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 Abstract 
 
In this thesis, the role of sleep in spatial memory consolidation is investigated. The two stage model of 
memory consolidation predicts that memories acquired during the waking period are rapidly encoded 
by the hippocampus, and consolidated (i.e. strengthened and integrated) throughout the sleeping 
period. The consolidation process is thought to involve the reactivation of recently encoded memory 
traces in the hippocampus during slow-wave sleep (SWS), a sleep stage in which highly synchronous 
activity patterns termed sharp-wave ripples (SWRs) are most prominently observed. These SWR events 
might provide the optimal conditions for neuronal plasticity and communication between the 
hippocampus and other brain areas to take place, thereby facilitating the consolidation process. SWR-
related reactivation has been observed in place cell assemblies in the CA3 and CA1 areas of the rodent 
hippocampus. Throughout SWS, the firing patterns observed during spatial navigation and exploration 
in place cell assemblies are sequentially reactivated in a temporally conserved manner during SWRs. 
This reactivation is thought to reflect the “replay” of recently encoded memories, and occurs in a 
compressed timescale, which puts the synaptic activity during replay within the timeframe of long-
term potentiation. Thus, replay provides a possible neural mechanism for memory consolidation 
during sleep. However, SWR-associated replay is also observed during extended periods of inactivity 
during waking  (i.e. “quiet wakefulness”), and it is accordingly thought that these instances of replay 
reflect consolidation as well. This suggests that consolidation of spatial memories is an opportunistic 
process that takes place whenever the brain is not primarily preoccupied with encoding new 
memories. While this opportunistic account of consolidation is not directly at odds with the two-stage 
model of memory consolidation, it does provide an important addition to the current theoretical 
framework, and deepens our understanding of the consolidation process and the role for sleep in 
spatial memory consolidation.  
 
 
 

 

 

 

 

 

 

 

 

 

 

 

(Picture on front page: EEG recording of slow-wave sleep, adapted from http://emedicine.medscape.com/article/1140322-

overview#aw2aab6b5)   

http://emedicine.medscape.com/article/1140322-overview#aw2aab6b5
http://emedicine.medscape.com/article/1140322-overview#aw2aab6b5
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1. Introduction 
 
Sleep is a very widespread phenomenon, thought to occur in all vertebrates including mammals, birds, 
reptiles and fish. Moreover, sleeplike states have also been observed in invertebrates such as bees, 
cockroaches and flies (Cirelli & Tononi, 2008). This suggests that sleep serves some fundamental 
functions that were important enough to be sustained by natural selection throughout species and 
across phyla. Yet, to this day these functions have remained unclear (Rasch & Born, 2013).  
 Although sleep is not fully understood, it is known that it is a crucially important behaviour 
(Cirelli & Tononi, 2008). Even moderate sleep deprivation has a negative impact on neurogenesis 
(Mueller et al., 2008), neural physiology (McDermott et al., 2003), and immune functions (Imeri & Opp, 
2009), while extreme sleep deprivation can even lead to death (Rechtschaffen & Bergmann, 1995). 
Sleep loss also appears to impair the storage of recently acquired memories and interferes with the 
ability to acquire new ones (Hairston et al., 2005). Hence, it has been proposed that one of the 
important functions of sleep may be the consolidation of memories. An influential model of 
(mammalian) memory consolidation, the two-stage model of memory consolidation,  suggests that the 
hippocampus rapidly encodes and stores memories during the active waking period. Then, during 
sleep, the newly encoded memory traces are “reactivated” by the hippocampus, with the purpose of 
transferring them to a long-term store in the neocortex, and (if appropriate) integrate them into pre-
existing memory traces in different brain regions (e.g. Buzsáki, 1998; Marr, 1971; Squire & Alvarez, 
1995). The reactivation of recent memories in the hippocampus is thought to occur primarily during 
slow-wave sleep (SWS), a sleep stage in which highly synchronous activity patterns termed  sharp-wave 
ripples (SWRs) are most prominently observed (O’Neill et al., 2010). These SWR events might provide 
the optimal conditions for neuronal plasticity and communication between the hippocampus and 
other brain areas to take place.  
 Although aspects of the two-stage model of memory consolidation remain unsettled and 
continue to be investigated, converging lines of evidence from rodents suggests that consolidation of 
spatial memory is at least consistent with this explanation for SWS (O’Neill et al., 2006; Rattenborg et 
al., 2011). The rodent hippocampus is known to be involved in spatial navigation and memory 
(Derdikman & Moser, 2010), and the use of single-unit recording techniques in rodents during 
exploration and foraging has demonstrated that specific cells in the hippocampus named “place cells” 
code for specific locations in the environment (John O’Keefe & Dostrovsky, 1971). Moreover, these 
place cells indeed appear to reactivate during subsequent SWS, in a temporally conserved manner 
(Skaggs & McNaughton, 1996). This sequential reactivation is referred to as “replay”, and is thought to 
reflect the neural mechanism for memory consolidation during sleep (Buhry et al., 2011).  

There is now accumulating evidence for these hippocampal place cells in humans, other 
primates, and even bats (Burgess et al., 2002), which suggests that the neural mechanisms underlying 
spatial memory are conserved throughout different species of mammals. Obviously, evolving a reliable 
spatial navigation and memory system must have been of extreme relevance for survival, as 
successfully remembering where for example water, food, mates and nesting grounds are located is a 
fundamental requirement of everyday life. Therefore, the possibility that sleep may be necessary for 
the consolidation of spatial memories is exceptionally interesting. Additionally, spatial cognition is a 
field of research that is particularly well suited for cross-species research, since experimental (spatial) 
paradigms can easily be applied to animals and humans alike. As such, (invasive) neuroscientific 
discoveries in animals can be combined with non-invasive findings in humans (Burgess et al., 2002).  

Thus, the aim of this thesis is to investigate the role of sleep in spatial memory consolidation. 
To this end, we will discuss the brain’s spatial navigation system, the way spatial memories might be 
encoded and stored within the brain, and the reactivation and replay of place cells during sleep. 
Guiding questions will be whether replay during slow-wave sleep might reflect spatial memory 
consolidation, and if insights from spatial memory and sleep research are in line with the two-stage 
model of memory consolidation. 
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2. Core concepts  
 
This thesis is dedicated to exploring the relation between sleep and the consolidation of spatial 
memories. However, before we can get to the brain’s spatial representation system and the relation 
between spatial memory and sleep (in chapters 3 and 4 respectively), a brief introduction to some core 
concepts of sleep and memory is in order. The goal of this chapter is not to give an exhaustive overview, 
but rather to provide the reader with a list of some basic concepts that will figure throughout this 
thesis.  
 

