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1. SLEEP AND SLEEP LOSS 

Sleep is an active, repetitive and reversible behavior that is proposed to serve several different 

functions. Many of the hypotheses on the function of sleep focus on several aspects of homeostasis, 

such as energy balance, thermoregulation, tissue restoration, detoxification and immune function 

(Adam and Oswald, 1977; Walker and Berger, 1980; McGinty and Szymusiak, 1990; Benington and 

Heller, 1995; Berger and Phillips, 1995; Inoué et al., 1995; Maquet, 1995; Krueger et al., 2003). One 

of the most exciting hypotheses is that sleep makes an important contribution to brain plasticity and 

learning and memory processes (Graves et al., 2001; Maquet, 2001; Ellenbogen et al., 2006; Walker 

and Stickgold, 2006; Diekelmann et al., 2009).  

Given the potential importance of sleep in human physiology and health, insufficient sleep 

may have serious consequences. This is a pressing issue since recurrent sleep loss is a serious 

problem that affects many people at every level of our society (Bonnet and Arand, 1995; Hublin et al., 

2001; Rajaratnam and Arendt, 2001). Some reports have suggested that our sleep time has 

decreased with 20% over the last century (Ferrara and De Gennaro, 2001). Importantly, not only 

adults experience sleep loss. The incidence of sleep loss and excessive daytime sleepiness is 

becoming a great issue in children and adolescents as well (Meijer et al., 2000; Frederiksen et al., 

2004; Teixeira et al., 2004; Van den Bulck, 2004; Thomson and Christakis, 2005; Gibson et al., 2006). 

There are several factors in modern society that may explain this decrease in sleep time. First 

of all, the use of artificial lightning, which has severely changed the traditional timing of human 

activities (Dinges, 1995). In addition, it often occurs that we sacrifice some sleep time to cope with our 

many social demands and daily interests, which are amongst others influenced by the unlimited 

access to television and internet (Vioque et al., 2000; Ohida et al., 2001; Van den Bulck, 2004; 

Thompson and Christakis, 2005). Another factor is work related. A 24-hour economy requires shift 

work, which leads to sleep loss in a large part of our modern society (Rajaratnam and Arend, 2001). 

The sleep of a night shift worker is on average reduced by 2-4 hours and shift work is often 

associated with severe sleepiness (Akerstedt, 2003). 

Acute sleep loss is associated with a decline in vigilance and attention (Corsi-Cabrera et al., 

1996; McCarthy and Waters, 1997; Lim and Dinges, 2008; Tucker et al., 2009) which results in an 

increased risk for human errors and accidents (Webb, 1995; Leger, 1995). Whereas one may initially 

recover from the acute effects after subsequent sleep, frequent or chronic loss of sleep may induce 

neurobiological changes that accumulate over time, which may result in serious health complaints. 

Short and disturbed sleep have been identified as risk factors for various disorders, including 

cardiovascular diseases (Schwarz et al., 1999; Ayas et al., 2003; Gangwisch et al., 2006) and 

psychiatric disorders (Ford et al., 1989; Chang et al., 1997; Riemann and Voderholzer, 2003).  

 

 

2. SLEEP AND MEMORY 

The focus of this thesis will be on the consequences of sleep loss for memory processing and its 

possible underlying mechanisms. The notion that sleep is important for memory has been around for 
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a very long time. The first experimental data supporting this came from a study by Jenkins and 

Dallenbach in 1924. They showed that memory retention was better in the morning after a night of 

sleep than in the evening after an equivalent amount of time awake. Since these findings could have 

been related to time of day rather than the occurrence of sleep, later studies directly compared 

periods of normal sleep with sleep deprivation (SD). Many of these studies have shown that SD 

negatively affects memory processes (Stickgold et al., 2000; Drummond and Brown, 2001; Kim et al., 

2001; Graves et al., 2003; Curcio et al., 2006; Ferrara et al., 2006; Gais et al., 2006; Yoo et al., 2007; 

Alvarenga et al., 2008; Walker, 2008; Mograss et al., 2009; Vecsey et al., 2009; Yoo et al., 2009), 

which has contributed to the hypothesis that sleep has an important function in memory processing 

and the underlying molecular mechanisms of brain plasticity (Graves et al., 2001; Maquet, 2001; 

Ellenbogen et al., 2006; Walker and Stickgold, 2006; Diekelmann et al., 2009). Also, the observation 

of changes in sleep parameters after learning (Smith et al., 1980; Smith and Rose, 1997; Stickgold et 

al., 2000; Walker et al., 2002), as well as the study of cellular activity during the different sleep states 

after a learning task (Kudrimoti et al., 1999; Hasselmo, 2008), have contributed to this hypothesis. 

However, a major problem in this area of research is that the terms sleep and memory both refer to 

complex phenomena, neither one of which can be treated as a single event. Therefore it is important 

to clarify these terms and their possible relationhips. 

Generally speaking sleep can be divided into two main states, rapid eye movement (REM) 

sleep (also known as paradoxical sleep) and Non-REM (NREM) sleep. These two states alternate 

through the night in humans in a 90-minute cycle. NREM sleep is often further subdivided into stage 

1-4, which correspond to increasingly deeper stages of sleep. Stage 3 and 4 together are called ‘slow 

wave sleep’ (SWS), based on the general occurrence of slow, low-frequency (0.5-4 Hz), cortical 

oscillations in the electroencephalogram (EEG). Although the NREM/REM cycle length remains 

largely stable across the night, the ratio of NREM to REM within each 90-minute cycle changes. Early 

in the night NREM dominates and REM sleep prevails in the latter half of the night. In humans, NREM 

sleep occupies approximately 80% and REM sleep around 20% of the total sleep time. NREM and 

REM sleep radically differ from each other in electrophysiological characteristics and neurochemical 

regulatory mechanisms, and perhaps even in function as well (Hobson & Pace-Schott, 2002). 

Therefore, sleep cannot be considered a homogeneous state.  

Just as sleep, also memory cannot be treated as a single state. Memory can be divided into 

at least two distinct forms according to its temporal properties: short term memory (STM), which 

involves temporal storage of information and lasts no longer then a few hours, and long term memory 

(LTM), which lasts from several hours to days or even longer (McGaugh, 1966; Davis and Squire, 

1984). Furthermore, it is known that multiple memory systems store different classes of memory in 

different brain regions. A popular classification for memories is based on the distinction between 

declarative and nondeclarative memories (Squire, 1992; Squire and Zola, 1996). Declarative memory 

is considered as consciously accessible memories of facts (semantic) and events (episodic) (i.e., 

knowing “what”). This type of memory is crucially dependent on structures of the medial temporal 

lobe, including the hippocampus (Eichenbaum, 2000). The nondeclarative category includes 

procedural memory, such as the learning of skills (i.e., knowing “how”). Procedural memory is in part 
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dependent on the striatum, which is situated in the forebrain (Kreitzer and Malenka, 2008). 

Furthermore, memories can be explicitly or implicitly learned, which means that they can be 

consciously acquired or acquired without conscious knowledge. In general, declarative material is 

explicitly learned and procedural material is often implicitly learned (Squire, 1986; Squire and Zola-

Morgan, 1988).  

Memory processing encompasses several stages, including acquisition, consolidation and 

retrieval that occur over time. Acquisition is the uptake of new information during learning and the 

encoding of this information into a memory trace that is initially still unstable. Subsequently, this 

memory representation may go through a stage of consolidation during which it becomes more stable 

and often resistant to interference (Davis and Squire, 1984; McGaugh, 2000). Retrieval refers to the 

process of recalling a stored memory. It is believed to destabilize the memory, making it labile and 

susceptible to either reconsolidation or to degradation when the stored information is no longer valid. 

Reconsolidation is the process of restabilizing the labile memory trace (Nader, 2003). When a 

destabilized memory is not reconsolidated, it can degrade relatively quickly, alhough it is unclear 

whether the memory trace is actually weakened or only made inaccessible to recall processes.  

 

 

3. SLEEP DEPRIVATION AND MEMORY STAGES 

Various behavioral studies have described the negative consequences of inadequate sleep prior to 

learning on memory encoding. Several human studies exposed subjects to SD prior to training in a 

learning task and showed that declarative memory encoding was significantly disrupted. These effects 

were found for the encoding of recognition and temporal memory (Morris et al., 1960; Harrison & 

Horne, 2000; Yoo et al., 2007), verbal memory (Drummond et al., 2000; Drummond & Brown, 2001) 

and emotional memory (Walker and Stickgold, 2006). Also animal studies have shown that pre-

training SD impairs memory encoding of numerous declarative learning tasks, especially of 

hippocampus-dependent learning tasks. Learning of hippocampus-independent tasks was more 

resistant to prior SD (McDermott et al., 2003; Guan et al., 2004; Ruskin et al., 2004).   

In addition to the impact of prior SD on memory encoding a substantial body of work also 

demonstrates the impact of SD following learning on memory consolidation. Several human studies 

show that SD following training affects the consolidation of memory in various procedural tasks, such 

as memory for a visual discrimination task (Karni et al., 1994, Stickgold et al., 2000). Also declarative 

memory for spatial information and recognition memory is impaired by SD (Ferrara et al., 2006; 

Mograss et al., 2009). In human research the use of partial or selective post-training SD are common. 

The first half of nocturnal human sleep is dominated by SWS whereas REM sleep dominates during 

the second half. Wakefulness during the first half of the night prevented an improvement in a 

declarative paired-associate list task, whereas wakefulness during the second half of the night 

prevented an improvement in a procedural mirror tracing task (Plihal and Born, 1997). These results 

have been taken to suggest that SWS in humans is important for declarative memory and REM sleep 

for procedural memory. However, most data on the effects of SD on declarative memory are derived 
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from animal studies. For example, it is shown that SD following training negatively affects recognition 

(Palchykova et al., 2006), contextual fear (Graves et al., 2003; Vecsey et al., 2009) and spatial 

memory (Smith and Rose, 1996, 1997).  

It is suggested from human literature that there is a critical time window following training 

which is sensitive to sleep loss. For example, it has been shown that SD during the first night following 

task acquisition reduces performance upon testing a week later, whereas SD during the following 

nights had no effect (Smith, 1993; Smith and Whittaker, 1987). Animal studies support such a critical 

time window and show an even more specified time window. SD during the first 5 to 6 hours of the 

first resting phase following training impairs memory, whereas delayed SD for 5 to 6 hours with an 

onset 5 to 6 hours following training has no effect (Graves et al., 2003; Palchykova et al., 2006; 

Vecsey et al., 2009).  

 

 

4. SLEEP DEPRIVATION AND HIPPOCAMPUS-DEPENDENT MEMORY  

It is shown that SD prior to learning as well as after learning negatively affects declarative memory 

processes. As mentioned previously, one of the key brain structures involved in declarative memories 

is the hippocampus, which is located in the medial temporal lobe (Eichenbaum, 2000) and appears to 

be particularly sensitive to SD (Smith and Rose, 1996, 1997; Graves et al., 2003; Ferrara et al., 2006, 

2008; Vecsey et al., 2009). 

The hippocampus can be divided in several major subregions: the dentate gyrus (DG), Cornu 

Ammonis 3 (CA3), Cornu Ammonis 1 (CA1) and the subiculum; see Fig. 1 (Amaral and Witter, 1989; 

Granger et al., 1996). The granule cells in the DG receive most input from the entorhinal cortex via the 

perforant path. Subsequently, these cells project to the pyramidal cells in the CA3 area via the mossy 

fibers. In addition, the CA3 region also receives direct input via the perforant path. It is suggested that 

these two major afferent inputs of the CA3 may contribute differentially to encoding (DG-originated 

mossy fibers input) and retrieval of spatial memory (perforant path input) (Lee and Kesner, 2004). The 

CA1 area receives input from projections of the CA3 pyramidal cells via the Schäffer collaterals as 

well as from the enthorhinal cortex via the perforant path (Nakashiba et al., 2008). Finally the 

pyramidal cells of the CA1 area project back to the entorhinal cortex, either directly or via the 

subiculum, and project to the main limbic circuit, including the mammillary bodies, anterior thalamic 

nuclei and the cingulate limbic cortex (Vinogradova, 2001). 

The hippocampus is known for its rapid formation of spatial representations of the 

environment (i.e., spatial maps). In addition, it can rapidly develop associations between a specific 

context and the event that occurred within that context, for example an association between an 

aversive stimulus such as a foot shock and the spatial environment in which it occurred (i.e., 

contextual fear conditioning) or an association between spatial cues and the location of an invisible 

platform (i.e., spatial learning in the Morris water maze). Lesion studies have clearly demonstrated the 

critical involvement of the hippocampus in such tasks as spatial learning in the Morris water maze 

(Schenk and Morris, 1985) or contextual fear conditioning (Phillips and LeDoux, 1992; Chen et al., 
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1996). Both tasks also have a hippocampus-independent version. For example, in case of fear 

conditioning this task is called cued fear conditioning and instead of the requirement for an 

association between a specific context and a shock, this task depends on the association between a 

neutral conditioned stimulus, such as a light or a tone cue, with an aversive shock stimulus (Phillips 

and LeDoux, 1992).  

 

 

 

 

 

 

 

 

Various studies in rodents have shown that SD selectively impairs hippocampus-dependent 

memory processing. For example, it is shown that SD prior to training impairs behavioral performance 

in a hippocampus-dependent, contextual fear conditioning task, but not in a hippocampus-

independent cued fear conditioning task (McDermott et al., 2003; Ruskin et al., 2004). Also by using 

the water maze it is shown that SD prior to training affects specifically hippocampus-dependent spatial 

memory, but not hippocampus-independent non-spatial memory (Guan et al., 2004; Yang et al., 

2008). Also human studies show effects of SD on memory encoding for learning tasks that involve the 

hippocampus. A single night of SD produces a significant deficit in hippocampal activity during 

episodic memory encoding, resulting in worse subsequent retention (Yoo et al., 2007). Also mild sleep 

disruption that suppressed slow wave activity (SWA) and induced shallow sleep without reducing total 

sleep time is sufficient to affect subsequent successful encoding-related hippocampal activation and 

memory performance (Van der Werf et al., 2009). 

Figure 1. The hippocampus is a key brain structure involved in declarative memories. (A) A schematic representation of the 

position of the hippocampus within a rat brain. (B) A schematic picture of the major subregions of the hippocampus: dentate 

gyrus (DG), cornu ammonis 3 (CA3); cornu ammonis 1 (CA1) and the subiculum (Sub). 
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Next to the effects of SD prior to learning on memory encoding also the effects of post-

training SD on hippocampus-dependent memory consolidation have been clearly demonstrated. In 

rodent studies it is shown that SD selectively impairs memory consolidation for hippocampus-

dependent contextual fear conditioning (Graves et al., 2003; Vescey et al., 2009) and for 

hippocampus-dependent spatial information in a Morris water maze task (Smith and Rose, 1996, 

1997). Human studies confirm that SD after learning affects hippocampus-dependent spatial memory 

consolidation. For example, it is shown that SD prevents the increase in performance in a spatial 

learning task that is seen after a night of sleep (Ferrara et al., 2006, 2008). The effects of SD on the 

consolidation of new memories are under extensive investigation. In most human and animal studies 

subjects are immediately sleep deprived following a learning task that was performed near or in the 

resting phase. However, in real life, subjects do not only learn right before they go to sleep, but often 

learn during their active phase. For this reason, it is important to examine the effects of SD when 

learning occurs at the beginning of the active phase, which is what we did in one of the studies 

described in this thesis.  

In addition to its role in the formation of new memories, the hippocampus is also thought to be 

important for adaptation of existing memories that require updating because of changes in former 

associations. Such adaptation of memories and learned behaviors is an important aspect of 

successfully coping with changes that frequently occur in our surroundings, e.g., in the case of 

moving to a new home, school, or job. In the so called match-mismatch process the hippocampus 

compares actual sensory information from the environment with previously stored representations 

(Gothard et al., 1996; Knight, 1996). To investigate the effects of experimental manipulations, such as 

SD, on this process, subjects are confronted with changes in a familiar context, for example in case of 

rodents the relocation of a hidden platform in the Morris water maze or the relocation of a food reward 

in a maze. While the effect of SD on the formation of new memories has been topic of numerous 

studies, the effects of SD on the adaptation of existing memories have so far received scarce 

attention. For this reason we examined in one of the chapters of this thesis not only the effects of SD 

on memory formation but also on memory adaptation. 

 

 

5. HIPPOCAMPAL SYNAPTIC PLASTICITY 

Clearly, SD affects hippocampal functioning. Recently, scientists started to determine the underlying 

cellular mechanisms of this hippocampal deficit. Although behavioral and electrophysiological studies 

in humans show the importance of sleep and the detrimental effects of SD on memory processes, 

animal experiments are essential to determine the underlying neuronal and molecular mechanisms. 

At a cellular level, changes in synaptic strength and membrane excitability are thought to be 

critical for the formation of memories (Bliss and Collingridge, 1993). This mechanism is based on the 

lasting modulation of the synaptic contact between two neurons (Hebb, 1949; Viana di Prisco, 1984; 

Siegelbaum and Kandel, 1991; Bailey et al., 2000). Long term potentiation (LTP) and long term 

depression (LTD) are widely accepted cellular models for synaptic plasticity underlying certain types 



General introduction 

 

 15

of learning and memory (Malenka and Bear, 2004). In LTP, the strength of a synapse is increased 

following high frequency stimulation (HFS). As a result the postsynaptic neuron can be more easily 

excited. Conversely in LTD, the strength of a synapse is decreased following low frequency 

stimulation (LFS). As a consequence the neuron will be less excitable. The molecular mechanisms of 

LTP and LTD have been extensively characterized, especially in the hippocampus (Malenka and 

Nicoll, 1999). The most prominent -or at least the most commonly studied- forms of LTP in the 

hippocampus require the activation of postsynaptic N-methyl-D-aspartate (NMDA) type and α-amino-

3-hydroxy-5-methyl-4-isoxazole propionic acid (AMPA) type of glutamate receptors (Collingridge et 

al., 1983; Dudek and Bear, 1992; Bear and Abraham, 1996).  

NMDA receptors consist of two families of homologous subunits, the NR1 and NR2 subunits 

(Meguro et al., 1992; Kutsuwada et al., 1992), and are assembled from one NR1 and one or more 

NR2 subunits (Hollmann and Heinemann, 1994; Sheng et al., 1994). Several isoforms of the NR2 

subunit exist (NR2A-D) that control the properties of the NMDA receptor channel, including the 

threshold for the removal of the voltage-dependent Mg2+ block from the channel (Cull-Candy et al., 

2001). AMPA receptors are composed of four different subunits (GluR1-4) that can assemble in 

different combinations (Hollmann and Heinemann, 1994). The GluR1 subunit is predominantly 

expressed in the forebrain, including the hippocampus (Squire, 1992) and is regulated by protein 

phosphorylation on its intracellular carboxy-terminal domain (Roche et al., 1996). 

