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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.  

A 

A 



Chapter 1  

18 

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.   
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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.  