2.1 Sleep 
Sleep can be defined as a natural and reversible mental and physiological state of reduced 
consciousness and responsiveness in which volitional sensorimotor activity is deferred and metabolism 
is altered (Dudai, 2012; Steriade & McCarley, 2005). Sleep takes place in recurring intervals and is 
homeostatically regulated (Beersma, 1998; Borbély & Achermann, 1999).  

In mammals, sleep consists of cyclic phases that are defined by their characteristic brain 
activity, tonic muscle activity and coordinated eye movements. Two core sleep stages can be discerned 
for mammals: rapid eye movement (REM) sleep, and non-REM (NREM) sleep. In human nocturnal 
sleep, NREM and REM normally alternate in a cyclic ultradian pattern of roughly 90 minutes. NREM in 
humans is further divided into substages (N1-3) that reflect the depth of sleep. The deepest sleep 
occurs in NREM stage N3 (previously stages 3 and 4), and is alternatively referred to as slow-wave sleep 
(SWS) because of the prevalence of slow high-amplitude electroencephalographic (EEG) oscillations 
(Dudai, 2012).  SWS is predominant in the first half of the sleep period and decreases in both duration 
and intensity as the night progresses, while REM sleep is more predominant towards the end of the 
sleep period (fig. 1A) (Rasch & Born, 2013).  

As the descent into NREM starts, brain activity begins to slow down. Throughout stage 2 NREM, 
phasic electrical events are present, such as K-complexes (large sharp waves in the EEG), and sleep 
spindles (short synchronized waxing and waning waveform oscillations in the EEG) (fig. 1B). Stage 2 
NREM marks around 50% of adult human sleep, but is not discriminated from SWS (stage 3) in all 
mammals, such as rodents. SWS is characterized by slow-wave activity (SWA), which is activity in the 
EEG within the delta range (0.5-4 Hz) and below the delta range (<1 Hz). SWA is thought to be a 
reflection of underlying cortical synchrony (Walker, 2005). During SWS, both spindles and transient 
sharp-wave ripples (SWR) occur in the hippocampus (Diekelmann & Born, 2010; Dudai, 2004; Rasch & 
Born, 2013; Walker, 2005). 

With the onset of REM sleep, EEG oscillations desynchronize again, as wakelike high frequency 
and low-amplitude oscillatory brain activity in the gamma range (30-80 Hz) starts to take place. In 
addition, muscle tone drops significantly compared to wake and NREM sleep, and the typical phasic 
rapid horizontal eye movements occur (fig. 1B) (Walker, 2005). In cats and rats, ponto-geniculo-
occipital (PGO) waves and theta oscillations (4-8 Hz) are hallmarks of REM sleep, but these are not 
readily distinguished in humans (Rasch & Born, 2013).   

In addition to the occurrence of the specific patterns of electrical field potential oscillations in 
NREM and REM sleep, there are also dramatic changes in the neurochemical balance of the brain 
during the sleep cycle. For example, activity of aminergic and cholinergic neurons are significantly 
reduced during NREM compared to waking. During REM sleep, activity of aminergic neurons drops 
even more, reaching a minimum, while levels of cholinergic activity are similar to those in the awake 
state (fig. 1C) (Rasch & Born, 2013; Walker, 2005) 
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Figure 1 – Overview of a  typical human sleep profile (A), sleep-related  field potential oscillations  (B) and 
changes in activity levels of neurotransmitters and neuromodulators (C).  
(A): A schematic representation of the cyclic occurrence of rapid eye movement (REM) sleep and non-REM (NREM) 
sleep. NREM sleep comprises the deepest sleep stage, slow-wave sleep (SWS) or N3, and the lighter stages N1 and 
N2. The beginning of sleep is dominated by SWS, whereas REM sleep is more pervasive in the second half of the 
sleeping period. (B): Particular oscillations in the electrical field potential. SWS is characterized by slow oscillations 
(~ 0.8 Hz), spindles (10-15 Hz), and hippocampal sharp wave-ripples (SWR, 100-300 Hz). In animals, ponto-geniculo-
occipital (PGO) waves, and hippocampal theta activity (4–8 Hz) can be observed, but these are less readily identified 
in humans. (C): Throughout the sleeping period, dramatic changes can be observed in the neurochemical balance of 
the brain. Cholinergic activity is greatly reduced in SWS compared to waking, while levels during REM are 
comparable to those during waking. Aminergic activity levels are attenuated during SWS compared to waking, and 
reach a minimum during REM sleep. (Adapted from Rasch & Born, 2013) 
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2.2 Memory 
 

2.2.1 Memory stages and processes  
The ability to form and retrieve memories is a fundamental capability for organisms, as it allows for 
the appropriate selection and improvement of behaviours from an established repertoire, and the 
contextualization of new experiences in a demanding and ever-changing environment.  

Classically, the memory process is thought to encompass three different stages, i.e. encoding, 
consolidation, and retrieval. A memory is encoded when the perception of stimuli leads to the 
formation of a new memory trace. Initially, this trace is very vulnerable to decay (i.e. forgetting) or 
(retroactive) interference. Thus, it is thought that the newly formed memory trace is gradually 
stabilized and integrated into a network of pre-existing knowledge during consolidation. During 
retrieval, the stored memory is accessed and recalled (Rasch & Born, 2013). Müller and Pilzecker first 
proposed the term consolidation in 1900 (see Lechner et al., 1999). Since then, the consolidation 
hypothesis has received support from numerous studies showing that memory can be effectively 
enhanced or impaired after encoding by electrophysiological, pharmacological, and psychological 
manipulations (see McGaugh, 2000; Wixted, 2004). The effects of these manipulations are time 
dependent, in the sense that their effects are strongest when they are applied directly after learning 
(for reviews see Lechner et al., 1999; Squire & Schacter, 2002).  

Consolidation is thought to involve multiple waves of stabilizing processes, that work on 
different timescales, and which are dependent on different underlying neuronal plasticity processes. 
Recently, it is being suggested that memory traces are not consolidated just once, but are in actuality 
reconsolidated whenever they are reactivated by a cue or active retrieval (Rasch & Born, 2013; also 
see Dudai, 2012; Nader & Hardt, 2009). This has led some to claim that “retrieval” is actually a 
misleading term, since it implies that a memory is a fixed entity that can be accessed in its entirety. 
Especially memories of events embedded in the context of time and space (“episodic memories”, see 
paragraph 2.2.2) appear to be stored in a distributed fashion over different brain systems according to 
the qualitative nature of the information they represent (Nadel et al., 2012). Thus, it has been argued 
that recall involves a “reconstruction” of such memories, rather than accessing a fixed entity.   