When the postsynaptic membrane is sufficiently depolarized during NMDA receptor-induced 

LTP, this relieves the voltage-dependent Mg2+ block from the NMDA channel (Mayer et al., 1984). 

Now the channel can be activated by glutamate resulting in a postsynaptic Ca2+ influx through these 

channels which is associated with the activation of a number of kinases, among others cAMP 

dependent protein kinase A (PKA), which leads to the phosphorylation of AMPA receptors at the 

serine (S) sites of the GluR1 subunit. Phosphorylation of S831 increases the single channel 

conductance (Benke et al., 1998; Derkach et al., 1999) and phosphorylation of S845 increases the 

mean open probability and the number of GluR1 containing AMPA receptors into the synapse 

(Esteban et al., 2003). 

Over the last decade it has been demonstrated in various studies that total SD as well as 

selective REM SD and sleep interruption impair LTP induction in the hippocampus in vivo as well as 

ex vivo (Campbell et al., 2002; Davis et al 2003; McDermott et al., 2003; Romcy-Pereiro & Pavlides, 

2004; Kim et al., 2005; Kopp et al., 2006; Tartar et al., 2006; Ravassard et al., 2009; Vecsey et al., 

2009). Furthermore, it is shown that SD after LTP induction impairs LTP maintenance (Ishikawa et al., 

2006).  

Recent studies have sought to determine the synaptic mechanisms of the SD-induced 

inhibition of LTP. Most of these studies focused on long periods of SD. It is for example shown that 72 

hours of SD led to a reduction in NMDA receptor function in the hippocampus, most likely because of 

altered NMDA receptor surface expression (McDermott et al., 2006). But also total SD for as little as 4 

hours altered NMDA receptor function (Kopp et al., 2006). The latter study shows an alteration in the 

molecular composition of synaptically activated NMDA receptors. Yet, few studies have been 

performed on AMPA receptor function; although there is some indication that at least long term REM 

1 
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SD affects AMPA receptor expression. Seventy-five hours of REM SD not only decreased protein 

levels of the NR1 subunit of the NMDA receptor, but also protein levels of the GluR1 subunit of the 

AMPA receptor (Ravassard et al., 2009). Since few studies examined AMPA receptor functioning 

following relatively short periods of SD, which are more common in every day life, we focused on this 

topic in one of the chapters of this thesis (see Fig. 2). 

 

 

6. CREB, PROTEIN SYNTHESIS AND MEMORY STORAGE 

Various studies have shown that protein synthesis is required to maintain LTP and to form LTM (Davis 

and Squire, 1984; Frey et al., 1993; Huang et al., 1994; Nguyen and Kandel, 1996). It is clearly 

demonstrated that inhibition of protein synthesis around the time of learning blocks LTM (Abel et al., 

1997; Bourtchouladze et al., 1998; Schafe et al., 1999).  

One significant element in the regulation of neuronal gene expression and protein synthesis is 

3’,5’-cyclic adenosine monophosphate (cAMP) response element binding protein (CREB). This 

transcription factor binds as a dimer to cAMP-response element (CRE) sites, a promoter region of 

several genes, and thereby promotes the synthesis of a wide variety of proteins involved in LTM 

(Lanahan and Worley, 1998; Lonze and Ginty, 2002). The importance of CREB, in the maintenance of 

LTP and in the formation of LTM has been clearly shown in several studies (Frank and Greenberg, 

1994; Yin and Tully, 1996; Abel and Kandel, 1998; Silva et al., 1998). Furthermore, this protein is 

extensively studied in hippocampus-dependent tasks.  

Several intracellular signaling cascades are involved in CREB-regulated gene transcription, 

including the ones that involve adenylyl cyclase (AC), cAMP (Dash et al., 1991), Ca2+ (Dash et al., 

1991; Sheng et al., 1991) and mitogen activated protein kinase (MAPK) (Xing et al., 1996). CREB can 

be activated and phosphorylated via several kinases, including protein kinase A (PKA), protein kinase 

C (PKC), calmodulin kinase (CaMK)IV (Brindle and Montminy, 1992; Sassone-Corsi, 1995) and 

MAPK (Martin et al., 1997; Michael et al., 1998). Each of these kinases phosphorylates CREB at the 

S133 site (Gonzalez and Montminy, 1989; Gonzalez et al., 1989). Phosphorylation of S133 recruits 

the CREB binding protein (CBP), to the CREB/CRE complex and promotes transcription of 

downstream genes such as the immediate early genes c-fos (Sheng et al., 1990) and zif268 (Bozon 

et al., 2003), whose products, in turn, induce the transcription of late downstream genes, and activate 

direct ‘effector’ proteins, such as structural proteins, signaling enzymes or growth factors, that are 

essential for LTM (Lanahan and Worley, 1998; Lonze and Ginty, 2002). 

Treatments that suppress CREB impair hippocampus-dependent memory for contextual fear 

conditioning and spatial water maze learning (Bourtchuladze et al., 1994; Guzowski and McGaugh, 

1997). Conversely, treatments that induce CREB expression enhance the formation of hippocampus-

dependent memory (Josselyn et al., 2001; Chen et al., 2003; Brightwell et al., 2007). Furthermore, it is 

shown that hippocampus-dependent spatial learning increases CREB phosphorylation (Mizuno et al., 

2002; Colombo et al., 2003). Training in a spatial task is associated with progressively increasing 

levels of phosphorylated CREB (pCREB). pCREB expression in response to training is low on the first 
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day but is increased on subsequent training days. These temporary increases in pCREB continue to 

show up after late training sessions, when animals have already mastered the task (Mizuno et al., 

2002; Porte et al., 2008).  

Since it is demonstrated that CREB is critically involved in LTM formation in several 

hippocampus-dependent tasks that are known to be affected by SD, it is an ideal candidate to study 

when examining the effects of SD on memory formation at a molecular level (see Fig. 2). In addition, 

the time-window during which CREB phosphorylation is increased following training makes it 

particularly interesting to study in relation to SD. It is shown that pCREB expression is up-regulated 

for discrete periods of time during the first 6 hours following training for hippocampus-dependent 

contextual fear conditioning and passive avoidance learning (Bernabeu et al., 1997; Stanciu et al., 

2001). Furthermore, it is shown that inhibition of protein synthesis and protein kinase A (PKA), a 

kinase that phosphorylates CREB, within a similar time range impair the formation of contextual fear 

conditioning (Bernabeu et al., 1997; Bourtchouladze et al., 1998; Wallenstein et al., 2002). Similar to 

inhibition of PKA and protein synthesis, post-training SD impairs memory consolidation in a manner 

that is dependent on the exact time after training during which animals are sleep deprived. SD 

performed for 5 hours immediately post training impairs memory consolidation of hippocampus-

dependent contextual fear memory, whereas delayed SD, starting 5 hours after training has no effect 

(Graves et al., 2003; Vecsey et al., 2009). This supports the hypothesis that SD might act on memory 

consolidation by interfering with pathways that involve pCREB (Graves et al., 2003). Indeed, it was 

recently shown in mice that brief SD by itself impairs cAMP- and PKA signaling in the hippocampus 

(Vecsey et al., 2009) and also negatively affects phosphorylation of the transcription factor CREB. 

However, so far no studies examined whether SD immediately following training in a learning task 

affects the increase in pCREB expression induced by training. Therefore, in several chapters of this 

thesis we examined whether SD following training disrupts the normal training-induced increases in 

pCREB expression.  

In addition, so far few studies examined whether SD-induced behavioral impairments seen 

during the testing for memory are associated with changes in neuronal activation and pCREB 

expression in relevant and specific brain areas. Since it is known that pCREB expression is up-

regulated following testing for memory (Hall et al., 2001; Mamiya et al., 2009), we also examined in 

this thesis whether an attenuated behavioral response during testing for memory was associated with 

a reduced increase in pCREB expression in relevant brain areas. 

  

Figure 2. Schematic representation of two of the intracellular signaling pathways known to be involved in synaptic plasticity 

and memory formation. In the present thesis we specifically focused on AMPA receptor functioning and activation of CREB 

during the investigation of possible molecular mechanisms underlying the effects of SD on memory processes. 
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7. AIM AND OUTLINE OF THE THESIS 

SD is a common problem in our society that may have detrimental effects on our lives. Therefore, 

understanding the cellular and molecular pathways affected by SD is of social and clinical importance. 

The major aim of this thesis was to assess effects of SD on memory processes and the possible 

mechanisms underlying these effects. Emphasis was given to the effects of SD on hippocampus 

functioning, being one of the brain regions involved in memory processes that is particularly sensitive 

to sleep loss. Since animal studies rely on forced SD, it is sometimes argued that stimulation and 

stress involved in the SD method might contribute to the SD-induced memory impairments. We 

therefore performed several experiments in this thesis to address this issue. 

So far, most animal studies that focused on the effects of SD prior to learning on subsequent 

behavioral performance applied long, multiple-day periods of SD (at least 72 hours). Therefore, in 

chapter 2 we aimed to assess the consequences of relatively short periods of SD within the range of 

the normal resting phase. We examined the consequences of SD prior to learning on the processing 

of new information and hippocampus-dependent working memory. In addition, we determined the 

effects of SD on hippocampal glutamate AMPA receptor function, which is crucially involved in 

working memory but so far received little attention in relation to the consequences of sleep loss. Adult 

mice were subjected to different durations of SD (0, 6, or 12 hours) followed by a novel arm 

recognition task in which spatial working memory performance was assessed. In a different batch of 

mice SD was immediately followed by brain collection for determinations of AMPA receptor protein 

levels and phosphorylation, as well as for the assessment of proteins that regulate AMPA receptor 

phosphorylation. In this experiment we also measured levels of the stress hormone corticosterone 

(CORT) at the end of the SD period to assess whether the effects of SD might be related to stress. 

To further assess the effects of SD on different memory stages, we performed a number of 

experiments aimed at the consolidation of new memories as well as the adaptation of existing 

memories. Particularly, the effects of SD on memory adaptation and flexibility so far received little 

attention. In chapter 3, a study was performed with a dual solution maze paradigm in which animals 

had to learn to locate a food reward. Animals had the opportunity to solve the task based on visual 

cues (i.e., hippocampus-dependent spatial learning strategy) or by learning to always make the same 

turning response (i.e., striatum-based response learning strategy). Part of the animals was subjected 

to 5 hours of SD after each daily training session. We further assessed the effects of SD on memory 

adaptation by relocating the food reward to a previously non-baited arm once the animals had learned 

the first location. Since distinct cognitive strategies are paralleled by brain region-specific increases in 

the phosphorylation of the transcription factor CREB (pCREB), we also examined whether SD 

following training affected pCREB levels in the hippocampus and striatum. Finally, control 

experiments were conducted to determine effects of SD on stress hormone levels and anxiety in order 

to establish whether these potential factors might contribute to the changes in CREB expression and 

memory performance.  

In chapter 4 we continued on the findings of chapter 3. In the latter chapter animals could use 

different learning strategies to solve the maze task. Any SD-induced hippocampal deficit could 
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potentially be compensated for by applying a striatal, non-spatial learning strategy to solve that maze 

task. Therefore, in the next experiment we forced animals to use a hippocampal strategy by applying 

a single-solution, spatial version of the T-maze paradigm. In this case we aimed to test whether SD 

after training would immediately result in a learning impairment by lack of compensatory mechanisms.  

In the following chapters we used the contextual fear conditioning paradigm. Since this is a 

single-trial task, it has the advantage that one can more easily and directly examine the effects of SD 

following training on selectively memory consolidation. In addition, one can specifically focus on the 

consolidation of hippocampus-dependent memories. In chapter 5 we investigated whether brief SD 

following training impairs memory consolidation for contextual fear in rats and attenuates the 

subsequent behavioral freezing response. In addition, we aimed to assess whether a SD-induced 

memory impairment and attenuated freezing response would be associated with attenuated endocrine 

and neuronal responses. Animals were subjected to 6 hours of SD immediately following training. 

During training an animal was placed in a chamber and exposed to the conditioning context for 3 

minutes followed by a mild electric foot shock. Twenty-four hours later the animal was re-exposed to 

the same shock context, without receiving a shock. In one part of the study freezing behavior and the 

corticosterone response were assessed upon re-exposure to the shock context. In a different batch of 

animals testing for contextual fear memory was followed by brain collection to investigate neuronal 

activation in relevant brain areas, as examined by immunoreactivity for phosphorylated CREB.  

In chapter 6 we continued on the findings of chapter 5. In the latter chapter, as well as in 

many other experimental studies that examined the role of sleep in memory consolidation, the 

learning task is performed near or in their main resting phase and subjects are sleep deprived 

immediately following training. However, in real life, subjects do not only learn right before they go to 

sleep, but often learn during their active phase. Therefore, in chapter 6, we examined the effects of 

SD on memory consolidation for contextual fear in rats, not only when the task was performed at the 

beginning of the resting (light) phase, but also right before the onset of the active (dark) phase. 

Furthermore, we assessed whether effects of SD might be related to stress hormones or the amount 

of stimulations the animals received during the SD period. Finally, Chapter 7 discusses all findings of 

the thesis. 
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ABSTRACT 

Sleep is important for brain function and cognitive performance. Sleep deprivation (SD) may affect 

subsequent learning capacity and ability to form new memories, particularly in the case of 

hippocampus-dependent tasks. In the present study we examined whether SD for 6 or 12 hours 

during the normal resting phase prior to learning affects hippocampus-dependent working memory in 

mice. In addition, we determined effects of SD on hippocampal glutamate α-amino-3-hydroxy-5-

methyl-4-isoxazolepropionic acid (AMPA) receptors and their regulatory pathways, which are crucially 

involved in working memory. After 12 hours of SD, but not yet after 6 hours, spatial working memory in 

a novel arm recognition task was significantly impaired. This deficit was not likely due to stress since 

corticosterone (CORT) levels after SD were not significantly different between groups. In parallel with 

the change in cognitive function, we found that 12 hours of SD significantly reduced hippocampal 

AMPA receptor phosphorylation at the GluR1-S845 site, which is important for incorporation of the 

receptors into the membrane. SD did not affect protein levels of cyclic-AMP dependent protein kinase 

(PKA) or phosphatase calcineurin (CaN), which regulate GluR1 phosphorylation. However, SD did 

reduce the expression of the scaffolding molecule A-kinase anchoring protein 150 (AKAP150), which 

binds and partly controls the actions of PKA and CaN. In conclusion, a relatively short SD period 

during the normal resting phase may affect spatial working memory in mice by reducing hippocampal 

AMPA receptor function through a change in AKAP150 levels. Together, these findings provide further 

insight into the possible mechanism of SD-induced hippocampal dysfunction and memory impairment. 
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INTRODUCTION 

Sleep is thought to be a process that facilitates neuronal and synaptic plasticity, which in turn is 

crucial for brain function and cognitive performance (Benington and Frank, 2003; Tononi and Cirelli, 

2006; Meerlo et al., 2009). Numerous studies suggest the importance of post-training sleep for the 

consolidation and strengthening of memories (Graves et al., 2001; Maquet, 2001; Walker and 

Stickgold, 2004). However, sleep prior to learning may affect memory processes as well, by 

determining the capacity of neuronal networks to process new information and the ability to encode 

new memories. Several studies in rodents have shown that 1-5 days of sleep deprivation (SD) or 

rapid-eye-movement (REM) SD preceding a learning task affects subsequent behavioral performance 

(Stern, 1971; Dametto et al., 2002; McDermott et al., 2003; Ruskin et al., 2004; Silva et al., 2004; 

Alvarenga et al., 2008; Ruskin and LaHoste, 2008; Tiba et al., 2008). Recent studies in humans show 

that even a single night of SD or mild sleep disruption impairs acquisition and memory encoding (Yoo 

et al., 2007; Van der Werf et al., 2009). With the exception of the latter studies in humans and few 

studies in rodents (Guan et al., 2004), most experiments on sleep loss and subsequent learning 

applied relatively long, multiple day SD. There is a shortage of data on SD durations that are more 

relevant to what happens in everyday life, particularly in animal models that can be applied for 

detailed studies on molecular and neuronal mechanisms underlying the changes in learning. 

 SD prior to a learning task may affect acquisition in several ways, not only through a general 

decrease in alertness or motivation, but also through more specific effects on brain regions and 

neuronal substrates involved in memory processes. The finding that some tasks and brain regions are 

more easily affected by SD indeed suggests that disruption of more specific mechanisms play a role 

as well. SD is known to particularly affect the formation of memories that require the hippocampus. 

For example, in rats, multiple days of REM SD prior to acquisition impair hippocampus-dependent 

contextual fear conditioning but not amygdala-mediated tone-cued fear conditioning (McDermott et al., 

2003; Ruskin et al., 2004). Also, in humans, a single night of sleep disruption attenuates hippocampal 

activation and subsequent memory in a hippocampus-dependent declarative task, while it has no 

effect on a hippocampus-independent memory task (Van der Werf et al., 2009). Importantly, whereas 

many studies show that SD prior to a learning task affects hippocampus-dependent memory tested 

later on, it remains uncertain in most cases whether this is due to impaired acquisition and memory 

encoding or due to impaired memory consolidation.  

 One potential mechanism through which SD might directly affect acquisition in hippocampus-

dependent tasks is by decreasing the function and efficacy of the glutamate α-amino-3-hydroxy-5-

methyl-4-isoxazolepropionic acid (AMPA) receptors. These receptors consist of different subunits 

(GluR1-GluR4) assembled in various combinations (Hollmann and Heinemann, 1994). Several 

studies have shown that GluR1-containing AMPA receptors are critically involved in working memory. 

Mice lacking the GluR1 subunit show impaired spatial working memory (Reisel et al., 2002; 

Bannerman et al., 2003; Sanderson et al., 2007), and genetic rescue of the GluR1 deficiency leads to 

restoration of working memory (Schmitt et al., 2005). A recent study shows that AMPA receptor 

function is reduced by multiple days of REM SD (Ravassard et al., 2009), but data on effects of SD 
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are inconsistent (McDermott et al., 2006; Vyazovskiy et al. 2008). 

