

bijvoorbeeld gezelschap wanneer ik moest werken in café Ledig Erf, in ruil voor een paar 

gratis biertjes . In Marseille merkte ik dat we het best héél goed met elkaar konden 

vinden en terug in Nederland (toen je mijn ouders ontmoette met kerst) besloten we dat 

het toch best serieus was tussen ons . Ruim twee jaar later begonnen we tegelijk met 

onze PhD, en de afgelopen 4,5 jaar heb ik je meer dan eens advies gevraagd over bepaalde 

designs of analyses (en heb die ook gekregen!). Bedankt voor je steun wanneer ik 

zenuwachtig was voor mijn eerste proefpersoon of het geven van een praatje op een 

congres. Ik heb altijd het gevoel gehad dat je in me geloofde, en dat was fijn! En de 

toekomst, tja, wie weet zitten we over 30 jaar wel ergens op een boot en varen we de 

wereld over, genietend van de zon en onze vrijheid...wie zal het zeggen? Of misschien heb 

je in de tussentijd al wel weer 10 nieuwe avonturen bedacht . We gaan het zien, maar 

saai zal het met jou in ieder geval nooit worden! Bedankt froggie dat je mijn liefie wil zijn! 
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