On the neuronal level, the memory formation process is believed to depend on changes in the 
strength of synaptic connections in the network that represents the memory trace (Rasch & Born, 
2013). When a new memory is encoded, two major kinds of learning-induced synaptic plasticity can 
be brought about, namely synaptic long-term depression (LTD) and long-term potentiation (LTP) 
(Collingridge et al. 2010; Kandel, 2001). Reverberating activity in a newly encoded network is thought 
to promote two types of consolidation processes, named “synaptic consolidation” and “systems 
consolidation” (Dudai, 2012). Synaptic consolidation reflects the cellular and synaptic level of 
description, and refers to the remodelling of the spines and synapses of the neurons that are part of 
the newly encoded memory trace. Ultimately, this produces lasting changes in the  efficacy of the 
contributing synapses (Kandel, 2001; Rasch & Born, 2013). Systems consolidation builds on synaptic 
consolidation and reflects the brain systems level of description. It refers to the reorganization of the 
neural memory representations over distributed brain circuits for long-term storage, possibly through 
reactivation of previously encoded memory traces (Dudai, 2012; Rasch & Born, 2013).  
 

2.2.2 Memory systems 
Memory is not a single entity, or at least it is not in humans. The word memory is a catch-all term for 
several different systems, that are discriminated based on the involvement of particular neuro-
anatomical regions. Currently, the most widely held taxonomy is based on the distinction between 
declarative and non-declarative memory. For declarative memory, it is thought that the medial 
temporal lobe regions, and in particular the hippocampal formations, are critically involved in the 
acquisition of declarative types of memories. In contrast, the formation of non-declarative memories 
is not believed to be dependent on these regions (Walker, 2005).  
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 Declarative memory is the (mostly) conscious memory for fact-based information, and is 
further subdivided into 1) semantic memories for non-contextual facts and 2) episodic memories for 
events embedded in a spatio-temporal context, including autobiographical memories (Rasch & Born, 
2013). In general, declarative memories can be encoded either unintentionally or intentionally, and 
are usually consciously accessible by active attempts of remembering. Semantic memories are most 
often the result of either repeated encoding efforts, or activation of multiple corresponding episodic 
memories. Episodic memories are learned very quickly - in a single trial (i.e. “one-shot” encoding), but 
are also forgotten more rapidly (Rasch & Born, 2013). It has been shown that the integrity of the 
hippocampal circuitry is a necessary precondition for the ability to retain semantic and episodic 
memories for longer periods (usually more than 15 minutes) (Peigneux et al., 2001).  
 As mentioned, non-declarative memories are not dependent on medial temporal lobe regions, 
and instead rely on different regions of the brain. The non-declarative memory system encompasses 
several different subsystems, such as 1) procedural memory for perceptual skills (involvement of 
sensory cortices) and motor skills and habits (striatum, cerebellum, motor areas); 2) implicit 
learning/priming (neocortex); 3) classical conditioning (cerebellum, amygdala); and 4) nonassociative 
learning (reflex pathways). Non-declarative memories are usually implicitly learned and recalled, and 
often require multiple training trials (Rasch & Born, 2013; Squire & Zola, 1996).  
  Lastly, it is noteworthy that more often than not, the disentanglement of the different 
memory systems and their involvement in certain tasks is complicated by their interaction during 
encoding and recall (Rasch & Born, 2013). Many of our daily tasks (if any) do not neatly separate into 
either declarative or non-declarative categories, and this might be reflected in the way the brain 
processes such experiences and commits them to memory. The taxonomy of the different memory 
systems is useful and aids comprehension, but time will tell whether such sharp conceptual distinctions 
actually “carve nature at its joints”.  
 

2.2.3 The two-stage model of memory consolidation 
So far, research on sleep and memory have been discussed separately - but where do they 

intersect? The connection between sleep and memory goes back quite some time (see Diekelmann & 
Born, 2010), and is conceptually rooted in the standard two-stage model of memory consolidation, 
which is still the most influential model of (human) memory (Rasch & Born, 2013).  

 Originally proposed by Marr (1971), the two-stage memory formation mechanism was offered 
as a solution to a number of problems that arose from models used to study the formation of memories 
on the network level. Essentially, the question that researches faced was how a neuronal network 
could learn new patterns without forgetting older ones at the same time. In other words, how is it 
possible that new memories are acquired without causing “catastrophic interference” with respect to 
the older memories? Additionally, these early models also faced essential capacity constraints, 
reflecting the limited capacity of actual neuronal networks. The two-stage model of memory 
consolidation provided a solution; it holds that memories are first encoded into a fast-learning store, 
and are subsequently progressively transferred to a slow-learning store for long-term storage (Rasch 
& Born, 2013). In the brain, it is suggested that the hippocampus functions as the former, rapidly and 
efficiently encoding memories, even in a single attempt (i.e. one-shot learning). But as these memory 
traces in the hippocampus are unstable and susceptible to interference from newly encoded 
memories, they must be gradually transferred to the neocortex (i.e. the slow-learning long-term store) 
without overwriting older memories. Whether or not memory retrieval remains associated with or 
assisted by the activation of the hippocampus remains a matter of debate (O’Neill et al., 2010).  

Returning to the connection of sleep and memory, it is postulated that sleep provides the 
optimal state for systems consolidation as described by the two-stage memory model. During the 
awake state, the brain is bombarded with new information and experiences that must be committed 
to memory, but the retrieval of old memories is also needed. Accordingly, it is hypothesized that the 
brain in the waking state is primarily geared to rapidly encoding new memories and remembering 
others. Encoding and consolidation are thought to depend on overlapping neuronal resources in the 
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hippocampus, and as such, it may be that they are (at least to some extend) mutually exclusive 
processes. If this is the case, then a state of greatly reduced external input (i.e. sleep) might be the 
optimal time window for consolidation, as the new and recently activated memory traces are relatively 
well protected from interferences from outside stimuli. Thus, it is thought that the repeated 
reactivation of newly encoded memories during offline periods such as sleep trains the neocortex’s 
long-term store, and new memory traces are slowly strengthened and integrated in or adapted to pre-
existing long-term memories (Buzsáki, 1989; Rasch & Born, 2013; Walker, 2005). The two-stage model 
of memory consolidation is supported by lesion studies: lesions of the hippocampus severely 
compromise the ability to acquire new declarative memories, while at the same time producing a 
temporally graded retrograde amnesia in which older memories remain intact (Corkin, 2002; Frankland 
& Bontempi, 2005). 

We will return to the relation between sleep and (systems) consolidation of memory in chapter 
4, when the reactivation of place cells during off-line periods is discussed. But first, we turn to the 
spatial representation system in the brain.  
 