 In the present study, we examined the effects of relatively brief periods of 6 or 12 hours of SD 

during the normal resting phase on hippocampus-dependent spatial working memory in mice. In 

addition, we examined the effects of these SD periods on AMPA receptor GluR1 protein levels and 

phosphorylation state in the hippocampus as a potential mechanism underlying changes in working 

memory. We further determined effects of short SD on the intracellular elements that regulate AMPA 

receptor phosphorylation at the GluR1 site, i.e., the expression of the cAMP-dependent protein kinase 

A (PKA) and the calcium-dependent protein phosphatase calcineurin (CaN; Banke et al., 2000), as 

well as the expression of the scaffolding molecule A-kinase anchoring protein 150 (AKAP150), which 

binds and partly controls the actions of PKA and CaN (Coghlan et al., 1995; Bauman et al., 2004).  

 

 

METHODS 

Animals and housing conditions 

Ten-week-old male C57Bl/6J mice (Harlan, Horst, The Netherlands) were individually housed in 

standard macrolon cages with ad libitum water and food. Animals were maintained on a 12-hour 

light/12-hour dark cycle (lights on at 7.00 a.m.) and a room temperature of 21 ± 1°C. A layer of 

sawdust served as bedding. The procedures described in the present study were approved by the 

Dutch Animal Experiment Committee of the University of Groningen in compliance with Dutch law and 

regulations. 

 

Experiment set-up 

In a first experiment we assessed the effect of brief SD on spatial working memory using a novel arm 

recognition task (Etkin et al., 2006). In the second experiment, we examined the effect of SD on 

hippocampal AMPA receptor GluR1 protein levels and phosphorylation, as well as effects on PKA, 

CaN, and AKAP150 protein levels. In experiment 2, we also assessed the number of stimuli required 

to keep the animals awake, and at the end of the SD period blood was collected to assess plasma 

levels of corticosterone (CORT). In both experiments, three groups of mice were used: a control group; 

a group subjected to 6 hours of SD; and a group subjected to 12 hours of SD. For both SD groups, 

the SD was performed during the light phase and ended shortly before lights-off. Experiment 1: n = 8, 

10, and 10, respectively; Experiment 2: n = 8 in each group. In the first experiment, one outlier in the 

12-h SD group was excluded from the analysis because it displayed much lower activity than all other 

animals. In the second experiment, one animal in the 6-h SD group was not included because of 

failed brain processing. 

 

Sleep deprivation   

During the SD period, mice were continuously observed. SD was accomplished by mild stimulation, 

which consisted of a standardized procedure of tapping on the cage, gently shaking the cage or, 

when this was not sufficient to keep animals awake, disturbing the sleeping nest (Van der Borght et 
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al., 2006). This procedure is effective in keeping rodents awake for several hours, as established by 

electroencephalic recordings (Meerlo and Turek, 2001; Meerlo et al., 2001), without being a major 

stressor (Meerlo and Turek, 2001; Van der Borght et al., 2006).  

 

Novel arm recognition task   

In the first experiment, the effect of 6 and 12 hours of SD on hippocampus-dependent spatial working 

memory was assessed by using a novel arm recognition task (Etkin et al., 2006). The task was 

performed at the end of the 6 or 12 hour SD period, during the last 2 hours of the light phase. The 

actual duration of SD in the 12-h SD group ranged from 10 to 12 hours, and in the 6-h SD group from 

5 to 6 hours. To perform the task for all animals as close to the end of the light phase as possible, the 

experiment was performed with two identical mazes in parallel and animals were divided over two 

consecutive days. Animals from different experimental groups were mixed for test day, test order and 

test set-up. Tubular, transparent Plexiglas Y-mazes were used, consisting of three interconnected 

arms forming the Y. All three arms were 5 cm in diameter, 27.5 cm long, and at a 120o angle from 

each other. The experimental room contained various distal spatial cues and light intensity was similar 

to that in the home cage room (about 50 lux). Mice were extensively habituated during the 5 days 

preceding the experiment. Twice a day at random times during the light phase they were transported 

to the test room, picked up and handled for 1 minute. The actual task consisted of an exploration and 

test session, separated by a brief interval of 2 minutes during which the mice stayed in their home 

cage. Each session started by placing the mice in the centre of the maze. During the exploration 

session, which lasted 10 minutes, the animals were allowed to freely explore two arms of the maze 

while access to the third arm was blocked. During the 5-minute test session, all three arms were 

accessible. The maze was cleaned with damped paper towel and dried with dry paper towel between 

all trials and subjects. This task is based on the innate explorative behavior of rodents. If the animals 

have good spatial working memory, they will spend more time in the novel arm relative to the 

previously explored arms. Behavior during the sessions was recorded on videotapes, which were 

analyzed afterwards for the number of entries and time spent in each arm. The experimenter was 

blind for treatment during the analyses of the tapes. An arm entry was defined as four paws in an arm. 

Exploration ratios were calculated, being the time spent in the novel arm relative to the average time 

spent in the previously explored arms, according to the following formula: (time in novel arm)/(time in 

familiar arms/2)*100%. A value of 100% indicates no arm preference. 

 

Processing of brain material and Western blotting 

In the second experiment, we examined whether 6 or 12 hours of SD affects hippocampal AMPA 

receptor GluR1 protein levels and phosphorylation. Mice were sacrificed at the end of the light phase 

immediately after the SD period. A group of undisturbed home cage control mice was sacrificed in 

parallel. They were deeply anesthetized with a mixture of CO2 and O2, followed by quick removal and 

dissection of the brain. Hippocampi were dissected, snap-frozen in liquid nitrogen, and stored at -80ºC 

until further processing for Western blot analysis. Subcellular fractionation for Western blotting was 

performed as previously described (Smith et al., 2006). Hippocampal homogenates were prepared 
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using a pellet pestle (Sigma-Aldrich, St. Louis, MO, USA) in ice-cold homogenization buffer (in mM: 

Tris base, 10, pH 7.6; sucrose, 320; NaCl, 150; EDTA, 5; EGTA, 5; benzamidine, 1; 4-(2-aminoethyl) 

benzenesulfonyl fluoride, 1; NaF, 50) with an inhibitor cocktail (complete Mini EDTA free, Roche 

Diagnostics, Mannheim, Germany). Homogenates were centrifuged at 1000 g for 10 minutes to 

remove nuclei and large debris. The supernatant was centrifuged at 10 000 g for 15 minutes resulting 

in a new, final supernatant (cytosol fraction) and a synaptosomal fraction (membrane fraction). The 

pellet was resuspended in homogenization buffer. Protein concentrations of the cytosol fraction and 

membrane fraction were determined using the method of Bradford (Bradford, 1976). Samples were 

diluted using homogenization buffer. Sodium dodecyl sulphate (SDS) buffer (50% glycerin, 321.5 mM 

Tris/HCl pH 6.8, 10% SDS, 25% β-mercaptoethanol, 0.1% bromophenol blue) was added, followed by 

5 minutes heat denaturation at 95C. Subsequently, the samples were aliquoted and stored at -80C 

until further processing.  

 Equal concentrations of protein were resolved in 10% SDS-polyacrylamide gels, blotted 

electrophoretically to Immobilon-P transfer membrane (Millipore, Bedford, MA, USA) and blocked in 

blocking buffer [0.1% Tween-20, 0.2% I-block, Tropix, Bedford, MA, USA, in phosphate buffered 

saline (PBS), pH 7.4] at 5 C. Separate membranes were incubated with primary antibodies for 

proteins of interest overnight in buffer (containing 0.05% Tween-20, 0.1% I-block, Tropix, MA, USA, in 

PBS). The following antibodies were used: GluR1, phospho GluR1-Serine 845, PKA-RII, subunit 

(Upstate, Charlottesville, VA, USA), CaN catalytic subunit (Sigma-Aldrich, St. Louis, MO, USA), and 

AKAP150 C-terminal (Santa Cruz, Santa Cruz, CA, USA). In each case, actin was used as a loading 

control (MP Biomedicals, Solon, OH, USA). After rinsing with blocking buffer, membranes were 

incubated with the proper alkaline-phosphatase-conjugated secondary antibodies (Tropix, Bedford, 

MA, USA; Santa Cruz, Santa Cruz, CA, USA) in PBS (containing 0.05% Tween-20, 0.1% I-block; 

Tropix, Bedford, MA, USA) for 30 minutes at room temperature. Following rinsing with blocking buffer, 

membranes were rinsed in assay buffer (0.1 M diethanolamine, 1 mM MgCl2, pH 10.0) for 2 x 5 

minutes at room temperature. For chemoluminescent labeling, membranes were incubated with 

Nitroblock II (1 : 40; Tropix, Bedford, MA, USA) in assay buffer, rinsed with assay buffer, and finally 

incubated with CDP star substrate (1 : 1000; Tropix, Bedford, MA, USA) in assay buffer for 5 minutes 

at room temperature. The immunoreactive bands were captured on autoradiography film (Kodak X 

scientific image film, Rochester, NY, USA). Densitometric scans of the immunoreactive bands were 

digitized, and grey levels and surface area of each individual band were measured using a Quantimet 

500 image analysis system (Leica, Cambridge, UK). Integrated optical densities (IOD) were calculated 

by multiplication of the values for grey level and surface area.  

 

Blood sampling and hormone plasma levels 

To examine the effect of 6 and 12 hours of SD on plasma CORT levels, trunk blood was collected at 

the end of the SD period in the second experiment. Blood was collected in pre-cooled plastic 

centrifuge tubes containing 0.01% ethylenediaminetetraacetic acid (EDTA) as anticoagulant and 

antioxidant. Blood was centrifuged at 4ºC for 15 minutes at 2600 g in a precooled centrifuge. Plasma 

was stored at -80ºC until further processing. CORT levels were determined by radio-immuno-assay 



Sleep deprivation and working memory 

 

 35

(MP Biomedicals, Orangeburg, NY, USA). 

 

Statistical analysis 

Effects of SD on all relevant parameters were analyzed using one-way analyses of variance 

(ANOVAs). When appropriate, post hoc comparisons were made with a Tukey test. Additionally, for 

within-group analysis of arm preference in the novel arm recognition task, one-sample t-tests were 

applied. A Pearson correlation was used to determine the relationship between AMPA receptor GluR1 

phosphorylation and protein levels of membrane-associated AKAP150. All data in text and figures are 

expressed as mean ± S.E.M. p < 0.05 was considered as significant. 

 

 

RESULTS 

Mild stimulation and plasma corticosterone levels 

Mice were kept awake by means of mild stimulation. Initially, the animals required little stimulation and 

spent a big part of their time exploring their cage. During the last hours of SD, much of their behavior 

consisted of rearranging their nest after disturbance, and increasing attempts to curl up and sleep. 

The number of interventions needed to keep mice awake increased during ongoing SD, indicating an 

increased drive for sleep (Fig. 1). CORT levels appeared to be slightly elevated in the 6-h SD group 

(16.3 ± 1.1 g/dl, n = 7) and 12-h SD group (16.3 ± 2.1 g/dl, n = 8) compared with the control group 

(11.9 ± 2.0 g/dl, n = 8). However, while ANOVA shows an overall treatment effect (F2,20 = 4.072, p = 

0.033), post hoc Tukey tests did not reveal significant differences between any of the three groups (p 

> 0.05). Overall, the behavior and CORT levels do not indicate that the mice were particularly 

stressed or anxious. 

 

 

 

 

Figure 1. Effects of sleep deprivation (SD) on sleep 

drive. Two groups of mice were deprived of sleep for 6 

hours (6 h SD, n = 7) or 12 hours (12 h SD, n = 8) by 

tapping on the cage, carefully shaking the cage or 

disturbing the sleeping nests. The number of 

interventions that was needed to keep the animals 

awake increased in the course of the SD period 

indicating an increased drive for sleep. 
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Short sleep deprivation impairs spatial working memory  

To test whether 6 or 12 hours of SD affects subsequent spatial working memory, mice were subjected 

to a novel arm recognition task immediately after the SD period, at the end of the light phase. SD had 

no effect on the total number of arm entries, neither during the exploration phase with two arms of the 

maze accessible (F2,24 = 0.282, p > 0.2; Fig 2A) nor during the test phase with three arms available 

(F2,24 = 0.125, p > 0.2, data not shown). This indicates that overall activity during the task was not 

affected by prior SD. Also, none of the groups displayed an arm preference during the initial 

exploration session of the task. Both control and SD mice spent similar times exploring the two 

available arms (one sample t-tests, p > 0.2 for all groups). In contrast, control animals showed a clear 

preference for the novel arm during the test phase. These animals spent significantly more time 

exploring the novel arm relative to the previously visited arms (128.2 ± 7.9%; one-sample t-test, p = 

0.009), while both the 6-h SD and 12-h SD groups showed no difference in time spent in the new arm 

compared with the average time spent in the previous visited arms (106.0 ± 5.0% and 97.7 ± 7.8%, 

respectively, p > 0.2 for both). In line with this, ANOVA revealed a significant main treatment effect for 

the exploration ratio during the test session (F2,24 = 4.974, p = 0.016; Fig. 2B). Post hoc comparisons 

indicated that the exploration ratio in the 12-h SD group was significantly reduced compared with 

controls (Tukey test, p = 0.014; Fig. 2B). In the 6h-SD group the difference with controls nearly 

reached statistical significance (Tukey test, p = 0.088).  

 

 

 

Figure 2. Effects of sleep deprivation (SD) prior to 

acquisition on spatial working memory in a novel arm 

recognition task. (A) SD did not lead to differences in 

general activity levels indicated by the total amount of 

arm entries during the exploration session. (B) Twelve 

hours of SD (n = 9) lead to a significant reduction in 

novel arm exploration ratio compared with controls (n = 

8), while the effect of 6 hours of SD (n = 10) did not 

reach statistical significance. Exploration ratio was 

calculated as the percentage of time spent in the novel 

arm relative to the average time spent in the familiar 

arms. A 100% level indicates no arm preference. Data 

are expressed as mean ± S.E.M. * p < 0.05. 
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Sleep deprivation reduces hippocampal AMPA GluR1 phosphorylation 

In the second experiment, we examined effects of SD on the GluR1 subunit of the AMPA receptor, 

which plays a pivotal role in hippocampus-dependent working memory (Reisel et al., 2002; 

Bannerman et al., 2003; Sanderson et al., 2007). We particularly assessed whether 6 and 12 hours of 

SD affect phosphorylation levels of the serine 845 (S845) site on the GluR1 subunit as this site is 

thought to be important for the incorporation of GluR1-containing AMPA receptors into the membrane 

(Banke et al., 2000; Esteban et al., 2003). Fig. 3A shows representative bands for GluR1 and GluR1-

S845p. The IODs of the immunoreactive bands for GluR1 and GluR1-S845p are shown in Fig. 3B and 

3C, respectively. Six or 12 hours of SD did not change the overall levels of the hippocampal GluR1 

protein (ANOVA, F2,20 = 0.157, p > 0.2; Fig. 3B), but it did affect the phosphorylation state of the 

GluR1-S845 site (ANOVA, F2,20 = 3.961, p = 0.036; Fig. 3C). After 6 hours of SD, S845 

phosphorylation levels were reduced but not significantly different from controls yet (67.8 ± 7.1%, p = 

0.163). Twelve hours of SD resulted in a further and significant reduction of S845 phosphorylation 

levels (55.0 ± 12.0%, p = 0.032).  

 

No changes in hippocampal PKA or CaN protein levels  

The phosphorylation state of the GluR1 subunit is largely determined by the opposing actions of PKA 

and CaN (Banke et al., 2000). PKA-mediated phosphorylation of GluR1-S845 is thought to promote 

membrane incorporation (Banke et al., 2000; Esteban et al., 2003), while CaN-mediated 

dephosphorylation initiates endocytosis of GluR1-containing AMPA receptors (Lee et al., 1998; Carroll 

et al., 1999; Lee et al., 2000; Lin et al., 2000; Smith et al., 2006). Therefore, we investigated whether 

the reduction in hippocampal S845 phosphorylation levels after SD were paralleled by changes in 

protein levels of PKA and CaN. Protein levels of the regulatory subunit II of PKA (PKA RII) in both 

membrane fraction (6 h SD: 113.1 ± 22.6%; 12 h SD: 112.5 ± 24.0% of control levels; ANOVA: F2,20 = 

0.142, p > 0.2) and cytosol fraction (6 h SD: 87.6 ± 12.5%; 12 h SD: 77.8 ± 12.1% of control levels; 

ANOVA: F2,20 = 0.702, p > 0.2) were not significantly affected by SD. Similarly, CaN protein levels 

were not changed by SD, neither in the membrane fraction (6 h SD: 100.2 ± 9.3%; 12 h SD: 120.3 ± 

12.5% of control levels; ANOVA: F2,20 = 1.347, p > 0.2) nor in the cytosol fraction (6 h SD: 102.4 ± 

15.1%; 12 h SD: 121.8 ± 15.6% of control levels; ANOVA: F2,20 = 0.614, p > 0.2). 
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Short sleep deprivation reduces levels of AKAP150 

The actions of PKA and CaN are partly controlled by binding to the scaffolding molecule AKAP150, 

which targets both proteins to the membrane (Carr et al., 1992; Klauck et al 1996; Colledge et al., 

2000; Gomez et al., 2002). Because AKAP150 is strongly expressed in the mouse hippocampus 

(Ostroveanu et al., 2007) and plays an important role in AMPA receptor phosphorylation (Tunquist et 

al., 2008), we investigated whether the SD-induced reduction in GluR1-S845 phosphorylation was 

accompanied by a reduction in AKAP150 protein levels in the membrane fraction. Representative 

bands for membrane-AKAP150 and actin are shown in Fig. 4A. ANOVA revealed a main treatment 

effect on hippocampal AKAP150 protein levels (F2,20 = 4.817, p = 0.020). Post hoc comparisons 

indicated that 6 hours of SD resulted in a non-significant decrease of AKAP150 protein levels in the 

membrane fraction (83.8 ± 10.8%, p > 0.2). Twelve hours of SD further reduced membrane-bound 

AKAP150 to a level that was significantly different from controls (50.3 ± 9.6%, p = 0.017; Fig. 4B). 

Furthermore, changes in protein levels of membrane-associated AKAP150 were positively correlated 

Figure 3. Effects of sleep deprivation (SD) on 

hippocampal AMPA receptor GluR1 subunit protein 

level and phosphorylation state in the membrane 

fraction. (A) Representative immunoreactive bands for 

GluR1 and S845 phosphorylation in the membrane 

fraction. (B) Both 6 hours of SD (n = 7) and 12 hours of 

SD (n = 8) do not change GluR1 protein levels 

compared with controls (n = 8). (C) However, 12 hours 

of SD does significantly decrease phosphorylation at 

the GluR1-S845 site. Data are expressed as mean ± 

S.E.M.  * p < 0.05. 
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with the changes in S845 phosphorylation (R2 = 0.36, p = 0.003). Protein levels of AKAP150 in the 

cytosol fraction were not different between the groups (ANOVA F2,20 = 0.938, p > 0.2; Fig. 4C).  

 

 

 

 

 

DISCUSSION 

In the present study, we examined whether 6 or 12 hours of SD in mice affects hippocampal function 

at the behavioral and cellular level. SD caused an impairment of spatial working memory in a novel 

arm recognition task, which reached statistical significance after 12 hours. In line with this change in 

cognitive function, we found that 12 hours of SD leads to a significant reduction in hippocampal AMPA 

receptor phosphorylation at the GluR1-S845 site and a reduction in levels of the scaffolding protein 

AKAP150. These data suggest that SD may affect spatial working memory by reducing hippocampal 

AMPA receptor function through a decrease in AKAP150 protein levels. 

 SD may have affected performance in the novel arm recognition task in several ways, 

including a reduction in activity and motivation because of fatigue. However, even after 12 hours of 

Figure 4. Effects of sleep deprivation (SD) on 

hippocampal A-kinase anchoring protein 150 

(AKAP150) protein levels in the membrane and cytosol 

fractions. (A) Representative immunoreactive bands 

for AKAP150 and actin. (B) Twelve hours of SD 

significantly decreases hippocampal AKAP150 protein 

levels in the membrane fraction. (C) However, it does 

not significantly affect hippocampal AKAP 150 protein 

levels in the cytosol fraction. Data are expressed as 

mean ± S.E.M. * p < 0.05. 
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SD, the mice appeared sufficiently aroused when they were placed in the novel maze environment. 

Indeed, the total number of arm entries during the exploration and test session was not different 

between SD mice and controls, indicating that the impaired behavioral performance in SD mice was 

not likely due to reduced motivation or explorative activity. 

 It is often argued that memory deficits found after SD are due to stress and stress hormones, 

particularly in studies with animals, which necessarily involve some sort of enforced wakefulness. 

Although one may never be able to fully separate effects of sleep loss and stress (Meerlo et al., 2008), 

it does not seem likely that stress induced by our SD method caused the changes in working memory 

and hippocampal AMPA receptor phosphorylation. On average, plasma levels of the stress hormone 

CORT were slightly elevated in SD mice, yet neither of the two SD groups was significantly different 

from the control group. Also, other studies using longer and more stressful methods of SD prior to 

learning showed that experimentally blocking the glucocorticoid stress response did not prevent SD-

induced memory impairments (Ruskin et al., 2006; Tiba et al., 2008). Moreover, several studies show 

that low levels of CORT may have positive rather than negative effects on hippocampal AMPA 

receptor function (Clark and Cotman, 1992; Karst and Joëls, 2005). 

 Our data suggest a cumulative effect of SD on both spatial working memory and AMPA 

receptors. After 6 hours of SD, performance in the novel arm recognition task and AMPA GluR1 

phosphorylation were both reduced but this change had not yet reached statistical significance. 

Twelve hours of SD lead to a further and significant reduction in both behavioral performance and 

AMPA receptor GluR1 phosphorylation. Thus, somewhere between 6 and 12 hours the effects of SD 

reached a critical point where it noticeably impaired spatial working memory and its molecular 

substrates. 

 Most studies in laboratory animals that examined effects of SD prior to a learning task used 

relatively long, multiple-day periods of SD or REM SD (Stern, 1971; Dametto et al., 2002; McDermott 

et al., 2003; Ruskin et al., 2004; Silva et al., 2004; Alvarenga et al., 2008; Ruskin and LaHoste, 2008; 

Tiba et al., 2008; Ravassard et al., 2009). Here we show in mice that a relatively short period of total 

SD is sufficient to affect memory processes. These findings are in line with recent studies in humans 

showing that a single night of SD or even mild sleep disruption reduces hippocampal activity and 

subsequent memory encoding (Yoo et al. 2007; Van der Werf et al., 2009). 

 Given the parallel decrease in spatial working memory and hippocampal AMPA receptor 

phosphorylation in our study, we propose that the two may be related. Particularly, the deficit in novel 

arm recognition may in part have been caused by the reduction in AMPA receptor phosphorylation at 

the GluR1 subunit. Several studies show that the AMPA GluR1 subunit is critically involved in spatial 

working memory (Reisel et al., 2002; Bannerman et al., 2003; Sanderson et al., 2007). The GluR1 

subunit has different phosphorylation sites, including the S845 site, which is thought to be important 

for the incorporation of receptors into the membrane (Banke et al., 2000; Esteban et al., 2003). To the 

opposite, dephosphorylation of S845, such as occurs with long-term depression (LTD), is associated 

with endocytosis of GluR1-containing AMPA receptors from the membrane (Carroll et al., 1999; 

Beattie et al., 2000; Lee et al., 2000). Therefore, the finding of a reduction in GluR1-S845 

phosphorylation after SD suggests a reduced incorporation of GluR1-containing AMPA receptors in 
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the membrane. Our findings are in agreement with a recent study in rats showing that multiple days of 

REM SD cause a reduction in AMPA receptor function, including reduced phosphorylation at the S845 

site (Ravassard et al., 2009). In contrast, one other recent study in mice reported an increase in 

GluR1 expression and phosphorylation after 6 hours of SD (Vyazovskiy et al., 2008). One difference 

is that the latter study performed Western Blot analysis specifically on post-synaptic density fractions 

whereas the other two used membrane fractions and whole homogenates that did not differentiate 

between neurons and glia. Therefore, because hippocampal glia cells may express GluR1 (Fan et al., 

1999), the reduction in hippocampal GluR1 may have occurred in neurons as well as glia cells. It 

cannot be excluded that these procedural differences have affected the outcome of the studies; 

however, whether it explains the opposite results needs to be determined. It is worth noting that 

recent studies indicate that glia cells may be involved and important for sleep regulation and cognitive 

function (Halassa et al., 2009).  

 Although SD reduced AMPA GluR1 phosphorylation in the hippocampus, we did not find 

changes in the PKA and CaN protein levels that might have explained this reduction. Instead, the 

decrease in GluR1 phosphorylation may have been related to changes in the intracellular distribution 

and activity of PKA and CaN rather than a change in the overall level. The latter might be due to 

alterations in levels of the scaffolding molecule AKAP150, which binds, targets and controls PKA and 

CaN activity (Coghlan et al., 1995; Colledge et al., 2000; Tavalin et al., 2002; Bauman et al., 2004). 

Indeed, it has been shown that LTD leads to loss of AKAP150 in the synapse (Gomez et al., 2002; 

Smith et al., 2006), accompanied by S845 dephosphorylation and endocytosis of AMPA receptors 

(Lee et al., 1998; Beattie et al., 2000; Lee et al., 2000; Smith et al., 2006). In addition, experimental 

disruption of PKA anchoring to AKAP150 leads to removal of AMPA receptors from the cell surface in 

a way similar to what is seen during LTD (Snyder et al., 2005). Therefore, an important outcome of 

the present study is the finding that SD reduces hippocampal AKAP150 levels in the membrane 

fraction, a reduction that was correlated to the decrease in AMPA GluR1 phosphorylation. Thus, 

despite the fact that PKA and CaN protein levels were not significantly changed by SD, the reduction 

of membrane-bound AKAP150 levels may be sufficient to explain the reduction of S845 

phosphorylation.  

 In conclusion, our study shows that a relatively short period of SD is sufficient to impair spatial 

working memory in mice. Such a change might be related to a decrease in glutamate AMPA receptor 

function, one of the established molecular substrates of working memory. Indeed, our data show that 

SD reduces hippocampal AMPA receptor phoshorylation levels at the GluR1-S845 site, which is 

important for incorporation of the receptor into the membrane. Our data further suggest that this 

reduction may be the result of a decrease in membrane-bound AKAP150 protein, which regulates 

GluR1 phosphorylation by controlling the opposing actions of PKA and CaN. Together, these findings 

provide further insight into the possible mechanism of SD-induced hippocampal dysfunction and 

memory impairment. 
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ABSTRACT 

Dissociable cognitive strategies are used for place navigation. Spatial strategies rely on the 

hippocampus, an area important for flexible integration of novel information. Response strategies are 

more rigid and involve the dorsal striatum. These memory systems can compensate for each other in 

case of temporal or permanent damage. Sleep deprivation (SD) has adverse effects on hippocampal 

function. However, whether the striatal memory system can compensate for SD−induced hippocampal 

impairments is unknown. With a symmetrical maze paradigm for mice, we examined the effect of SD 

on learning the location of a food reward (training) and on learning that a previously nonrewarded arm 

was now rewarded (reversal training). Five hours of SD after each daily training session did not affect 

performance during training. However, in contrast with controls, sleep-deprived mice avoided a 

hippocampus-dependent spatial strategy and preferentially used a striatum-dependent response 

strategy. In line with this, the training-induced increase in phosphorylation of the transcription factor 

cAMP response-element binding protein (CREB) shifted from hippocampus to dorsal striatum. 

Importantly, although sleep-deprived mice performed well during training, performance during reversal 

training was attenuated, most likely due to rigidity of the striatal system they used. Together, these 

findings suggest that the brain, when possible, compensates for negative effects of SD on the 

hippocampal memory system by promoting the use of a striatal memory system. However, effects of 

SD can still appear later on because the alternative learning mechanisms and brain regions involved 

may result in reduced flexibility under conditions requiring adaptation of previously formed memories. 
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INTRODUCTION 

Numerous studies have shown that sleep may facilitate learning and memory processes (Graves et 

al., 2001; Maquet, 2001; Stickgold, 2005; Marshall and Born, 2007). Sleep deprivation (SD) after 

training disturbs memory consolidation (Karni et al., 1994; Smith et al., 1998; Palchykova et al., 2006), 

an effect that is particularly prominent in case of memories that rely on the integrity of the 

hippocampus (Smith and Rose, 1996; Graves et al., 2003; McDermott et al., 2003; Ruskin et al., 2004; 

Hairston et al., 2005; Ruskin and LaHoste, 2008). 

 It is recognized that distinct brain systems may compensate for one another if the function of 

one of the systems is temporally or permanently lost (Bohbot et al., 2004; Voermans et al., 2004; 

Hairston et al., 2005). For instance, learning to find the way through one’s environment may involve 

different learning strategies, particularly, a spatial strategy (also known as allocentric strategy, i.e., 

acquiring a cognitive map based on spatial cues) or a response strategy (known as an egocentric 

strategy, i.e., making the same turn response regardless of spatial position). The spatial strategy 

relies on the hippocampus, whereas a response strategy depends on the dorsal striatum (Packard 

and McGaugh, 1996). Studies in rodents using maze paradigms to investigate the role of specific 

brain systems in place navigation have shown that temporal hippocampal inactivation results in a shift 

toward a striatum-dependent response strategy (Packard and McGaugh, 1996; Chang and Gold, 

2003). Although SD particularly affects the hippocampus, no studies have been conducted to test 

whether SD induces a shift in the strategy used for place navigation.  

 In addition to the potential effects of SD on strategies used for the formation of new memories, 

one other aspect of the relationship between SD and memory that has received scarce attention is the 

flexibility of existing memories, i.e., the adaptation of previously acquired memories to match with 

changes in a familiar situation. The adaptation of memories and learned behaviors is an important 

aspect of successfully coping with changes that frequently occur in our surroundings, e.g., in the case 

of moving to a new home, school, or job.  

 One commonly used approach to study the process of memory formation and adaptation is 

the Y-maze or T-maze reference paradigm for rodents (Oliveira et al., 1997; Deacon et al., 2002; 

Havekes et al., 2006). During the initial training, a food reward is located in 1 of 2 accessible arms of 

the maze. During the subsequent reversal training, the food reward is relocated to the arm that was 

previously not baited. In the present study, mice were briefly sleep deprived after each daily training 

and/or reversal training session to assess the effect of SD on the formation of new memories and 

adaptation of previously acquired memories. In addition, we examined the effect of SD on the 

cognitive strategy used by mice to locate the food reward. Since distinct cognitive strategies are 

paralleled by brain-region−specific increases in the phosphorylation of the transcription factor cAMP 

response-element binding protein (pCREB) (Colombo et al., 2003), we also examined whether SD 

during training affected pCREB levels in the hippocampus and striatum. Finally, since SD-induced 

changes in cognitive processes might be mediated by stress and/or anxiety (Packard and Wingard, 

2004; Schwabe et al., 2008) we assessed plasma concentrations of the stress hormone 

corticosterone (CORT) and anxiety in an elevated plus-maze test. 
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METHODS 

Animals and housing conditions 

In all experiments, 3 to 3.5-month-old male C57BL/6J mice were used (Harlan, Horst, the 

Netherlands). Animals were individually housed in standard macrolon cages and maintained on a 12-

hour light/12-hour dark cycle (lights on at 09:00 a.m.). A layer of sawdust served as bedding. Water 

was provided ad libitum throughout the experiment, but, in the maze experiments, the mice were food 

deprived to 90% of their individual body weight, starting 4 days before the beginning of training. These 

animals were weighed and fed daily after finishing the 5 hours of SD after training or reversal training. 

The procedures described in the present study were approved by the Animal Experiment Committee 

of the University of Groningen in compliance with Dutch law and regulations.  

 

Training and reversal training in the Y maze 

To test whether SD affects memory formation and flexibility, mice were subjected to a Y-maze task. 

The task was conducted in a tubular, transparent, Plexiglas Y maze consisting of a start arm and 2 

test arms forming the Y (Havekes et al., 2006; Havekes et al., 2007). All 3 arms were 5 cm in 

diameter, 27.5 cm long, and at a 120 angle from each other. A start box was connected to the start 

arm. One of the test arms was baited with a food reward consisting of a small crumb of the regular 

food (0.05-0.1 g). Food crumbs were also placed below perforations at the end of the other test arm to 

ensure that both arms would smell alike and thereby prevent animals from discriminating between 

baited and nonbaited arms by olfactory cues. A small rim (1 cm high) 4 cm before the end of the arms 

prevented visual inspection for food presence from a distance. A guillotine door located halfway down 

each arm could be operated manually from the experimenter’s position and was used to allow animals 

only 1 choice in each training trial. Once the animals chose 1 arm, the other arm was closed. The 

experiment room contained various distal spatial cues. 

 On the first day, mice received 2 habituation trials to familiarize the animals with the 

experiment setup. During the first habituation trial, mice were placed in the start box from which they 

could explore 1 of the 2 test arms, which was baited with a small crumb of food. The other arm was 

closed. After the mouse consumed the reward, it was allowed to retreat to the start box. The second 

habituation trial was given immediately thereafter, but now with the other test arm opened and baited. 

After the habituation day, mice were subjected to a training protocol consisting of 1 training session 

per day, including 6 trials in each session. During the entire training phase, either the right or left arm 

was baited. This was constant for a given individual but was randomly assigned between subjects and 

treatments. When, during a trial, a subject visited 1 of the 2 accessible arms, the nonvisited arm was 

closed. A visit was defined as the animal placing all 4 paws in 1 test arm. After the subject retreated to 

the start box, the start arm connected to the start box was blocked, preventing reentrance of the maze. 

After we cleaned all test arms and rebaited the same test arm, the animal was again allowed to 

explore either the right or left accessible arm. A visit to the baited arm was recorded as a correct trial. 

Animals were trained until the groups reached an average performance of 85% to 90% correct trials 

per day. The animals were then subjected to reversal training, in which the food reward was relocated 
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to the previously unbaited arm. The reversal training again consisted of 1 session per day with 6 trials 

each. All Y-maze sessions were performed at the beginning of the light phase. 

 

Training in the T maze 

To test whether SD causes a shift in the learning mechanism and cognitive strategy used to locate a 

food reward, mice were subjected to a T-maze paradigm. Testing was conducted in a tubular, 

transparent, Plexiglas cross maze consisting of 2 start arms (e.g., north and south arm) and 2 test 

arms (e.g., east and west arm). All 4 arms were 5 cm in diameter and 27.5 cm long. Arms diverged at 

a 90° angle from each other. During the entire training procedure, only 1 start arm was used (the 

other start arm was blocked). Food crumbs were placed below perforations at the end of both test 

arms to prevent animals from discriminating between baited and nonbaited arms by using olfactory 

cues. Small grey rims (1 cm high) 4 cm before the end of the arms prevented visual inspection for 

food presence from a distance. A guillotine door positioned halfway down each arm could be operated 

manually from the experimenter’s position. The experiment room contained various distal spatial cues. 

The habituation and training procedure used in the cross maze was similar to the one described for 

the Y maze.  Mice were subjected to daily training sessions, each consisting of 6 trials. The animals 

were trained until the groups reached an average performance of 85% to 90% correct trials. They 

were then subjected to a probe trial to assess the learning strategy used during training. During the 

probe trial, the animals started from the opposite testing arm; the original start arm was now closed. 

The probe trial had 2 possible outcomes: (1) mice using a spatial strategy would visit the arm that was 

baited during training, i.e., the same spatial location and (2) mice using a response strategy would 

make the same turn as they had done during training and would visit the other arm. 

 

Assessment of regional pCREB expression 

To assess whether changes in learning strategy after SD were associated with changes in regional 

brain activity, we performed immunohistochemistry for the transcription factor pCREB, a critical 

element in memory formation (Silva et al., 1998). One hundred minutes after the T-maze probe trial 

was completed, mice that were trained in the T maze (T) and mice that had received training followed 

by 5 hours of SD after each daily training session (SDT) were sacrificed for brain collection. A group 

of home cage control (HCC) mice was sacrificed in parallel. These HCC mice had been food 

restricted in a manner similar to that used for the T and SDT mice but were otherwise left undisturbed 

in their home cage. Importantly, SDT mice were not subjected to SD between probe trial and sacrifice. 

Therefore, acute effects of SD on pCREB expression on the last day were excluded and differences 

in pCREB expression between T and SDT animals would have to be a result of SD during the 

preceding training days. While it seemed unlikely that SD by itself would have a persistent effect on 

basal pCREB expression independent of training, we performed an additional control experiment to 

exclude this possibility. This control experiment included a group of HCC mice and a group of mice 

subjected to 5 hours of SD per day without training but that were otherwise treated in the exact same 

way as the T and SDT mice in the main experiment. Again, SD was not performed on the day of 

sacrifice and brain collection. Under deep pentobarbital anesthesia, mice were transcardially perfused 
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with saline (0.9% NaCl), followed by 4% paraformaldehyde. Brains were collected, postfixated for 24 

hours in 4% paraformaldehyde, rinsed for 1 day  in 0.01 M phosphate buffered saline (PBS, pH 7.4), 

and  transferred to a 30% sucrose in PBS cryoprotectant, where they remained overnight at 4°C. 