 

3. The brain’s spatial representation system 
 
The hippocampus is critically involved in declarative type memories such as episodic memories in 
humans. As such, damage to these structures results in profound memory problems. At the same time, 
there is little dispute that the hippocampal formation in non-human animals (specifically rodents) 
serves spatial navigation and is accordingly also involved in spatial memory, and this function seems 
to be preserved in humans (see Burgess et al., 2002 and articles reviewed therein; Derdikman & Moser, 
2010). As we will see in paragraph 3.1, these findings are in accordance with the cognitive map theory 
of hippocampal function. In the remainder of this chapter, the way the brain is thought to represent 
space will be discussed. Specifically, we will focus on place cells in the hippocampus and other neural 
correlates of the spatial navigation system in paragraph 3.2. However, in the paragraph that follows, 
we will first turn towards the theory that the hippocampus supports a cognitive map of the 
environment. 
 

3.1 Cognitive maps in the hippocampus 
Nearly 70 years ago, Tolman suggested that animals might form internal cognitive maps of 

their spatial environment (Derdikman & Moser, 2010). Some time after that, O’Keefe and Dostrovsky 
(1971) discovered “place cells” – cells in the rat hippocampus that fire whenever the animal is at a 
specific location in its environment. O’Keefe and Nadel (1978) subsequently expanded these 
observations into a large-scale theory, arguing that the hippocampus was the locus of the Tolmanian 
cognitive map. Essentially, they proposed that the specific firing pattern of a place cell represents the 
animal’s location within an overarching internal map of the surroundings, with event and object 
information linked to particular locations in the map. This theory for the most part has held up to 
scrutiny, although important additions have been made (but see Eichenbaum, 1999 for a critique). 
Recent studies indicate that space is likely represented in several brain systems rather than just the 
hippocampal formation, with each of these systems hosting different types of representations of 
space, and involving functionally specific cell types (Derdikman & Moser, 2010). As such, it is now 
suggested that space might be represented in these structures by a number of rapidly interacting maps 
that are generated in conjunction, by specific cell types such as “grid cells” and the aforementioned 
place cells in the hippocampus.  
  Briefly, before examining the neural basis of spatial cognition and memory in greater detail, it 
should be clarified that there are two different ways to relate to space. Firstly, in egocentric 
representation, the body is used as the frame of reference in order to relate to the environment (e.g. 
“the museum is located to my right”). These self-referenced first person representations of space are 
used, for example, in episodic memories. In contrast, allocentric representations are space-based and 
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are thus guided by landmarks and cues in the immediate environment (i.e. “the museum is located 
near the bell tower”) (Buzsáki, 2006). These concepts will figure in our discussion of spatial navigation 
in the brain.  
 

3.2 Neural correlates of the spatial navigation system 
 

3.2.1 Place cells & the hippocampal map 
Place cells are thought to be pyramidal neurons in the CA3 and CA1 areas of the hippocampus (Moser 
et al., 2008). Place cells exhibit a high firing rate whenever the head of the rat or mouse is in a certain 
location within its (enclosed) environment, referred to as the cell’s “place field”. Each place cell 
establishes its own specific place field, so that the entire environment is represented in the activity of 
the local cell population within the hippocampus (fig. 2) (O’Keefe, 1976; Wilson & McNaughton, 1994). 
When the animal is placed in a new environment, the place field of each place cell will be established 
within minutes, and the resulting representation of space usually remains stable for days. When 
transferred to another environment, a new map is formed (again in minutes) in a process termed 
“remapping” (see for instance Colegin et al., 2008). When the experimental environment is somehow 
altered (e.g. elongated etc.), remapping also takes place (Derdikman & Moser, 2010).  

The same place cell can participate in the representation of different environments, but the 
relationship between the firing fields differs from one setting to the next (John O’Keefe & Conway, 
1978; Pavlides & Winson, 1989). There is no evident topography amongst the firing fields of place cells, 
but the brain is (probably) able to determine the position of the animal by reading out the sequential 
activity of a local population of place cells (Redish et al., 2001). In experiments where the activity of a 
large number of cells is recorded, the rat’s movement can be reconstructed by the experimenters with 
remarkable accuracy (Wilson & McNaughton, 1993). According to Derdikman and Moser (2010), this, 
taken together with the remapping evidence, indicates that the population of place cells forms a spatial 
map of the environment. Further evidence for the existence of spatial maps comes from the discovery 
of replay, i.e. the reactivation of place cells in their preserved temporal order during offline periods 
such as sleep. We will return to this in chapter 4.  

The firing of place cells seems to depend primarily on visual distal cues in the environment 
(Knierim et al., 1995), including boundaries (Burgess, 2008). However, it is   that place cell firing persists 
in the dark, suggesting that other sensory modalities (e.g. proprioception, etc.) contribute as well 
(Derdikman & Moser, 2010; Knierim et al., 1995). At any rate, place cells are thought to provide the 
animal with a continuously updating, dynamic, allocentric (i.e. world based) map of the environment, 
and the animal’s position in that space (Moser et al., 2008). There is now accumulating evidence for 
hippocampal place cells (and enthorinal grid cells, which we will discuss next) in a number of different 
mammalian species besides rodents, including primates (Rolls, 1999), humans (Ekstrom et al., 2003), 
and bats (Ulanovsky & Moss, 2007). This suggests that the hippocampus plays a key role in spatial 
representation and memory in a broad(er) evolutionary context. 

The cortical map theory described in the previous paragraph is currently very influential, but it 
must be noted that there are other theories concerning hippocampal function (see Bird & Burgess, 
2008), and that there is some debate as to whether the (human) hippocampal formation is truly 
dedicated to cortical maps (Eichenbaum et al., 1999; Mackintosh, 2002). Obviously, the human 
hippocampal formation has evolved to process more than just space, and spatial memory and the 
relation between episodic and spatial memory remains unclear. It is worth mentioning at this point 
that place cells have been observed to convey more than spatial information alone. For example, they 
also respond to the temporal sequence of events, and conjunctions between olfactory and textural 
information, suggesting that place cells are able to link location to a raft of salient experiences in the 
environment. This capacity could be valuable for episodic memory encoding in the hippocampus, but 
future research is needed to establish the relation between episodic and spatial memory (Derdikman 
& Moser, 2010).   
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3.2.2 Other cells & entorhinal maps 
The brain contains a second class of spatially modulated neurons, located in the medial 

entorhinal cortex (MEC) (Hafting et al., 2005), although they also appear in the presubiculum and the 
parasubiculum (Boccara et al., 2010). These cells exhibit sharply tuned spatial firing, similar to place 
cells, but differ in the sense that each cell has multiple firing fields. The many fields of each cell 
collectively form a hexagonal grid that tessellates the entire space available to the animal (Hafting et 
al., 2005), hence their name “grid cells” (fig. 3A & B). According to Moser et al. (2008), grid cells can 
differ from each other in their grid spacing (distance between grid fields), grid orientation (tilt relative 
to an external reference axis), and grid phase (xy displacement relative to an external reference point). 
Much like place cells, grid cells can be used to reconstruct the position of the animal in its environment 
(Fyhn et al., 2004), thus possibly functioning as a map. Additionally, grid cells also appear to be 
sensitive to extrinsic cues, like place cells (John O’Keefe & Conway, 1978). Grid cells are believed to 
constitute a source of input to place cells, and might pass on metric information to allow place cells to 
accurately position their place fields in space (Jeffery & Burgess, 2006).  