Brains were stored at -80°C until further processing.  

 Twenty-five micrometer coronal sections of the striatum and hippocampus were collected and 

stored in PBS containing 0.1% sodium azide. The brain sections were rinsed 3 times in PBS, for 5 

minutes each time, and were then placed in 0.3% H2O2 in PBS for 25 minutes. After rinsing the 

sections in PBS 4 times, for 5 minutes each time, we preincubated them at room temperature for 25 

minutes in 5% normal goat serum (NGS; Jackson immuno research laboratories, West Grove, PA) 

and 0.1% Triton X-100 in PBS to block nonspecific binding of immunoreagents. Subsequently, 

sections were incubated for 2 hours at room temperature followed by overnight incubation at 4°C with 

rabbit polyclonal anti-pCREB antibody (1:2000, Upstate, Temecula, CA), in 0.3 % Triton X-100 and 

1% NGS in PBS. After being rinsed with PBS 4 times, for 10 minutes each time, the sections were 

incubated at room temperature for 3 hours with the biotinylated goat-anti-rabbit-IgG (1:500, Jackson 

immuno research laboratories) in 1% NGS, 0.3% Triton X-100 in PBS. After they were rinsed with 

PBS 3 times, for 5 minutes each time, sections were incubated for 1.5 hours at room temperature with 

the avidin-biotin-complex (1:500, ABC Elite kit, Vector Laboratories, Burlingame, CA), 0.3% Triton  X-

100 in PBS. After this step, the sections were rinsed overnight in PBS at 4°C. The next day, after 

rinsing the sections with PBS 4 times, for 10 minutes each time, we visualized the labeled cells with 

diaminobenzidine (DAB, 0.7mg/mL in milli q water; Sigma-Aldrich, Steinheim, Germany) with 0.1% 

H2O2 as a reaction initiator. The reaction was stopped by rinsing with PBS. 

 For each subject, 3 sections were selected at approximately bregma 1.18 to 0.50 mm for the 

dorsal striatum and 3 sections at bregma -1.70 to -2.18 mm for the dorsal hippocampus (Franklin and 

Paxinos, 1997). Phosphorylated CREB immunoreactivity in the striatum was quantified as previously 

described (Colombo et al., 2003). With a sampling template of 450 μm2, immunoreactive cells in each 

section were counted in the dorsolateral and dorsomedial striatum at a 50x magnification using a 

computerized image analysis system (Quantimet 550, Leica, Cambridge, UK). A threshold was set 

that marked all cells to be included in the counting. In the hippocampus, the cell layers were densely 

packed with pCREB immunopositive cells, which made it difficult to distinguish and count individual 

cells. Instead, optical densities (OD) were measured for the granular cell layer of the dentate gyrus 

(DG) and for the pyramidal cell layer of the Cornu Ammonis (CA) 3 and 1 of the dorsal hippocampus 

using a 50x magnification. The OD is expressed in arbitrary units corresponding to grey levels using 

the Quantimet image analysis system (Leica). To correct for variability in background staining among 

sections, the background labeling was measured in the stratum radiatum and extracted from the OD 

of the area of interest. The experimenter was blind to the treatment of individual animals during all cell 

counting and OD measurements. Data on pCREB immunoreactivity are expressed as percentage of  

the mean value of the HCC group. 

 

Sleep deprivation 

Mice were subjected to SD for 5 hours immediately following each daily session of training and/or 
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reversal training. This time window was chosen because previous studies have shown that it is a 

critical phase for memory consolidation that is sensitive to SD (Graves et al., 2003; Palchykova et al., 

2006). SD was accomplished by mild sensory stimulation, which involved tapping on the cage, gently 

shaking the cage, or, when this was not sufficient to keep animals awake, disturbing the sleeping nest 

(Van der Borght et al., 2006; Hagewoud et al., 2010). Previous studies have shown that this 

procedure is effective in keeping rodents awake for several hours, as established by 

electroencephalic recordings (Meerlo et al., 2001), without being a major stressor (Meerlo and Turek, 

2001; Van der Borght et al., 2006; Hagewoud et al., 2010).   

 

Elevated plus maze 

To assess whether a single brief episode of SD and/or repeated SD as applied in the maze 

experiments might have an effect on memory processes by inducing anxiety, new batches of mice 

were subjected to an elevated plus maze, a commonly used and well-validated anxiety test in rodents 

(Pellow et al., 1985). Different batches of mice were subjected to either a single session of 5 hours of 

SD or to 4 daily sessions of 5 hours of SD, similar to what was applied in the T-maze experiment. 

Each batch included its own non-sleep-deprived control group. The plus maze consisted of 2 open 

arms (without walls) and 2 closed arms (16-cm high walls). All arms were 29 cm long and 5 cm wide, 

and the whole plus was elevated 75 cm above the floor. The test was performed in a separate 

experiment room under bright-light conditions (100 lux). At the start of the test, each animal was 

placed on the center of the plus facing 1 of the open arms, after which the experimenter left the room. 

The test lasted 8 minutes, and behavior of the animals was recorded on videotape for later analysis. 

Between animals, the maze was thoroughly cleaned with 70% ethanol. The recordings were analyzed 

for number of entries into closed or open arms and time spent in closed and open arms. An entry was 

defined as 4 paws in an arm. Data on the time spent in the open arms were expressed as a 

percentage of the total time in the maze. Data on the number of open-arm entries were expressed as 

a percentage of the total number of arm entries.  

 

Plasma corticosterone levels 

To examine whether a single session of 5 hours of SD and/or repeated 5-hour of SD would affect 

plasma levels of the stress hormone CORT, an additional experiment was performed with 2 new 

batches of mice. Both batches consisted of a control group and a group subjected to SD (5 hours of 

SD once or 5 hours of SD per day for 4 days, respectively). SD was performed using the same 

method as in the previous experiments. At the end of the SD period, trunk blood was collected in 

precooled plastic centrifuge tubes containing 0.01% ethylenediaminetetraacetic acid (EDTA) as 

anticoagulant and antioxidant. Blood was centrifuged at 4ºC for 15 minutes at 2600 g, and plasma 

was stored at −80ºC until further processing. CORT levels were determined by radioimmunoassay 

(MP Biomedicals, Orangeburg, NY). 

 

Statistical analysis 

Behavioral performance in the Y or T maze was analyzed using a repeated-measures analysis of 
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variance (ANOVA) with a between-subject factor ‘treatment’ (control or sleep deprivation) and a 

within-subject factor ‘time’ (daily Y-maze or T-maze sessions). When appropriate, post hoc 

comparisons were made with a Tukey test. To determine whether groups showed a significant 

tendency to use a spatial or response strategy during the T-maze probe trials, binomial tests and a 

Pearson χ2 test were computed. pCREB immunohistochemistry data for the different brain regions 

were analyzed with a one-way ANOVA with a between-subject factor ‘treatment’ (HCC, T, SDT) 

followed by a post hoc Tukey test. Independent-samples t-test was used to analyze pCREB 

immunoreactivity in the control experiment, performance in the elevated plus maze, and plasma 

CORT levels (control vs. sleep deprivation). All data in text and figures are expressed as mean ± 

S.E.M. p < 0.05 was considered as significant. 

 

 

RESULTS 

Sleep deprivation during training and reversal training in the Y maze 

In the first experiment, 1 group of mice was subjected to the Y-maze training and reversal-training 

protocol without any interference (n = 9). A second group of mice was subjected to 5 hours of SD 

immediately after each daily training session and reversal-training session (n = 10). At the beginning 

of training, both groups performed at chance level, indicating that they had no preference for either of 

the 2 accessible arms (control: 40.7% ± 8.4%, and sleep deprivation: 50.0% ± 7.5%, correct trials, Fig. 

1A). The animals in both groups readily consumed the food rewards during correct trials and gradually 

learned to locate the baited arm (effect of session: F5,85 = 9.30 p < 0.001). After 6 days of training, the 

control group and the SD group reached scores of 85.3% ± 6.8% and 95.0% ± 5.0% respectively (Fig. 

1A). Overall, there was no effect of SD on the performance during training (effect of treatment and 

interaction effect: F1,17 = 0.60, F5,85 = 0.51, p > 0.1 in both cases, Fig. 1B).  

 On day 7, the food reward was relocated to the previously nonrewarded arm, and reversal 

training started. During the first reversal-training session, performance of the control group dropped to 

22.2% ± 8.3% and that of the sleep-deprived group to 1.7% ± 1.7% (Fig. 1A). Detailed analysis of this 

first reversal-training session revealed that all mice of both groups visited the incorrect arm during the 

first trial of the first session. In other words, they all visited the arm that had been baited during the 

training phase. During consecutive trials of the first session, mice of the control group eventually 

started to visit the correct arm (i.e., the newly baited arm), whereas mice of the sleep-deprived group 

continued to visit the incorrect arm. With further training on the days thereafter, both groups gradually 

learned to locate the newly baited arm (effect of session: F6,102 = 24.63, p < 0.001, Fig. 1A). However, 

performance of the sleep-deprived group remained below that of the control group (treatment effect: 

F1,17 = 14.87, p < 0.001). The control group reached an average performance of 88.9% ± 4.8% after 7 

daily sessions of reversal training, while the sleep-deprived group reached a score of only 45.0% ± 

10.4% (Fig. 1A).  
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 This first experiment indicated that SD selectively impaired the performance during reversal 

training. Yet, the mice were sleep deprived after each training and reversal training session. Therefore, 

it was uncertain whether the attenuated performance during the reversal training was caused by SD 

during training or SD during reversal training. For that reason, in a second experiment, 3 new groups 

of mice were subjected to training and reversal training in the Y maze: a control group (control, n = 6), 

a group that was sleep deprived selectively after each daily training session (SD training, n = 6), and a 

group that was deprived of sleep only after each daily reversal training session (SD reversal training, 

n=6). In accordance with the results from the first experiment, brief SD after each training session did 

not affect performance during training (data not shown), whereas a strong effect of treatment was 

found during reversal training (F2,15 = 9.97, p < 0.005, Fig. 1B). Mice that were sleep deprived during 

the reversal training phase performed in a manner similar to that of the non-sleep-deprived controls, 

Figure 1. Short sleep deprivation (SD) after each daily training session reduces performance during subsequent reversal 

training in a Y-maze reference task. (A) Mice received training and reversal training in a Y maze with or without 5 hours of SD 

after each daily session. Five hours of SD immediately after each daily training session did not affect behavioral performance 

during training. However, mice that were deprived of sleep showed reduced performance during the reversal training phase. 

(B) In a second experiment, mice that received 5 hours of SD after each training session showed impaired performance during 

the subsequent reversal training. In contrast, mice that received SD selectively during reversal training performed similar to 

control animals. 
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indicating that SD does not directly affect performance during reversal training. Remarkably, the mice 

that were exposed to brief SD after each daily training session performed significantly worse in 

comparison with the other 2 groups during reversal training (SD training vs. control, p < 0.001, and SD 

training vs. SD reversal training, p < 0.01). In other words, although SD after each training session did 

not affect performance during the training itself, it had a delayed effect and reduced performance 

during the subsequent reversal training. After 7 daily sessions of reversal training, the control group 

and SD reversal training group reached a score of 94.4% ± 5.5% and 97.2% ± 2.8% respectively, 

whereas the SD training group reached a score of only 38.9% ± 13.4% (Fig. 1B). These results show 

that SD during the phase of memory formation hampers the adaptation of this memory later on.  

 

Sleep deprivation and learning strategy in a T maze 

To test whether SD during Y-maze training caused a shift in the learning mechanism and cognitive 

strategy used to locate the food reward, we did a new experiment using a 4-arm symmetrical maze. 

By blocking the arm opposite of the start arm, the maze was essentially used as a T maze with 1 start 

arm and 2 choice arms (see Fig. 2A). Two groups of mice received 1 training session per day 

consisting of 6 trials: a control group (control, n = 11) and a group that was deprived of sleep for 5 

hours after each training session (SD training, n=10). The results show that both groups of mice 

started at chance level (control: 47.0% ± 7.0% and SD training group: 41.7% ± 9.0%). Animals in both 

groups readily consumed the food reward during correct trials and gradually learned to locate the 

baited arm (effect of session: F3,57 = 31.64, p < 0.001, see Fig. 2A). After 4 days of training, the control 

group and SD group reached performance scores of 95.0% ± 2.6% and 94.0% ± 2.5%, respectively. 

As in the Y-maze experiments, SD did not affect behavioral performance during T-maze training 

(effect of treatment and interaction effect: F1,19 = 0.48, F3,57 = 0.33, p > 0.1  in both cases).  

On day 5, all mice were subjected to a probe trial starting from the arm opposite to the one 

that was used during the training (i.e., the arm that was blocked during training, see Fig. 2B). The start 

arm that was used during training was now blocked. In the control group, a majority of mice (7 out of 

11) visited the arm that was baited during training, indicating a spatial strategy. Overall, this spatial 

preference did not reach statistical significance, since 4 animals made the same turn, indicating a 

response strategy (binomial test, p > 0.1, Fig. 2B). In contrast with the majority of control mice, the 

animals in the SD group displayed a strong preference for a response strategy: 9 out of 10 mice that 

were deprived of sleep after each daily training session made the same turn as the one they had 

learned during the training even though the probe trial was given from the opposite start arm (binomial 

test, p < 0.05, Fig. 2B). Statistical comparison of both groups indicated that SD significantly reduced 

the use of a spatial strategy and facilitated the use of a response strategy (Pearson χ2 test: p < 0.01, 

Fig. 2B). These results suggest that SD inhibits the use of a spatial strategy in a reference-learning 

paradigm, resulting in a shift toward the use of a response strategy. 
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Sleep deprivation, learning strategy and regional CREB phosphorylation 

A study by Colombo and colleagues (Colombo et al., 2003) indicates that formation of memory for a 

spatial strategy is related to prolonged phosphorylation and activation of the transcription factor CREB 

in the hippocampus, whereas formation of memory for a response strategy is related to increased and 

prolonged phosphorylation of CREB in the dorsal striatum. To test whether the SD–induced shift from 

a spatial to a response strategy was accompanied by a shift in CREB phosphorylation levels from the 

dorsal hippocampus to dorsal striatum, we measured pCREB expression in these brain areas of the 

mice that received training with and without SD in the T maze (see Fig. 2). Fig. 3 shows 

representative pictures of pCREB expression in the dorsal hippocampus. ANOVA revealed a 

Figure 2. Short sleep deprivation (SD) induces a shift in the learning strategy used to locate a food reward in a T-maze 

reference task. (A) Mice received training in the T maze with or without 5 hours of SD after each daily training session for 4 

consecutive days. During training, the access to the arm opposite of the start arm was blocked. SD did not affect performance 

during training. (B) On day 5, mice received a probe trial starting from the opposite start arm (the start arm that was used 

during training was now blocked). Control mice did not show a preference for either spatial or response strategy. Remarkably, 

mice that were deprived of sleep after each training session preferred to use a response strategy.  
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significant main treatment effect for the OD of pCREB immunoreactivity in the DG, as well as the CA3 

and CA1 regions (F2,23 = 5.05, p < 0.02; F2,23 = 8.11, p < 0.01; F2,23 = 6.55, p < 0.01, respectively). 

Subsequent post hoc comparisons indicated that training in the T maze induced a significant increase 

in pCREB expression in the DG and the CA3 and CA1 regions, compared with the levels in HCC 

animals. However, SD immediately after each training session prevented this increase (for details, 

see Fig. 3). 

 

 

Figure 3. Short sleep deprivation (SD) after each daily T-maze training session prevents a training-induced increase in 

pCREB immunoreactivity in the dorsal hippocampus. Representative high-resolution pictures of pCREB immunoreactivity in 

the hippocampus are shown on the left. Optical density of pCREB immunoreactivity was measured for the granular cell layer 

of the dentate gyrus (DG) and the pyramidal cell layer of the CA3 and CA1 areas. Home cage control mice (HCC), mice that 

were trained in the T maze (T), and mice that had received training followed by 5 hours of SD after each daily training session 

(SDT) were sacrificed 100 minutes after the probe trial. Graphs on the right show that normal training was associated with a 

significant increase in pCREB immunoreactivity in all 3 hippocampal regions, which was not seen in the mice that had been 

sleep deprived after each training session. Significant differences: * p < 0.05, ** p < 0.01; post hoc Tukey test following one-

way ANOVA. 
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Representative pictures of pCREB expression in the dorsal striatum are shown in Fig. 4. ANOVA 

revealed a significant main effect of treatment for the number of pCREB immunopositive cells in both 

the dorsomedial and dorsolateral striatum (F2,23 = 3.81, p < 0.04 and F2,23 = 3.65, p < 0.05, 

respectively). Subsequent post hoc comparisons showed that the number of pCREB positive cells 

was significantly elevated in both the dorsolateral and dorsomedial striatum in animals that were 

deprived of sleep after each daily T-maze training session, compared with HCC animals. This 

increase was not seen in normally trained mice that were not subjected to SD (for details see Fig. 4). 

Thus, training accompanied by SD reduced pCREB expression in the hippocampus but facilitated 

CREB phosphorylation in the dorsomedial and dorsolateral striatum.  

 Since not all trained control animals displayed a spatial strategy, we compared pCREB 

expression in the subgroup with a spatial strategy and the subgroup with a response strategy. As 

expected, animals that used a spatial strategy, on average, had higher pCREB expression in most 

hippocampal subregions, and animals that used a response-based strategy had higher pCREB levels 

in the striatum (data not shown). However, these differences did not reach statistical significance 

because of the small number of animals that used a response strategy and the overall narrow range 

of pCREB expression.  

 Importantly, SDT animals were not sleep deprived on the last day between the probe trial and 

sacrifice. Therefore, the differences in pCREB expression between T and SDT animals were a result 

of SD during the preceding training days. Although it seemed unlikely that repeated sessions of brief 

SD by itself, independent of training, would have a long-lasting effect on basal levels of pCREB 

expression that persisted until brain collection a day after the last SD, we performed a control 

experiment to exclude this possibility. This control experiment consisted of an HCC group and a group 

subjected to 5 hours of SD per day for 4 days, followed by brain collection on the fifth day (n = 10 and 

9, respectively). Repeated brief SD without training did not lead to a persistent change in pCREB 

expression, compared with HCC animals, in any of the hippocampal brain regions studied: DG (96.0% 

± 2.8 % vs. 100.0% ± 4.4 %, p > 0.1), CA3 (96.3% ± 3.7% vs. 100.0% ± 5.3%, p > 0.1 ), and CA1 

(102.2% ± 3.5% vs. 100.0% ± 4.1%, p > 0.1). Also, SD did not change pCREB expression, compared 

with pCREB expression in HCC animals, in either the dorsomedial striatum (100.7% ± 2.8% vs. 