The aforementioned parahippocampal regions that contain grid cells also accommodate two 
other types of cells thought to be relevant for spatial mapping, namely “head-direction cells” and 
“border cells”. Head-direction cells only fire when the animal’s head is facing a specific direction. There 
are different head-direction cells for different allocentric orientations, and all of these directions are 
equally represented in the cell population (Derdikman & Moser, 2010). Head-direction cells may 
influence grid field orientation (Moser et al., 2008). Border cells fire when the animal is in the vicinity 
of a boundary or border in the proximal environment (Solstad et al., 2008). Taken together, Derdikman 
and Moser (2010) suggest, these different cell types could be part of a metric navigation system that 
is able to map distances through grid cells, directions via head-direction cells, and vicinity to 
boundaries with border cells.  

Figure 2 – Schematic illustration of hippocampal place cell activation during exploration. 
The top panel shows the location of the place fields of four hippocampal place cells (A-D) in a rectangular 
environment. The animal first visited the location corresponding to the place field of place cell D, followed by C, 
B, and A, respectively. Note that the place fields of cells A and B overlap. The bottom panels on the left shows 
raster plot for the same four place cells during a sequence of exploration. The order of firing of the four place 
cells matches the animals movement through the environment. The bottom panel on the left indicates the firing 
probability of each place cell. ( Adapted from O’Neill et al., 2010) 
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Additionally, it has been shown that animals are also able to navigate (simple) environments 

in an egocentric manner. Apparently, animals are able to keep track of their changing position by 
monitoring their own movements in a process referred to as “path integration” or “dead reckoning”. 
The landmark-based system and the self-referenced system are not mutually exclusive, and are likely 
to interact. As of yet however, it remains a matter of speculation as to how the different spatial map-
like systems exactly interact, and a review of the possibilities is beyond the scope of this thesis (see for 
instance Burgess, 2008; Derdikman & Moser, 2010; Moser et al., 2008; also see Buzsáki, 2006). At any 
rate, research has made it clear that spatial representation in the brain is an incredibly intricate and 
highly dynamical affair. It likely involves the interaction and integration of different allocentric and 
egocentric mechanisms.  

 
 

4. Spatial memory and sleep: offline consolidation? 
 
We have seen that place cells, together with grid cells, head direction cells, and border cells seem to 
form an allocentric map of the environment as the animal moves through it. The system is highly 
dynamic, as remapping seems to take place whenever the animal enters into different surroundings. 
This chapter will be devoted to the link between this spatial representation system and sleep-related 
consolidation of spatial memories. We will see in paragraph 4.2 that the activation patterns of place 
cells that are observed during waking reoccur during subsequent sleep in a conserved temporal order, 
in what appears to be neural underpinnings of the consolidation process at work. However, there is 
also evidence pointing towards a role for consolidation during periods of reduced input, called quiet 
wakefulness. This possibly undermines the assumed privileged role for sleep in memory consolidation, 
as we will see in paragraph 4.3. But before we can explore the link between sleep and spatial memory 

Figure 3 -  Two plots of grid cell activity in a spatial environment. 
(A): Example of an entorhinal grid cell’s firing pattern. The animal’s course through a rectangular environment 
is plotted (indicated by a black line), while the firing location of one grid cell is indicated by a red dot. Firing 
occurs at different locations throughout the environment, and is arranged in a regular hexagonal grid across 
the environment. (B): Example of three neighbouring grid cells that were simultaneously recorded. The firing 
location of each cell is shown in either red, blue or green. (Adapted from Burgess, 2008) 
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consolidation, we must first discuss how spatial memories seem to be encoded and stored within the 
hippocampus. This will be the topic of the next paragraph.  
 

4.1 Encoding and storage of spatial memories 
 
There are several computational models of spatial memory formation in the hippocampus (see Burgess 
& O’Keefe, 2011 for an overview). One dominant class of computer models seems to suggest that 
online encoding of spatial (and episodic) memory traces is facilitated by the firing of spatially and 
temporally proximate place cell units through the promotion of plasticity between sequentially 
activated cell units (Rolls, 2010; Treves & Rolls, 1994). Others focus less on interactions between 
network cells and emphasize mechanisms within single place cells (Burgess & O’Keefe, 2011). At any 
rate, it is currently thought that over time, and possibly in multiple consolidation waves, individual 
memory traces are integrated into an abstract and cohesive representation of the spatial environment. 
Together with grid cells, head direction cells, and border cells in the entorhinal cortex, spatial maps in 
the hippocampus could be used for a wide range of navigational functions (Derdikman & Moser, 2010; 
Sadowski et al., 2011). 

Interestingly, periods during which the animal is engaged in spatial exploration of an 
environment, the (rodent) hippocampus displays robust modulation of network activity within the 
theta frequency range. As an animal moves through a place field, the firing of place cells will change 
with respect to the phase of the theta cycle (fig. 4). This “theta phase precession” is accordingly 
believed to provide a phase code for location that is independent from the firing rate code of place 
cells (O’Keefe & Recce, 1993) We have seen in paragraphs 3.2  that the latter also codes for location, 
but may additionally be modulated by other (external) factors such as odours, objects or actions that 
occur at the location of the place field (Huxter et al., 2003). Sadowski et al. (2011) write that due to 
the degree of overlap between place fields, the sequential firing pattern of multiple place cells can be 
compressed into a single theta cycle for any given location, while their relative firing order is 
maintained. In line with this is the observation that theta power increases as a function of running 
speed. It thus appears that theta modulation couples place cell firing across time and space. This in 
turn is thought to allow for synaptic plasticity to take place during periods of exploration, providing 
the animal with an opportunity to learn about its surroundings (Sadowski et al., 2011). Theta phase 
precession has also been reported for grid cells in the entorhinal cortex (Düzel et al., 2010).  