100.0% ± 4.6%, p > 0.1) or dorsolateral striatum (99.3% ± 3.5% vs. 100.0% ± 5.8%, p > 0.1). Thus, 

these data indicate that the shift in pCREB expression from hippocampus to striatum in the previous 

experiment was not an effect of SD on basal pCREB expression but, rather, an effect of SD on the 

learning process and the subsequent performance in the probe trial. 

 

Sleep deprivation, anxiety and stress 

It has been reported that anxiety affects cognitive processes and can, in fact, change learning 

strategy in favor of a response-based strategy (Packard and Wingard, 2004). Therefore, to examine 

the possibility that SD in our previous experiments caused a shift toward a response-based learning 

strategy by inducing anxiety, we subjected mice to an elevated plus maze test. In a first batch of mice, 

we compared animals after a single session of 5 hours of SD with non-sleep-deprived control animals 

(n = 10 in each group). Contrary to the hypothesis that SD might induce anxiety, the sleep-deprived 
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mice spent significantly more time on the open arms than did the control mice (22.0% ± 2.3% vs. 

12.3% ± 3.1%, respectively; t18 = 2.54, p < 0.05) and also entered the open arms more frequently than 

did control animals (41.5% ± 3.5% vs. 27.6% ± 5.0%, respectively; t18 = 2.28, p < 0.05). The total 

number of open- and closed-arm entries, however, did not differ between sleep-deprived and control 

mice (27.5 ± 1.5 and 23.7 ± 2.0, p > 0.1), indicating that SD did not affect spontaneous motor activity 

(Pellow et al., 1985; Walf and Frye, 2007). A second batch of mice was subjected to repeated 5 hours 

of SD per day for 4 days, similar to what was done in the T-maze experiment (n = 9 for both SD and 

control). The results show a trend toward an increased time in the open arms in sleep-deprived mice 

compared with control mice (19.1% ± 2.2% vs. 13.8% ± 1.8%, respectively; t16 = -1.83, p = 0.09). The 

frequency of open-arm entries did not differ between the SD and control groups (34.0% ± 4.1% vs. 

27.2% ± 1.9%, respectively; t16 = -1.480, p > 0.1), nor did the total number of open- and closed-arm 

entries (33.9 ± 3.0 and 28.3 ± 2.5, p > 0.1), again indicating that the overall activity was not different. 

 

 

 

 
Figure 4. Short sleep deprivation (SD) after each daily T-maze training session induced an increase in pCREB immunoreactity 

in the dorsal striatum. This increase was not seen after training alone. Representative pictures of pCREB immunostaining in 

the dorsal striatum are shown on the left. pCREB immunoreactive cells were counted within the dorsomedial and dorsolateral 

striatum (MED and LAT, respectively). Home cage control mice (HCC), mice that were trained in the T maze (T), and mice that 

had received T-maze training followed by 5 hours of SD after each daily training session (SDT) were sacrificed 100 minutes 

after the probe trial. Although normal training (T) had no effect on pCREB expression in the dorsal striatum, mice that had 

been subjected to sleep deprivation (SDT) showed a significant increase in pCREB immunoreactivity in both the dorsomedial 

and dorsolateral striatum. Significant differences: * p < 0.05, post hoc analysis following one-way ANOVA. 
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 Also, it is often suggested that effects of SD on learning and memory processes may be 

related to stress induced by the SD procedure rather than to sleep loss per se. Yet, plasma levels of 

the stress hormone CORT in sleep-deprived mice were low and not different from levels of control 

animals, neither after a single session of 5 hours of SD (sleep deprivation: 3.5 ± 0.2 μg/dL, control: 

2.6 ± 0.4 μg/dL; n = 9 in each group, t16 = -1.61, p > 0.1) nor after 4 daily sessions of 5 hours of SD 

(sleep deprivation: 5.1 ± 1.0 μg/dL, control: 4.3 ± 0.6 μg/dL; n = 10 in each group, t18 = -0.68,  p > 0.5). 

All together, these data do not support the hypothesis that changes in learning strategy in our 

previous experiments were a consequence of SD–induced stress or anxiety.  

 

 

DISCUSSION 

In the experiments described in this study, we examined whether brief SD applied after each daily 

training session affected learning and reversal learning in a Y- or T-maze reference task. SD did not 

affect performance directly when mice learned the location of a food reward. However, SD applied 

during the training phase attenuated performance during the subsequent reversal training. 

Furthermore, the learning strategy that was used for place navigation in a maze was altered by SD. 

Mice deprived of sleep avoided using a hippocampus-dependent spatial strategy and switched to a 

response strategy that relies on the dorsal striatum to locate the food reward during training. In line 

with this switch in learning strategy, we found a shift in CREB phosphorylation in the brain areas 

thought to underlie these different strategies, i.e., the dorsal hippocampus and dorsal striatum 

(Colombo et al., 2003). Mice that had been subjected to SD after each daily training session did not 

show the normal training-induced increase in pCREB levels in the hippocampus, as was seen in 

control mice, but, instead, showed an increase in pCREB levels in the dorsal striatum. Previous 

studies in both humans and rodents have emphasized that striatal and hippocampal systems can 

work cooperatively and may compensate to some extent for the other system under conditions in 

which either system is temporarily or permanently impaired (Packard and McGaugh, 1996; Oliveira et 

al., 1997; Chang and Gold, 2003; Bohbot et al., 2004). Our data suggest that SD may represent such 

a condition, leading to impaired hippocampal function, which is compensated for by shifting to an 

alternative learning mechanism that involves the dorsal striatum. 

 Importantly, this shift in learning strategy explains our findings that SD did not affect 

performance during training in the Y maze: either strategy could be used to correctly locate the food 

reward. Obviously, there may be conditions and tasks for which no alternative strategies are available. 

Indeed, in contrast with the present experiments, other studies have reported that SD leads to 

immediate deficits in performance. For example, contextual fear conditioning is a learning task in 

which the role of the hippocampus apparently cannot easily be replaced by other brain regions, and 

several studies have reported SD-induced memory deficits in this task (Graves et al., 2003; 

McDermott et al., 2003; Ruskin and LaHoste, 2008). Thus, the availability of alternative learning 

strategies and mechanisms that can compensate for a hippocampal deficit may determine whether or 

not SD has noticeable effects on cognitive performance. This may explain some of the discrepancies 
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and discussions in the literature on whether or not deprivation of sleep really affects cognitive 

performance. Also, in humans, recent imaging studies have shown that SD after learning may be 

associated with changes in regional brain activity without immediate memory deficits (Orban et al., 

2006; Rauchs et al., 2008).  

 Intriguingly, while a shift from a hippocampus-dependent to striatum-dependent learning 

strategy in mice in the SD group explains why we did not find a performance deficit during the Y-maze 

training, it might also account for the fact that we did find an attenuated performance during reversal 

training. Although either of the 2 available strategies was sufficient to locate the food reward during 

training, there is a particular difference between the systems underlying these 2 strategies in terms of 

flexibility. In comparison with the hippocampus, the dorsal striatum generates more stereotypical and 

less flexible responses that are more difficult to adapt to changing conditions (O’keefe and Nadel, 

1978; Hartley et al., 2003). In agreement with this, rats using a response strategy in a T-maze 

learning paradigm have more difficulties with learning the novel location of the food reward during 

reversal training (Oliveira et al., 1997). Likewise, mice in the SD group that mastered the Y-maze task 

by preferentially using a response-based strategy during training had more difficulties during the 

reversal training. In other words, although the shift in learning strategy initially prevented a 

performance deficit during training, it may have caused a performance deficit during the subsequent 

reversal training.  

 Although the shift to a response-based learning strategy and use of a striatal memory system 

is the most direct explanation for the reduction in memory flexibility in mice in the SD group, it will be 

of interest to determine whether SD also affects functional activity of the prefrontal and orbitofrontal 

cortex, 2 regions that are critically involved in reversal learning (Ragozzino, 2007). It is not excluded 

that these regions play an additional role in the behavioral deficit seen during reversal training as a 

consequence of SD during training. 

 The mechanisms through which SD affects hippocampal function and memory formation are 

largely unknown. In fact, it is still a matter of debate whether sleep plays an active role in memory 

consolidation or merely a passive role by preventing waking interference (Ellenbogen et al., 2006). 

Waking interference and disruption of ongoing memory consolidation might result not only from 

mental activity related to sensory input and processing of new information, but also from neuronal and 

neuroendocrine activity related to physical activity or stress. Particularly in animal studies on sleep 

and memory, which rely on forced SD, it is often argued that interference might occur as a 

consequence of forced activity, stress, and stress hormones. Similar to our finding with SD, it has 

indeed been shown that stress and anxiety can modulate learning processes and favor the use of a 

response-based strategy (Packard and Wingard, 2004; Schwabe et al., 2008). However, in these 

studies, rodents were exposed to stress paradigms leading to strong increases in the plasma levels of 

glucocorticoid stress hormones, whereas, in our study, plasma levels of CORT after a single session 

of SD as well as after repeated SD were low and not different from the levels in control animals. The 

latter is in agreement with previous studies using the same SD method of mild stimulation, showing no 

significant elevations in stress-hormone levels (Van der Borght et al., 2006; Hagewoud et al., 2010). 

Also, in earlier studies, we showed that even more severe sleep restriction does not lead to persistent 
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increases in glucocorticoid levels (Roman et al., 2005). In fact, undisturbed and spontaneously 

behaving rodents show mild increases in plasma CORT levels associated with, for example, eating 

and grooming that are above the levels we find in mice in the SD groups (Shiraishi et al., 1984). 

Importantly, it is sometimes overlooked that, particularly in animal studies, the learning task itself 

involves a degree of arousal and activation of stress systems that is much higher than what is found 

with SD by mild stimulation (eg, Palchykova et al., 2006). Also, behaviorally, the mice in our study did 

not appear to be particularly stressed or anxious. After they were sleep deprived for several hours, 

most of their activity consisted of simply increasing attempts to curl up and sleep. Moreover, when we 

exposed sleep-deprived mice to an elevated plus maze, a commonly used and well-validated anxiety 

test, if anything, they appeared to be less anxious. All together, while we cannot exclude that some 

sort of interference by waking activities and sensory input plays a role in the effects of SD on learning 

and memory, it is unlikely that, in the present study, such interference was caused by stress, stress 

hormones, or anxiety.  

 On the molecular level, our data suggest that the behavioral effects of SD may result from 

reduced phosphorylation of the transcription factor CREB in the dorsal hippocampus. Numerous 

studies have implicated CREB in the formation of long-term memory (Silva et al., 1998), and spatial 

memory is impaired by suppression of CREB protein trough the administration of antisense 

oligodeoxynucleotides (Guzowski and McGaugh, 1997) or genetic knock-out (Bourtchuladze et al., 

1994). One of the many pathways that targets CREB is the extracellular signal-regulated kinase (ERK) 

pathway, which is known to be involved in synaptic plasticity and memory formation (Impey et al., 

1999). Studies in rats have shown that SD attenuates ERK phosphorylation in the hippocampus 

(Guan et al., 2004; Ravassard et al., 2009). Since the ERK pathway mediates CREB phosphorylation 

(Bozon et al., 2003), a loss of the training-induced increase in CREB phosphorylation due to SD might 

be the result of impaired ERK function. A second candidate that may explain the effects of SD on 

CREB phosphorylation is the cAMP-dependent protein kinase (PKA) pathway. PKA is required for the 

formation of long-term memories (Abel et al., 1997), and previous studies by our laboratory have 

shown that hippocampal PKA expression is elevated during Y-maze training (Havekes et al., 2007). 

Furthermore, inhibitors of PKA and protein synthesis are capable of disturbing memory formation 

during the same time window after training as SD (Abel et al., 1997; Bourtchouladze et al., 1998; 

Graves et al., 2003), and a recent study indeed shows that SD selectively impairs cAMP and PKA 

dependent forms of synaptic plasticity in the mouse hippocampus (Vecsey et al., 2009). Future 

experiments will have to indicate whether training in the Y-maze indeed activates either or both 

pathways and whether this activation is attenuated by deprivation of sleep. If either pathway is 

impaired by SD, then posttraining intrahippocampal application of inhibitors of these pathways should 

induce a similar shift in learning strategy for place navigation as seen after SD.  

 In conclusion, our study indicates that the brain can temporarily compensate for the effects of 

sleep loss on cognitive performance by switching to alternative learning mechanisms. An important 

implication of these findings is that effects of SD in the brain may not always be directly evident on the 

level of behavioral performance. However, a second important implication of our data is that effects of 

SD may still appear later, long after the actual sleep loss itself, because the alternative learning 
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mechanisms and brain regions involved can result in reduced flexibility under changing conditions that 

require adaptation of the previously formed memory.   
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ABSTRACT 

Sleep deprivation (SD) has adverse effects on hippocampus functioning. In a previous study, we 

suggested that the brain may temporarily compensate for the effects of sleep loss on hippocampus-

dependent memory processes by switching to alternative learning mechanisms. We showed that mice 

subjected to 5 hours of SD after each daily training session in a T-maze paradigm avoided the use of 

a hippocampus-dependent spatial strategy and preferentially used a striatum-dependent response 

strategy. In line with this, the training-induced increase in phosphorylation of cAMP response-element 

binding protein (CREB) shifted from the hippocampus to the dorsal striatum. However, we could not 

conclude whether the shift from hippocampus-dependent spatial learning to striatum-related response 

learning was a mere preference or a real necessity because of hippocampal failure. Therefore, in the 

present study we examined the effects of 5 hours of SD on learning in a single-solution, spatial 

version of the T-maze paradigm and compared pCREB expression in relevant brain areas after 

training with control groups. Results show that behavioral performance in a spatial T-maze task was 

not affected by SD. However, on a molecular level, the training-induced increase in pCREB 

expression in the hippocampus was prevented by SD in the DG and CA1 area, but not in the CA3 

area. Thus, despite reductions in hippocampal CREB expression, SD mice are still capable of 

acquiring a hippocampus-dependent learning task. We suggest that animals subjected to SD most 

likely accomplish this by recruiting signaling pathways that do not solely depend on CREB activation. 
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INTRODUCTION 

Many studies in recent years suggest that sleep has an important role in learning and memory 

processes (Graves et al., 2001; Maquet, 2001; Stickgold, 2005; Ellenbogen et al., 2006; Walker and 

Stickgold, 2006; Diekelmann et al., 2009). Various studies have shown that sleep deprivation (SD) 

after acquisition of a learning task in rodents disrupts the formation of long-term memories and 

subsequent performance, especially in case of hippocampus-dependent tasks (Smith and Rose, 1996, 

1997; Smith et al., 1998; Graves et al., 2003, Hairston et al., 2005; Vecsey et al., 2009). However, in 

a previous study we have shown that effects of brief SD on hippocampus function may not always be 

noticeable at the level of behavioral performance because of compensation by recruitment of other 

brain regions and memory systems that may be less sensitive to sleep loss (Hagewoud et al., 2010b).  

 It is recognized that different neural systems are involved in the ability to learn tasks that 

depend on either place (i.e., spatial/place) and associations between discrete cues and behavioral 

responses (i.e., cued/response) (McDonald and White, 1994; Packard and McGaugh, 1996). For 

instance, learning to find the way through ones environment may involve different learning strategies, 

particularly, a spatial strategy (also known as allocentric strategy, i.e., acquiring a cognitive map 

based on spatial cues) or a response strategy (known as an egocentric strategy, i.e., making the 

same turn response regardless of spatial position). Specifically, the spatial strategy is dependent on 

the hippocampus whereas a response strategy is dependent on the dorsal striatum (Packard and 

McGaugh, 1996). It is shown that these distinct neural systems may compensate for one another if 

the function of one of the systems is temporally or permanently lost (Bohbot et al., 2004; Voermans et 

al., 2004). Studies in rodents using maze paradigms to investigate the role of specific brain systems in 

place navigation showed that temporal hippocampal inactivation results in a shift towards a striatum-

dependent response strategy (Packard and McGaugh, 1996; Chang and Gold, 2003). Our previous 

study suggests that SD may also lead to such a shift. We examined whether SD induces a shift in the 

learning strategy used for place navigation in a dual solution T-maze reference paradigm (Hagewoud 

et al., 2010b). In this task animals had to learn to locate a food reward in one of two accessible arms. 

We showed that 5 hours of SD after each daily training session did not affect behavioral performance 

during training. However, in contrast to controls, mice in the SD group avoided the hippocampus-

dependent spatial strategy and preferentially used the striatum-dependent response strategy. In other 

words, whereas most control animals learned to find a food reward in a particular arm of the maze on 

the basis of spatial cues, animals in the SD group learned to find the food reward by consistently 

making the same turn response. In line with this, the training-induced increase in phosphorylation of 

the transcription factor cAMP response-element binding protein (CREB) shifted from the hippocampus 

to the dorsal striatum.  

 In our previous study, the T-maze paradigm could be solved by using either a spatial or a 

response strategy. Therefore, it remained unknown to what extend the hippocampus was impaired in 

animals in the SD group. Did SD have a slight negative effect on hippocampus functioning, making 

the use of the spatial strategy under the given conditions less efficient than the use of the response 

strategy? Or did SD cause a major impairment of the hippocampus that made it impossible to employ 
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this brain region? In other words, was the shift from hippocampus-dependent spatial learning to 

striatum-related response-based learning a mere preference or a necessity? While the difference may 

only be a matter of degree, it is not unimportant. After all, the larger the adverse effects of SD on 

hippocampus function are, the more serious the performance impairments will be in learning 

paradigms for which there are no alternative compensatory mechanisms. Therefore, in the present 

study we examined the effects of SD on learning in a spatial version of the maze reference paradigm, 

which is known to be critically dependent on the hippocampus (Packard and McGaugh, 1996; 

Wingard and Packard, 2008). We further compared pCREB levels in relevant brain areas after training 

with control groups. We hypothesized that 5 hours of SD after each daily training session would impair 

behavioral performance and prevent a training-induced increase in pCREB expression in the 

hippocampus.  

 

 

METHODS 

Animals and housing conditions 

In this study 3-3.5 month old male C57BL/6J mice were used (Harlan, Horst, the Netherlands). 