As for the storage of spatial memories in the (rodent) hippocampus, the retention of the spatial 
and temporal organisation of the firing patterns during waking would provide the basis of a memory 
trace. The CA3 region is a possible storage for such traces, because it possesses highly modifiable 
synapses and intense interconnectivity, which would allow jointly firing cells to form associations 
through adjustments in synaptic weights (O’Neill et al., 2010). Theoretical work has pointed towards a 
possible mechanism for storing memories in the hippocampus, namely “attractor dynamics”. 
According to Jeffery (2011), the attractor dynamics hypothesis was based on previous ideas that the 
CA3 network operates like an auto-associative memory store. Attractor networks form a special kind 
of (artificial) auto-associative memory, and their defining characteristic is their tendency to move 
towards and settle into a stable pattern of activity. This process is referred to as attractor dynamics, 
and it is thought to provide a possible mechanism for the storage of (arbitrary) input patterns in the 
hippocampus with low interference (Jeffery, 2011). In attractor networks, the recall of a stored 
memory entry from a degraded version of the original input is possible, in a process called pattern 
completion. At the same time, guarding this recalled memory from interference by other memories 
stored in the network is done by pattern separation (Moser et al., 2008). Attractor dynamics as a 
mechanism for storing memories in the hippocampus has recently received some empirical support 
(Wills et al., 2005).  
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4.2 Replay in place cell assemblies during sleep: consolidation at work? 
 
It is here that we (finally) turn to the relation between sleep and (systems) consolidation of spatial 
memories. In paragraph 2.2.3, the two-stage model of memory consolidation was discussed as a 
currently influential model of memory. Because encoding and consolidation are thought to depend on 
overlapping neuronal resources in the hippocampus, a period of reduced interference in which no new 
memories are encoded is hypothesized to be beneficial for the consolidation process. Sleep, a state of 
greatly reduced external input, may thus provide the optimal time window for consolidation, as 
reactivation of newly encoded memory traces could take place. This repeated reactivation could train 
the neocortex’s long-term store, and enable the strengthening and integration of new representations 
into pre-existing long-term memories.  

The first evidence for the reactivation of place cells during sleep came from a study by Pavlides 
and Winson (1989). By recording the spiking activity from pairs of cells with non-overlapping place 
fields, and not allowing rats to enter the place field of one of those cells, they showed that the ensuing 
firing pattern during the waking period reoccurred during SWS and REM sleep. Subsequently, Wilson 
and McNaughton (1994) recorded the activity of CA1 place cells with overlapping place fields, which 
showed correlated activity while the rat ran along a track in order to acquire a food reward. In the 
sleep period that followed, the correlation pattern of the recorded place cell assemblies during SWS 
was remarkably similar to the pattern that had been observed during the awake task performance. 
Importantly, this similar firing pattern was not observed in the sleep period prior to running along the 
track. Some years later, it was estimated that the activity pattern observed during task performance 
explained between 10-30% of the variance of spiking activity during the succeeding sleeping period 
(Kudrimoti et al., 1999). Further studies by Skaggs and McNaughton (1996) showed that cells in the 
recorded assembly were not only reactivated during sleep, but that the temporal order in which the 
place cells had been activated during waking was also preserved (fig. 5). In fact, entire spike trains that 
were reliably observed during the performance of a task re-emerged in the same temporal order 
during subsequent sleep (e.g. Lee & Wilson, 2002; Nádasdy et al., 1999; O’Neill et al., 2008). This 
“replay” of previous activity appears in a time compressed form, running at a much faster rate than 
during the online state, and remains a reliably observed phenomenon.  

Figure 4 – Schematic illustration of the proposed means of encoding of spatial trajectories in the place cell 
system in the hippocampus.  
This figure shows place cells in the hippocampus firing at their respective place fields. As the animal moves through 
an environment, the place fields fire in a sequential pattern (represented by place A, B and C), exhibiting partial or 
entire place field overlap. At the same time, the hippocampal networks are submitted to strong theta modulation. 
The overlapping place fields fire within the same theta cycle, which is thought to establish the conditions necessary 
for synaptic plasticity to occur. (Adapted from Sadowski et al., 2011)  
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 Initial studies that demonstrated the reactivation of place cell assembly firing patterns during 
sleep were criticized because the animals were exceedingly over-trained in the experimental spatial 
tasks (Rasch & Born, 2013; Tononi & Cirelli, 2006). This meant that when the rats frequently performed 
stereotypical behaviours in an environment they were well acquainted with, the activity patterns of 
pre-training sleep became increasingly similar to post-sleep periods, thus skewing the data. This 
discussion drove several researchers to examine the reactivation patterns of rats during sleep after 
exploratory behaviour in new environments. These later studies established that reactivation occurs 
during sleep following exploration, with the neurons linked to more thoroughly explored (i.e. longer 
or more frequently) place fields showing stronger reactivation during subsequent sleep (e.g. O’Neill et 
al., 2008; O’Neill et al., 2006). Many studies have since confirmed replay in hippocampal place cells. 
 A possible mechanism for replay during sleep is pattern completion in the CA3 region (see 
paragraph 3.1). According to O’Neill et al. (2010), if a number of place cells have formed a memory 
trace by jointly firing and thus forming associations through alterations in synaptic weights, the 
spontaneous activation of only a subset of these cells (“initiator cells”) would tend to recruit the whole 
group. Because of the strong recurrent connection in CA3, the entire pattern would be recalled in a 
rehearsal-like reactivation, potentially aiding the (re)consolidation of memory traces.   

 
 

 
 

Figure 5 –Schematic illustration of replay in hippocampal place cells during sleep before and after navigating  
a spatial track. 
The top panel shows the firing probability of six hippocampal place cells (A-F) as a function of the location of 
the animal’s position on the track. The bottom panels show two raster plots of the firing times of the same six 
cells during sharp-wave ripples (SWRs) before and after the track running. Note that in the sleeping period 
before track running, the place cells fire during the SWRs in an order that is not related to the firing patterns 
during subsequent track running. However, in the sleeping period following track running, the order of cell 
firing during SWRs does reflects the order in which the cells fired during track running, indicating the 
occurrence of replay. (Adapted from O’Neill et al., 2010)  
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4.2.1 Replay during slow wave sleep 
 Replay in place cell assemblies is typically most prominent during the beginning of sleep (the 
first 20-40 minutes), decaying over time (Kudrimoti et al., 1999). The early period of sleep is dominated 
by non-REM slow-wave sleep (SWS) and this is no coincidence, as replay of hippocampal place cell 
assemblies is mostly observed in association with sharp-wave ripples (SWR), which occur mainly during 
SWS (Kudrimoti et al., 1999; O’Neill et al., 2008). It is suggested that these SWR events reflect 
communication between the hippocampus and cortex (Buzsáki, 1989). SWR events are thought to 
coordinate the sporadic bursts of synchronous firing in the CA3 and CA1 regions. SWRs are likely 
initiated within the CA3 region  (Csicsvari et al., 2000), which according to O’Neill et al. (2010) would 
mean that ensemble activity during these events is principally governed by the established synaptic 
weights within the CA3 area, and between the CA3 and CA1 regions. As such, the patterns that occur 
during SWR could well be the result of the pattern completion mechanism, and facilitate consolidation 
of stored spatial memories.  

Indeed, ripple density has been associated with learning experience (Eschenko et al., 2008).  
Other evidence for the contribution of SWR-related reactivation comes from research in which 
auditory or olfactory cues are administered with visual stimuli during the awake learning phase. When 
these cues are presented during subsequent SWS, they selectively strengthen memory for the visual 
stimuli (Rasch et al., 2007; Rudoy et al., 2009). Furthermore, when hippocampal SWR events were 
blocked by electrical stimulation of afferents from the hippocampus (85% of which occurred during 
SWS), the acquisition of spatial memories was impaired (Girardeau et al., 2009). In another study, 
hippocampal CA3 output was temporarily blocked using a genetic approach in transgenic mice. This 
strongly decreased the incidence of SWR events, and accordingly a reduction in hippocampal 
reactivation activity was observed. During subsequent testing in the context of a fear-conditioning 
task, the mice showed diminished memory retrieval performance (Nakashiba et al., 2009).     
 We have already seen that spiking sequences during waking movement occur in a compressed 
timescale as a result of phase precession (see paragraph 4.1). During ripple events in SWS, firing 
sequences happen at a greatly accelerated timescale as well, about 20 times faster than the speed at 
which an animal moves through a series of place fields (Nádasdy et al., 1999). According to Sadowski 
et al. (2011), this puts the synaptic activity during replay within the timeframe of long-term 
potentiation (LTP), thus providing the right circumstances for plasticity to take place and memory 
traces to be strengthened and/or transferred (i.e. cellular and synaptic consolidation). However, 
Sadowski et al. also note that replay during SWS may have at least one notable disadvantage, namely 
the attenuated levels of cholinergic tone in this sleep stage. During waking, it hast been shown that 
place cell activity does not induce plasticity in the absence of a cholinergic tone. Whether or not the 
temporal compression observed during ripple-associated replay is sufficient for inducing plasticity 
during SWS remains to be seen (see Sadowski et al., 2011 for a discussion).  

The instances of reactivation during SWS discussed above occur in the hippocampus, but 
replay has also been observed in several other brain regions including the prefrontal cortex, the ventral 
striatum and the primary and secondary visual cortices (V1 and V2) (Buhry et al., 2011). The two-stage 
memory model predicts that the hippocampus will lead in replay, reflecting the transfer of memory 
traces to a long-term neocortical store. As it stands, it is not yet clear if replay in these other brain 
areas indeed reflects the transfer of memories to a long-term (neocortical) store. In line with the two-
stage memory hypothesis are the observations of hippocampal replay preceding replay in the ventral 
striatum and prefrontal cortex. However, there is also evidence pointing to an opposite flow of 
information, from the neocortex to the hippocampus. For instance, distinct periods of high spiking 
activity in V1 during SWS precede high activity states in the hippocampus, and they appear to be 
involved in the generation of SWR events. Additionally, synchronous slow oscillations (“up-down 
states”) in the prefrontal cortex are suggested to influence the probability of replay events in the 
hippocampus (see Buhry et al., 2011 and articles reviewed therein). These experimental observations 
lead Buhry et al. (2011) to conclude that the interactions between the hippocampus and other 
(neocortical) brain regions during consolidation are more complex than is suggested by the simplified 



16 
 

view of the two-stage memory model. Rather, they write, interactions between the hippocampus and 
other areas might be bidirectional, and the direction of the flow of information might change 
dynamically throughout the consolidation process (Buhry et al., 2011). At any rate though, the 
reviewed evidence above (strongly) suggests a role for slow-wave sleep in the offline consolidation of 
spatial memories, by promoting replay in place cell assemblies. 

  

4.2.2 Reactivation during REM sleep 
For the most part, research has focussed on hippocampal place cell assembly reactivation and replay 
in slow-wave sleep, with the role of REM sleep often overlooked. While this is reflected in the focus of 
this thesis, it must be noted that reactivation in the hippocampus is sometimes observed during rapid 
eye movement (REM) sleep (e.g. Louie & Wilson, 2001). However, while temporal compression of firing 
sequences does occur in REM sleep, it is much less than the compression observed in SWS. Moreover, 
there is little evidence pointing towards an active role for REM sleep in the consolidation of long-term 
spatial memories (Siegel, 2001). Nevertheless, it has been suggested that REM sleep reactivation might 
serve other functions in memory consolidation, including facilitating stabilization of memory traces at 
the synaptic level (Diekelmann & Born, 2010) and/or the processing and integration of memory traces 
for fluent recall during conscious thought and activity in humans (Sadowski et al., 2011).    
 

4.3 Replay during waking: opportunistic consolidation?  
 
The findings that spatial memory benefits from slow-wave sleep (SWS) and that there is currently no 
strong evidence for a role for REM sleep seem to suggest that SWS is crucial for the consolidation of 
spatial memories, perhaps through neural mechanisms unique to this sleep stage (such as SWR related 
replay). This is in line with the two-stage model of memory consolidation. However, SWR events have 
also been reported to occur when the animal is awake, both during extended periods of immobility 
(referred to as quiet wakefulness), as well as during brief pauses in locomotion while the animal 
explores or otherwise navigates an environment (Foster & Wilson, 2006; O’Neill et al., 2006).  

SWR events in the latter (exploratory) context, the so-called “eSWR” events, have been 
correlated with the reactivation of place cell assemblies, and also with subsequent spatial memory 
performance (Dupret et al., 2010). Sadowski et al. (2011) write that although it can be argued that 
eSWR events transpire during offline periods as the animal pauses, their presence in the active and 
awake state blurs the boundaries between offline and online processing. It must be noted however, 
that eSWR events as of yet have only been linked to the reactivation of specific place cells assemblies, 
and that this reactivation does not necessarily reflect the replay of extended sequences. As such, it is 
thought that eSWR events could enable spatial processing functions in the hippocampus by 
establishing and/or remapping existing place cell assemblies instead of stimulating the consolidation 
of specific (spatial) memory traces (Dupret et al., 2010a). It is noteworthy that this reactivation and/or 
reorganisation of place cell assemblies has only been observed in CA1, and not in CA3, suggesting a 
dissociation in the functions of these areas, at least during waking activity (Dupret et al., 2010b).  
 As mentioned above, online replay does occur during extended periods of quiet wakefulness. 
While it is certainly possible that this reflects some aspect of information processing such as decision-
making or behaviour-reward associations (Sadowski et al., 2011), it has also been suggested that these 
instances of replay assist consolidation in much the same way as SWS does. Accordingly, Mednick et 
al. (2011) have recently proposed that the processes that underlie (systems) consolidation might not 
be tied to sleep specifically, but instead could unfold whenever the hippocampus is not currently 
preoccupied with the encoding of new memories. Potentially, any period of reduced input (and thus 
reduced retroactive interference) could be used for (replay-related) consolidation; this includes SWS, 
but is not necessarily limited to it. Findings in humans seem to underpin this opportunistic account of 
consolidation. A period of quiet waking, in which encoding and interference are reduced, has been 
shown to have comparable behavioural enhancing effects as sleep. For instance, the learning profiles 
of the quiet wake and nap groups in a study using a hippocampus dependent visual search task were 
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very similar, while the active wake group showed reduced learning (Greene, 2007). In other studies, 
memory gain was comparable for both the sleep group and the quiet waking group (see Mednick et 
al., 2011). In a study using blood oxygen level-dependent (BOLD) fMRI, test subjects showed enhanced 
hippocampal-cortical connectivity during a period of quiet wakefulness after a learning task compared 
to a resting baseline (Tambini et al., 2010). Additionally, individual differences in post-task connectivity 
were shown to be predictive of subsequent memory performance (Gottselig et al., 2004).  
 The occurrence of SWR-associated replay during quiet wakefulness, taken together with the 
other evidence discussed above suggest that the consolidation process of (spatial) memories might 
not depend on SWS per se, but may benefit from any (extended) period of reduced interference in 
which no new memories need to be encoded. This period of reduced interference is suggested to 
actively allow the consolidation process to proceed, and must occur within a limited temporal window 
after a new memory is acquired (Mednick et al., 2011).  
 