Animals were individually housed in standard macrolon cages and maintained on a 12-hour light/12-

hour dark cycle (lights on at 9.00 a.m.). A layer of sawdust served as bedding. Water was provided ad 

libitum throughout the experiment, but the mice were food deprived to 90% of their individual body 

weight, starting four days before the beginning of the training. The animals were weighed and fed 

daily after finishing the 5 hours of SD after training. The procedures described in the present study 

were approved by the Animal Experiment Committee (University of Groningen, Netherlands) in 

compliance with Dutch law and regulations. 

 

Experiment set-up 

Mice were trained to locate a food reward in one of two accessible arms in a spatial version of the T-

maze reference task. After training brain material was collected to examine pCREB expression in 

relevant brain areas. The study consisted of a training group (T, n = 10), a training group in which 

animals were subjected to 5 hours of SD after each daily training session (SDT, n = 10) and a home 

cage control group (HCC, n = 10). 

 

Training in the T maze 

To test whether SD causes a deficit in hippocampus-dependent learning, mice were subjected to a 

spatial T-maze paradigm. Testing was conducted in a tubular, transparent Plexiglas cross maze, 

consisting of two possible start arms (e.g., North and South) and two accessible choice arms (e.g., 

East and West). All four arms were 5 cm in diameter and 27.5 cm long. Arms diverged at a 90° angle 

from each other. Food crumbs were placed below perforations at the end of the two choice arms. This 

prevented animals from discriminating between baited and non-baited arms by olfactory cues since 

the food smell was present in both arms. Small grey rims (1 cm high), 4 cm from the end of the arms, 
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prevented visual inspection for food presence from a distance. A guillotine door halfway each arm 

could be operated manually from the experimenter’s position. The experimental room contained 

various distal spatial cues.  

 Habituation to the experimental set-up was performed one day before the start of the training. 

All animals received two habituation trials, one starting from the north and one starting from the south 

arm. During each trial the animal could explore both test arms, each of which contained a small food 

reward (0.05 – 0.1 g). When the reward in both arms was consumed, the animal was allowed to 

retreat to the start box. After the habituation day, the animals were subjected to a training protocol 

consisting of one training session per day, each consisting of 8 trials. In our previous study, we used a 

fixed start arm and a fixed reward arm, thereby allowing mice to master the task by using either a 

spatial or response-based strategy (Hagewoud et al., 2010b). In the present study, the starting 

position (i.e., North and South) varied randomly between trials, thereby forcing the animals to use a 

spatial, hippocampus-dependent strategy. In every daily session of 8 trials, the animal started 4 times 

from the north and 4 times from the south arm. In every trial, the alternative start arm (i.e., opposite of 

the used start arm) was closed. During the entire training phase the food reward was always located 

in the same test arm (same spatial location). This was constant for a given individual, but randomized 

between subjects and treatments. When during a trial a subject visited one of the two test arms, the 

non-visited arm was closed. A visit was defined as 4 paws in one arm. After the subject retreated to 

the start box, the start arm connected to the start box was blocked preventing re-entrance of the maze. 

An inter-trial interval of 30 seconds was included between trials, during which the animal was left in its 

home cage. In between trials and subjects the maze was cleaned with damped paper cloth. A visit to 

the baited arm was recorded as a correct trial. All training sessions were performed during the first 

part of the light phase. 

 

Sleep deprivation 

Mice were subjected to SD for 5 hours immediately following each daily training session. This time-

window was chosen since previous studies have shown it is a critical phase for memory consolidation 

that is sensitive to SD (Graves et al., 2003; Palchykova et al., 2006). SD was accomplished by mild 

stimulation, which involved tapping on the cage, gently shaking the cage or, when this was not 

sufficient to keep animals awake, disturbing the sleeping nest (Van der Borght et al., 2006; Hagewoud 

et al., 2010a). Importantly, previous studies have shown that this procedure is effective in keeping 

rodents awake for several hours as established by electroencephalic recordings (Meerlo et al., 2001), 

without being a major stressor (Hagewoud et al., 2010a, b, c).  

 

Immunohistochemical procedure 

It is known that the transcription factor CREB is important for long term memory formation (Silva et al., 

1998, Lamprecht, 1999; Izquierdo et al., 2002). Several studies indicate that the formation of memory 

during spatial learning is related to prolonged phosphorylation and activation of CREB in the 

hippocampus (Mizuno et al., 2002; Colombo et al., 2003; Porte et al., 2008; Hagewoud et al., 2010b). 

To test whether spatial training in the T-maze increases the expression of pCREB and whether 5 
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hours of SD after each daily training session affects this, we measured pCREB expression in this 

brain area. Since we found in our previous study that 5 hours of SD after each daily training session 

resulted in a shift in the training-induced increase in phosphorylation of CREB from the hippocampus 

to the dorsal striatum, we measured pCREB expression in the striatum as well. 

 Ninety minutes after the last training session, animals were deeply anesthetized with 

pentobarbital and perfused transcardially with saline (NaCl 0,9%), followed by 4% paraformaldehyde. 

Brains were collected and post-fixated for 24 hours in 4% paraformaldehyde. After rinsing for 1 day in 

0.01 M phosphate buffered saline (PBS, pH 7.4), brains were cryoprotected in 30% sucrose in PBS 

overnight at 4°C. Brains were then frozen with liquid nitrogen and stored at -80°C until further 

processing.  

 Twenty-five micrometer coronal sections of the hippocampus and striatum were cut in series 

with a cryostat and collected and stored in PBS containing 0.1% sodium-azide. The brain sections 

were rinsed 3 x 5 minutes in PBS, followed by 25 minutes in 0.3% H2O2 in PBS. After 4 x 5 minutes 

rinsing in PBS, sections were pre-incubated at room temperature for 25 minutes in 5% normal goat 

serum (NGS; Jackson immuno research laboratories, West Grove, PA, USA), 0.1% Triton X-100 in 

PBS to block non-specific binding of immunoreagents. Subsequently, sections were incubated for 2 

hours at room temperature followed by overnight incubation at 4°C with rabbit polyclonal anti-p-CREB 

antibody (1:2000, Upstate, Temecula, CA, USA), in 0.3% Triton X-100, 1% NGS in PBS. After rinsing 

4 x 10 minutes with PBS the sections were incubated at room temperature for 3 hours with the 

biotinylated goat-anti-rabbit-IgG (1:500, Jackson immuno research laboratories, West Grove, PA, 

USA) in 1% NGS, 0.3% Triton X-100 in PBS. After 3 x 5 minutes rinsing with PBS, sections were 

incubated for 1.5 hours at room temperature with the avidin-biotin-complex (1:500, ABC Elite kit, 

Vector Laboratories, Burlingame, CA, USA), 0.3% Triton  X-100 in PBS. After this step the sections 

were rinsed overnight in PBS at 4°C. The next day, after rinsing the sections 4 x 10 minutes with PBS, 

labeled cells were visualized with diaminobenzidine (DAB, 0.7mg/ml in milliQ water; Sigma-Aldrich, 

Steinheim, Germany) with 0.1% H2O2 as a reaction initiator. The reaction was stopped by rinsing with 

PBS. Sections were mounted on gelatine-coated slides, dried overnight, and coverslipped the next 

day. 

 

Quantification and analysis of immunohistochemical data 

For each subject, 3 sections were selected at approximately bregma -1.70 to -2.18 mm for the dorsal 

hippocampus and 1.18 to 0.50 mm for the dorsal striatum (Franklin and Paxinos, 1997). To assess 

regional expression of pCREB, we measured optical densities (OD) for the granular cell layer of the 

dentate gyrus (DG) and for the pyramidal cell layer of the Cornu Ammonis (CA) 3 and 1 of the dorsal 

hippocampus using a 50x magnification (Hagewoud et al. 2010b). The OD is expressed in arbitrary 

units corresponding to grey levels using a Quantimet 550 image analysis system (Leica, Cambridge, 

UK). The value of background labeling was measured in the stratum radiatum and extracted from the 

OD of the area of interest, thereby reducing the variability in background staining among sections. 

Phosphorylated CREB immunoreactivity in the striatum was qualified as previously described 

(Colombo et al., 2003). A sampling template of consistent area (450 μm2) was established and 
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pCREB immunoreactive cells were counted in the dorsolateral and dorsomedial striatum by using the 

Quantimet 550 image analysis system at 50x magnification. A threshold was set that marked all cells 

to be included in the counting. The experimenter was blind to the experimental treatment of individual 

animals during all measurements. Data on pCREB immunoreactivity are expressed as percentage of 

the mean value of the HCC group. 

 

Statistics 

The learning curves were analyzed using a repeated measures analysis of variance (ANOVA) with a 

between-subject factor ‘treatment’ (T or SDT) and a within-subject factor ‘time’ (daily cross-maze 

sessions). pCREB immunohistochemistry data for the different brain regions were analyzed using a 

one-way ANOVA with a between-subject factor ‘treatment’ (HCC, T, SDT). When appropriate, post 

hoc comparisons were made with a Tukey test. p < 0.05 was considered as significant. All data in the 

text and figures are expressed as mean ± S.E.M. 

 

 

RESULTS 

 

  

 

 

Behavioral performance 

On the first day of training in the spatial T-maze, both groups performed at chance level, indicating 

that they had no preference for either of the two accessible arms (T: 51.3% ± 6.6% and SDT: 50.0% ± 

3.7% correct trials, Fig. 1). Gradually, both groups learned to locate the baited arm (effect of training 

session: F10,180 = 21.7 p < 0.01). After 11 days of training, the control group (T) as well as the group 

that was deprived of sleep for 5 hours after each daily training session (SDT) reached average scores 

of 91.3% ± 5.0% and 96.3% ± 2.7%, respectively. There was no effect of SD on behavioral 

performance (effect of treatment and interaction effect: F1,18 = 0.5 and F10,180 = 1.0, respectively, p > 

0.4 in both cases, Fig. 1).                                                                                                

Figure 1. T-maze learning and sleep deprivation (SD). 

Mice received training in a spatial T-maze task with or 

without 5 hours of SD after each daily session. Five 

hours of SD immediately after each daily training 

session did not affect behavioral performance during 

training.  
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pCREB immunoreactivity 

ANOVA revealed a significant main effect of the treatment on the optical density of pCREB 

immunoreactivity in the DG as well as in the CA3 and CA1 areas:  F2,25 = 4.95, p = 0.015; F2,25 = 5.31, 

p = 0.012; F2,25 = 4.53, p = 0.021, respectively. Subsequent post-hoc comparisons indicate that 

training in the spatial T-maze task induced a significant increase in pCREB expression in the DG, CA3 

and CA1 region compared to levels in HCC (p < 0.05, in all cases). SD immediately after each daily 

training session prevented this training-induced increase in pCREB expression in the DG and CA1 

area. In these regions, pCREB expression was significantly lower than levels in the training group (p < 

0.05 in both regions) and similar to levels in the HCC group (p > 0.9, in both cases; for details, see Fig. 

2). In contrast, the training-induced increase in pCREB expression in the CA3 area of the 

Figure 2. Effect of sleep deprivation (SD) on T-maze 

training-induced increases in pCREB expression in the 

dorsal hippocampus. Optical density of pCREB 

immunoreactivity was measured for the granular cell 

layer of the dentate gyrus (DG) and the pyramidal cell 

layer of the CA3 and CA1 areas. Home cage control 

mice (HCC), mice that were trained in the T-maze (T), 

and mice that had received training followed by 5 

hours of SD after each daily training session (SDT) 

were sacrificed 90 minutes after the probe trial. Results 

show that normal training was associated with a 

significant increase in pCREB immunoreactivity in all 

three hippocampal regions. SD after each daily training 

session prevented this increase in the DG and CA1 

area of the hipopocampus, but not in the CA3 area. 

Significant differences: * p < 0.05; post-hoc Tukey test 

following ANOVA. 
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hippocampus was not affected by SD. pCREB immunoreactivity in the SD group was significantly 

increased compared with the HCC group (p = 0.047) and similar to levels in the training group (p > 

0.8).  

 Our data furthermore show that training by itself or combined with SD did not affect pCREB 

levels in the dorsomedial striatum or dorsolateral striatum (F2,24 = 0.066, p > 0.9 and F2,24 = 0.019, p > 

0.9, respectively; for details, see Fig. 3). 

 

 

 

 

DISCUSSION 

In the present study, mice were subjected to a hippocampus-dependent, spatial version of a T-maze 

learning task. Contrary to the hypothesis, 5 hours of SD after each daily training session did not affect 

behavioral performance. Despite this lack of effect on behavioral performance, SD did prevent the 

normal training-induced increase in pCREB expression in the DG and CA1 area of the hippocampus, 

but not in the CA3 area.  

 In our previous study, when mice were subjected to a dual-solution T-maze reference task, 

performance of SD animals was similar to that of control. However, in that case the animals displayed 

a clear difference in their learning strategy. In contrast to controls, mice in the SD group avoided a 

hippocampus-dependent spatial strategy and preferentially used a striatum-dependent response 

strategy (Hagewoud et al., 2010b). The spatial version of the T-maze that was used in the present 

Figure 3. T-maze learning, sleep deprivation (SD) and 

pCREB expression in the dorsal striatum. pCREB 

immunoreactive cells were counted within the 

dorsomedial and dorsolateral striatum (MED and LAT, 

respectively). Home cage control mice (HCC), mice 

that were trained in the T-maze (T), and mice that had 

received T-maze training followed by 5 hours of SD 

after each daily training session (SDT) were sacrificed 

90 minutes after the probe trial. Both training (T) and 

training combined with 5 hours of SD after each daily 

training session did not effect pCREB expression in the 

dorsomedial and dorsolateral striatum. 4 
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study did not allow the mice to use this alternative strategy and forced the animals into a spatial 

strategy. Nevertheless, the SD mice performed as well as control mice. These data thus suggest that 

SD mice, when forced, can still employ their hippocampus and accomplish spatial learning in the T-

maze. 

 It remains a question how in the current study SD animals mastered the task as good as 

control animals whereas in various other studies SD after acquisition had immediate adverse effects 

on behavioral performance in hippocampus-dependent learning tasks (Smith and Rose 1996, 1997; 

Graves et al., 2003; Vecsey et al., 2009). Several factors may have contributed to our finding. 

One factor may be the nature of the learning task. Studies that have reported performance 

impairments when training was followed by SD are most often based on aversive and negatively 

motivated learning tasks such as water maze learning (Smith and Rose, 1996, 1997; Smith et al., 

1998; Hairston et al., 2005) and contextual fear conditioning (Graves et al., 2003; Vecsey et al., 2009). 

Our T-maze task on the other hand is not aversive, on the contrary, animals are positively motivated 

to find a food reward. One might speculate that effects of SD might show up more easily with aversive 

learning then with positively motivated learning.  

 A second factor may be the difficulty of the spatial T-maze task that we applied in the current 

study. In the dual solution T-maze paradigm control animals needed about 4 days to solve the task 

(Hagewoud et al., 2010b). However, in the spatial T-maze task used in the present study, control 

animals needed at least 10 days to solve the task. Given this shallow and prolonged learning curve, it 

might be more difficult to detect any effect of SD. Perhaps the visual environment used in the present 

study has contributed to the difficulty of the spatial T-maze task since it is known that the visual 

environment influences learning (Restle, 1957).  

 Intriguingly, while SD did not affect behavioral performance, it did affect pCREB expression in 

the hippocampus. We show that pCREB expression after spatial learning is increased in the DG, CA3 

and CA1 area of the hippocampus. These findings are in line with various other studies that show that 

pCREB is upregulated in the hippocampus after the last training session in a spatial learning task 

(Mizuno et al., 2002; Colombo et al., 2003; Porte et al., 2008; Hagewoud et al., 2010b). However, in 

the current study, SD after each daily training session prevented this training-induced increase in the 

DG and CA1 area, but not in the CA3 area. One might argue that, since we did not measure pCREB 

levels in the course of training, we cannot exclude the possibility that during earlier stages of learning 

pCREB expression was upregulated in the hippocampus also in SD mice. However, several studies 

have shown that pCREB is upregulated in the course of spatial training as well as after the last 

training session (Mizuno et al., 2002; Porte et al., 2008).  

 Furthermore, it is known that pCREB is normally upregulated in all 3 areas of the 

hippocampus during training as well as after training (Mizuno et al., 2002; Colombo et al., 2003; Porte 

et al., 2008; Hagewoud et al., 2010b). These areas are involved in different memory processes. It is 

known that especially the CA1 area is of great importance for the consolidation and retrieval 

processes of spatial memory (Lee and Kesner, 2004; Remondes and Schuman, 2004). Since we 

measured pCREB expression at the end of the training, when the animals mastered the task, it was 

expected to find an increase particularly in this area of the hippocampus. However, SD animals did 
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not show this increase. Altogether, our data do not support a crucial role of CREB activation in the 

hippocampus to accomplish spatial learning in the T-maze in animals subjected to 5 hours of SD after 

each daily training session; however we cannot exclude it either.  

 If indeed our mice were able to master the hippocampus-dependent spatial T-maze despite 

the suppression of pCREB signaling one may question the importance of the CREB pathway for 

memory formation in this task. Although it is generally assumed that CREB plays a crucial role in 

learning and memory formation (Silva et al., 1998, Lamprecht, 1999; Izquierdo et al., 2002), other 

studies have shown a dissociation between CREB activation and learning as well. Loss of CREB 

function does not always substantially affect performance in some hippocampus-dependent tasks 

such as the water maze (Balschun et al., 2003). Also, it is suggested that mice can solve a spatial 

water maze task without using the cAMP signaling pathway, the upstream regulator of CREB (Sung et 

al., 2008). It may thus be that our mice were able to learn the T-maze task by recruiting signaling 

pathways in the hippocampus that do not solely depend on the activation of CREB, for example the 

protein kinase C (PKC) pathway (Bonini et al., 2007) or the ERK/MAPK pathway (Selcher et al., 1999; 

Blum et al., 1999; Adams and Sweatt, 2002). Importantly, several studies have shown that PKC and 

MAPK are upregulated after training in maze learning tasks (Van der Zee et al., 1997; Bonini et al., 

2007; McGauran et al., 2008). Secondly, it is shown that CREB mutant mice show an upregulation of 

the cAMP response element modulator (CREM) (Hummler et al., 1994; Blendy et al., 1996) and it is 

proposed that this upregulation might compensate functional deficits (Balschun et al., 2003). Perhaps, 

an impairment in the increase of pCREB expression in SD mice might have led to an upregulation of 

cAMP response element modulator (CREM) or other (unknown) transcription factors, which might 

have prevented negative effects on behavioral performance.  It would be interesting to investigate the 

expression of proteins of different signaling cascades and other transcription factors during the course 

of training and after the last training session.  