5. Discussion & Conclusion 
 
The aim of this thesis was to investigate the role of sleep in spatial memory consolidation. To this end, 
we have discussed the brain’s spatial navigation system, the way spatial memories might be encoded 
and stored within the brain, and the reactivation and replay of hippocampal place cells during sleep.  

In summary, the findings reviewed in this thesis suggest a spatial navigation system which 
allows for the rapid encoding of salient spatial information in the CA3 and CA1 areas of the 
hippocampus. We have seen that place cells in these areas appear to code for the position of the 
animal in space by firing whenever the animal enters into a specific spatial field (i.e. a place cell’s place 
field). When an animal runs along a path, its place cells fire in a specific sequence, and this specific 
sequence is preserved when the animal runs down the same path at different times. This indicates that 
the firing pattern is related to the memory of spatial environment, and the formation of a dynamic, 
allocentric and continuously updating spatial map. Theta phase precession provides an additional 
phase code for location, and other cells that contribute to spatial navigation are grid cells, head-
direction cells, and border cells. Together, these different cell types could provide the animal with a 
metric navigation system that is able to store paths and map distances, directions, and boundaries in 
the local environment. Current theoretical models point towards a role for attractor dynamics as a 
means to store and recall spatial memories without interference in the place cell system of the 
hippocampus. Attractor dynamics also provide a possible explanation for the reactivation of place cell 
sequences during sleep. Place cell assemblies that are activated in an animal’s hippocampus during the 
performance of some kind of spatial navigation or exploration task reactivate in a conserved temporal 
order during the slow-wave sleep (SWS) stage in the subsequent sleeping period. This repeated 
reactivation takes place in association with hippocampal sharp-wave ripples (SWRs), and is thought to 
reflect the replay of newly encoded memories. During SWR events, firing sequences in place cell 
assemblies occur at greatly accelerated timescales, putting synaptic activity during replay within the 
timeframe of long-term potentiation. Thus, replay is believed to reflect the consolidation process, as 
it may enable the strengthening and integration of newly encoded memories into pre-existing long-
term memories in the neocortex’s long-term store without overwriting older memories.  

The two guiding questions throughout this thesis have been (1) whether replay during slow-
wave sleep might reflect spatial memory consolidation, and (2) if insights from spatial memory and 
sleep research are in line with the two-stage model of memory consolidation. Although this thesis by 
no means captures all the available evidence, we can at least answer the first question with a tentative 
“yes”. The evidence reviewed above suggests that replay of place cells during slow-wave sleep may 
indeed reflect at least some aspect of the consolidation process of spatial memories. The finding that 
spatial memory benefits from SWS points to an important role for this sleep stage in the consolidation 
of spatial memories, as is predicted by the two-stage model of memory consolidation. So far, the 
answer to the second question also appears to be positive. However, as we have seen, sharp-wave 
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ripple associated replay does not occur during SWS alone. Instead, replay is also observed during 
extended periods of immobility (i.e. quiet wakefulness), and it is accordingly thought that these 
instances of replay reflect (or assist) consolidation as well. As such, it is suggested that the 
consolidation of spatial memories does not depend on SWS specifically, but may rather unfold 
whenever the hippocampus is not engrossed with the encoding of new information (Mednick et al., 
2011). This opportunistic account is not directly at odds with the two-stage model of memory 
consolidation, as quiet wakefulness can be interpreted as an extended period of “downtime” in which 
input is reduced and interference is minimal. It does however provide and important addition to the 
current theoretical framework, and deepens our understanding of the consolidation process and the 
role for sleep in spatial memory consolidation.  

Concluding, while much research still needs to be done (some of the remaining questions are 
listed in box 1), the theoretical and empirical insights discussed in this thesis point to an active role for 
sleep in the consolidation of spatial memories. However, an active role does not imply a privileged 
role: emerging evidence suggest that consolidation is an opportunistic process, taking place whenever 
the brain is not primarily preoccupied with encoding new memories. Whether or not there are salient 
differences between replay during waking and replay during sleep remains a question for future 
research. 

 
 
 

Box 1 - Open questions in sleep and spatial memory research  
 

- Is there a difference between the believed consolidation processes during sleep and during 
quiet wakefulness? Are there different roles for systems and synaptic consolidations within 
these processes?  

- For the consolidation of spatial memories, is it the stage of sleep (i.e. SWS) that is important 
or SWR events across waking and sleeping? Why are SWRs during SWS associated with 
replay, but eSWR during short pauses in locomotion not? What is the mechanism that 
triggers SWR during sleep or quiet wakefulness? 

- To what extent and how do the mechanisms of systems consolidation (i.e. replay) and 
synaptic consolidation (i.e. long term potentiation)  interact? Are they intimately connected 
and do they occur in a specific temporal order?   

- What exactly is the relation between spatial memory in rodents and episodic memory in 
humans? To what extent can we truly speak of a “map”-function, especially in humans and 
primates?  

- Are memories truly stored in the hippocampus through attractor dynamics? What about long 
term storage in the neocortex?  

- Does the hippocampus remain involved when spatial memories are remembered? Is there a 
difference between species in the involvement of the hippocampus?  

-  What is the relation between reactivation in the hippocampus and reactivation in other 
(neocortical) areas? Can LTP be readily induced in the cortex during SWS? What about under 
conditions of quiet wakefulness?   
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