 In our previous study we found a clear shift in the training-induced increase in 

phosphorylation of CREB from the hippocampus to the dorsal striatum in animals subjected to 5 hours 

of SD after each daily training session. Therefore, in the present study we measured pCREB 

expression in this brain area as well. We did not find a training-induced increase in pCREB in the 

dorsomedial and dorsolateral striatum in control animals as well as SD animals. This finding was in 

line with our expectations, since in the present spatial version of the T-maze animals presumably 

could only master the task by applying a spatial, hippocampus-dependent learning strategy and not 

by a striatum-dependent response strategy.  

 In summary, our results in mice show that SD did not impair behavioral performance in a 

spatial T-maze task. This suggests that the negative effects of SD on behavioral performance might 

depend on the type of hippocampus-dependent learning task and the paradigm used. Intriguingly, 

results furthermore show that SD did interfere with hippocampal CREB activation at the end of training. 

Since we only measured pCREB immunoreactivity after the last training session and not during the 

course of training we can draw only limited conclusions based on our findings. However, based on 

results of previous studies, which, among others, show an increase in pCREB immunoreactivity in the 

course of spatial training as well as after the last training session, it can be suggested that SD animals 
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use molecular mechanisms that do not require CREB activation to accomplish this spatial learning 

task.   
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ABSTRACT 

Sleep deprivation (SD) affects hippocampus-dependent memory formation. Several studies in rodents 

have shown that brief SD immediately following a mild foot shock impairs consolidation of contextual 

fear memory as reflected in a reduced behavioral freezing response during re-exposure to the shock 

context later on. In the first part of this study, we examined whether this reduced freezing response is 

accompanied by an attenuated fear-induced activation of the hypothalamic-pituitary-adrenal (HPA) 

axis. Results show that 6 hours of SD immediately following the initial shock results in a diminished 

adrenal corticosterone (CORT) response upon re-exposure to the shock context the next day. In the 

second part, we established whether the attenuated freezing response in SD animals is associated 

with reduced activation of relevant brain areas known to be involved in the retrieval and expression of 

fear memory. Immunohistochemical analysis of brain slices showed that the normal increase in 

phosphorylation of the transcription factor cAMP response-element binding protein (CREB) upon re-

exposure to the shock context was reduced in SD animals in the CA1 region of the hippocampus and 

in the amygdala. In conclusion, brief SD impairs the consolidation of contextual fear memory. Upon re-

exposure to the context, this is reflected in a diminished behavioral freezing response, an attenuated 

HPA axis response, and a reduction of the normal increase of phosphorylated CREB (pCREB) 

expression in hippocampus and amygdala.  
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INTRODUCTION 

Sleep loss is a serious problem in our society (Hublin et al., 2001; Rajaratnam and Arendt, 2001). For 

the people affected, this may have important consequences for cognitive function and performance 

(Ellenbogen, 2005; Walker, 2008). Various studies in both humans and animals have demonstrated 

that sleep deprivation (SD) following learning impairs memory consolidation (Karni et al., 1994; Smith 

and Rose, 1996, 1997; Stickgold et al., 2000; Palchykova et al., 2006; Mograss et al., 2009). 

 A commonly used learning task to study the effects of SD on memory consolidation in rodents 

is the fear conditioning paradigm. In this task animals learn to associate a specific context (the test 

environment) or a conditioned stimulus (for example a tone cue) with an aversive unconditioned 

stimulus (foot shock). When the animals are later exposed to the same context or cue they will exhibit 

a fear-related freezing response (Blanchard and Blanchard, 1969; Fanselow 1980). Both contextual 

and cued fear learning involve the amygdala. However, contextual fear learning also depends on the 

hippocampus (Kim and Fanselow, 1992; Phillips and LeDoux, 1992; Chen et al., 1996). Various 

studies in rats and mice have shown that brief SD immediately following the initial foot shock 

exposure impairs memory consolidation for contextual fear (Graves et al., 2003; Vecsey et al., 2009; 

Hagewoud et al., 2010c). When animals subjected to 5 or 6 hours of SD following training are re-

exposed to the shock environment the next day, they exhibit less freezing behavior compared with 

trained, non-sleep-deprived, control animals. Importantly, memory consolidation for cued fear is not 

affected (Graves et al., 2003; Vecsey et al., 2009). This demonstrates that SD has a negative effect 

on memory consolidation, particularly when it involves the hippocampus. Thus, by affecting 

hippocampus function and interfering with the processing of contextual information, SD leads to a 

weaker association between the context and shock, which then leads to an attenuated fear response 

when the rats are re-exposed to this context later on.  

 The hippocampus and amygdala are not only important for the formation of contextual fear 

memory but are also involved in the retrieval and expression of these memories (Fendt and Fanselow, 

1999; Fanselow, 2000). The recall of contextual fear memories is associated with an increased 

phosphorylation and activation of the transcription factor cAMP response-element binding protein 

(CREB) in both the hippocampus and amygdala (Mamiya et al., 2009). Therefore, one might expect 

that the attenuated fear response found in animals that were sleep deprived after training is 

associated with an attenuated phosphorylated CREB (pCREB) expression in these brain areas 

compared with trained, non-sleep-deprived, control animals. However, such changes in regional brain 

activity have not yet been reported.  

 Moreover, while freezing behavior is the most commonly used read-out of fear in most of the 

studies mentioned above, one might expect that an SD-induced weakening of conditioned contextual 

fear can also be measured on a physiological level, particularly in the degree of activation of 

neuroendocrine stress systems such as the hypothalamic-pituitary-adrenal (HPA) axis. 

 The first aim of the present study was to assess in rats whether brief SD following exposure to 

a mild foot shock not only leads to an attenuated freezing response, but also to a reduced 

neuroendocrine response upon testing for contextual fear memory the next day. Specifically, we 
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hypothesized that in SD animals the reduced freezing response upon re-exposure to the shock 

context is accompanied by an attenuated adrenal corticosterone (CORT) response. In the second part 

of our study we tested whether the reduced freezing response in SD animals is associated with a 

reduced activation of brain areas known to be involved in the retrieval and expression of fear memory, 

particularly a reduced expression of pCREB in the hippocampus and amygdala.  

 

 

METHODS 

Animals and housing conditions 

The experiments were performed with adult male Wistar rats (Harlan, Horst, The Netherlands), 

weighing 300 to 350 g at the start of the experiments. Animals were individually housed and a layer of 

saw dust served as bedding. Food and water were provided ad libitum. Animals were maintained on a 

12-hour light/12-hour dark cycle (lights on at 8 a.m.). Light intensity in the light phase was 

approximately 45 lux. All procedures described in the present study were approved by the Animal 

Experiment Committee of the University of Groningen in compliance with Dutch law and regulations. 

 

Experiment set-up 

This study consisted of two experiments in order to examine whether a reduced freezing response 

during testing for contextual fear memory in animals subjected to 6 hours of SD immediately following 

training in the contextual fear conditioning paradigm is accompanied by: 1) a reduced neuroendocrine 

response, assessed by measuring plasma levels of CORT, and 2) a reduced neuronal activation in 

relevant brain areas, as examined by immunoreactivity for activated CREB. Both experiments 

contained a non-sleep-deprived trained group (T, n = 9) and a group subjected to 6 hours of SD 

immediately following training (SDT, n = 10). In addition, experiment 2 contained a home cage control 

group (HCC, n = 7). 

 

Contextual fear conditioning 

One week prior to the start of the fear conditioning experiments all animals were handled daily for 2 

minutes. Contextual fear conditioning was performed in a black plexiglass chamber (40 x 40 x 40 cm), 

which was located in a separate experimental room. During training an animal was placed in the 

chamber and exposed to the conditioning context for 3 minutes followed by a mild electric foot shock 

(0.7 mA, 2 sec) delivered through the stainless steel grid floor. The animal was removed from the 

chamber and returned to its home cage 30 seconds after the shock. The chamber was thoroughly 

cleaned with 70% ethanol in-between subjects. Twenty-four hours later the animal was placed in the 

same chamber for 5 minutes without receiving a shock. Contextual memory was tested by assessing 

freezing behavior, defined as complete lack of movement except for respiration. Behavior was 

recorded on videotapes, which was analyzed afterwards by an experimenter that was blind for 

treatment of the animals. The amount of time the animals displayed freezing behavior was expressed 

as a percentage of total test time.  
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Sleep deprivation 

Animals were sleep deprived for 6 hours immediately following training. SD was accomplished by mild 

stimulation, which involved tapping on the cage, gently shaking the cage or, when this was not 

sufficient to keep the animals awake, disturbing the sleeping nest (Van der Borght et al., 2006, 

Hagewoud et al., 2010a). Previous studies have shown that this procedure is effective in keeping 

rodents awake for several hours as established by electroencephalic recordings (Meerlo et al., 2001), 

without being a major stressor (Hagewoud et al., 2010a, 2010b, 2010c). 

 

Permanent heart cannulations, blood sampling and corticosterone assay 

To assess conditioned HPA axis responses in Experiment 1, permanent heart cathethers were used 

that permitted frequent blood sampling in unrestrained, freely moving rats (Steffens, 1969). The 

animals were provided with a polyethylene catheter in the right atrium of the heart. The catheter was 

inserted through the right jugular vein and externalized on the top of the skull. The whole procedure 

was performed under isoflurane/O2 inhalation anesthesia. Animals had at least 2 weeks of recovery 

before the start of the experiment. During this period, animals were habituated to handling and blood 

sampling procedures. 

 On the second day of the experiment, when animals were re-exposed to the shock context for 

contextual fear testing, blood samples were taken at baseline, 5 minutes, 30 minutes and 60 minutes. 

The baseline sample was collected at least 1 hour before testing. The 5 minute sample was taken in 

the shock context at the end of the re-exposure. Blood samples were collected in pre-cooled plastic 

centrifuge tubes containing 0.01% ethylenediaminetetraacetic acid (EDTA) as anticoagulant and 

antioxidant. Blood was centrifuged at 4ºC for 15 minutes at 2600 g and plasma was stored at -80ºC 

until further processing. CORT levels were determined by radioimmunoassay (MP Biomedicals, 

Orangeburg, NY, USA). 

 

Assessment of regional pCREB expression 

In Experiment 2 we tested whether a reduced conditioned freezing response in animals that were 

sleep deprived after the initial shock exposure would be associated with changes in regional brain 

activation by performing immunohistochemistry for phosphorylation of the transcription factor CREB. 

One hour after testing for contextual fear memory, rats were sacrificed for brain collection. A group of 

HCC rats was sacrificed in parallel. Under deep pentobarbital anesthesia, rats were transcardially 

perfused with 150 ml 0.9% NaCl, 1E / ml heparine, followed by 300 ml 4% paraformaldehyde for 

fixation. Brains were collected, post-fixated for 24 hours in 4% paraformaldehyde, rinsed for 1 day in 

0.01 M phosphate buffered saline (PBS, pH 7.4) and then transfered to a 30% sucrose in PBS 

cryoprotectant overnight at 4°C. Brains were stored at -80°C until further processing.  

 Thirty micrometer coronal sections containing the amygdala and hippocampus were collected 

and stored in PBS containing 0.1% sodium-azide. The brain sections were rinsed 3 x 5 minutes in 

PBS, followed by 30 minutes in 0.3% H2O2 in PBS. After 4 x 5 minute rinsing in PBS, sections were 

pre-incubated at room temperature for 30 minutes in 5% normal goat serum (NGS; Jackson immuno 

research laboratories, West Grove, PA, USA), 0.1% Triton X-100 in PBS to block non-specific binding 
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of immunoreagents. Subsequently, sections were incubated for 2 hour at room temperature followed 

by overnight incubation at 4°C with rabbit polyclonal anti-p-CREB antibody (1:2000, Upstate, 

Temecula, CA, USA), in 0.3% Triton X-100, 1% NGS in PBS. After rinsing 4 x 10 minutes with PBS 

the sections were incubated at room temperature for 3 hours with the biotinylated goat-anti-rabbit-IgG 

(1:500, Jackson immuno research laboratories, West Grove, PA, USA) in 1% NGS, 0.1% Triton X-100 

in PBS. After 5 x 5 minutes rinsing with PBS, sections were incubated for 1,5 hour at room 

temperature with avidin-biotin-complex (1:500, ABC Elite kit, Vector Laboratories, Burlingame, CA, 

USA), 0.1% Triton  X-100 in PBS. After this step the sections were rinsed overnight in PBS at 4°C. 

After rinsing the sections 6 x 10 minutes with PBS, labeled cells were visualized with 

diaminobenzidine (DAB, 0.7 mg/ml in milli q water; Sigma-Aldrich, Steinheim, Germany) with 0.1% 

H2O2 as a reaction initiator. The reaction was stopped by rinsing with PBS. 

 For each subject, 3 sections were selected at approximately bregma -2.80 to -3.60 mm for the 

dorsal hippocampus and 2 sections were selected for the amygdala at bregma -2.12 to -3.30 mm 

(Paxinos and Watson, 1998). In the amygdala, immunopositive cells were counted bilaterally in each 

section at a 50x magnification using computerized image analysis system (Quantimet 550, Leica, 

Cambridge, UK). For the basolateral amygdala (BLA), a fixed sample window of 0.37 mm2 was used 

and for the central nucleus of the amygdala (CeN) the sample window was 0.20 mm2. A threshold 

was set that marked all cells to be included in the counting. In the hippocampus, the cell layers were 

densely packed with pCREB immunopositive cells, which made it difficult to distinguish and count 

individual cells. Instead, optical densities (OD) were measured for the granular cell layer of the 

dentate gyrus (DG) and for the pyramidal cell layer of cornu ammonis (CA) areas 1 and 3 of the dorsal 

hippocampus using a 50x magnification. The OD is expressed in arbitrary units corresponding to grey 

levels using the Quantimet image analysis system (Leica). To correct for variability in background 

staining among sections, the background labeling was measured in the stratum radiatum and 

extracted from the OD of the area of interest. The experimenter was blind to the treatment of 

individual animals during all cell counting and OD measurements. Data on pCREB immunoreactivity 

are expressed as percentage of the mean value of the HCC group. 

 

Statistical analysis 

Behavioral data were analyzed using an independent-samples t-test. The CORT responses were 

analyzed using a repeated measures analysis of variance (ANOVA) with a between-subject factor 

‘treatment’ (T or SDT) and a within-subject factor ‘time’ (baseline, 5, 30 and 60 minutes). A post hoc t-

test was used to establish at which time points the treatment groups differed. pCREB 

immunoreactivity was analyzed using a one-way ANOVA with a between-subjects factor ‘treatment’ 

(HCC, T, or SDT). Post hoc comparisons were made using a Tukey test. In all cases p < 0.05 was 

considered as significant.  All data in text and figures are expressed as mean ± S.E.M. 
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RESULTS 

Exp 1: Freezing behavior and corticosterone response upon re-exposure to shock context 

As expected, rats that were sleep deprived for 6 hours immediately following training (SDT) showed 

reduced freezing upon re-exposure to the shock context 24 hours after training compared with control 

animals (T) (17.3 ± 3.9% vs. 33.6 ± 6.4%, with n = 10 and n = 9, respectively in the two groups; t17= 

2.194, p = 0.046; Fig. 1A). 

 Re-exposure to the shock context induced a clear CORT response in all animals (repeated 

measures ANOVA, time effect: F3,42 = 73,26, p < 0.01). However, this response was significantly 

reduced in SDT animals compared to T animals (treatment x time interaction: F3,42 = 3,42, p < 0.05; 

see Fig. 1B). Post hoc t-tests showed that the plasma levels of CORT in the SDT animals were 

significantly lower than those of the T animals at t = 30 and 60 minutes (p < 0.05 in both cases). Due 

to missing samples, 3 animals (1 T and 2 SDT) were excluded from the CORT analysis. 

 

 

Figure 1. Effect of brief sleep deprivation (SD) 

following training on freezing behavior and CORT 

response upon re-exposure to the shock context. (A) 

Twenty-four hours after training all animals were tested 

for contextual fear during a 5 minute test phase. 

Animals sleep deprived for 6 hours immediately 

following training (SDT, n = 10) displayed significantly 

less freezing behavior in response to the shock context 

then control animals (T, n = 9). (B) CORT response 

upon contextual fear testing in trained animals (T, n = 

8) and animals subjected to 6 hours of SD (SDT, n = 8) 

immediately after training in the contextual fear 

conditioning paradigm. Plasma CORT levels were 

significantly lower in SDT animals compared to T 

animals at t = 30 minutes and 60 minutes. Data are 

expressed as mean ± S.E.M. * p < 0.05. 
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Exp 2: Neuronal activation upon re-exposure to shock context 

Again, rats that were sleep deprived for 6 hours immediately following training (SDT) showed reduced 

freezing upon re-exposure to the shock context  24 hours after training compared with trained, non-

sleep-deprived, control animals (T) (22.5 ± 3.4% vs. 35.2 ± 5.0%, with n = 10 and n = 9, 

respectively ,in both groups; t17= 2.147, p = 0.047).  

 

 

 

 
Figure 2. pCREB expression in the hippocampus upon re-exposure to the shock context 24 hours following training. (A) 

Representative photomicrograph of pCREB immunoreactivity in the hippocampus. Optical density of pCREB immunoreactivity 

was measured for the granular cell layer of the dentate gyrus (DG) and the pyramidal cell layer of the CA3 and CA1 areas of 

the hippocampus. The scale bar represents 500 μm. Home cage control animals (HCC, n = 7), animals trained in the 

contextual fear conditioning paradigm without any interference (T, n = 9) and animals subjected to 6 hours of SD immediately 

following training (SDT, n = 10) were sacrificed one hour after testing. (B-D) Testing for contextual fear did not affect pCREB 

immunoreactivity in the DG and CA3 area. However, it did significantly increase pCREB expression in the CA1 area compared 

with HCC animals. 6 hours of SD immediately following training did also increase pCREB expression in the CA1 area but 

significantly less than the trained group without any interference. Data are expressed as mean ± S.E.M. * p < 0.05. 
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 A representative picture of pCREB expression in the hippocampus is shown in Fig. 2A. In the 

hippocampal sections that were collected 1 hour after testing for contextual fear, the optical density of 

pCREB immunoreactivity was affected by the experimental treatment in the CA1 area (F2,23 = 12.665, 

p < 0.01), but not in the CA3 area (F2,23 = 1.051, p > 0.3) and DG (F2,23 = 0.295, p > 0.3) (Fig. 2B-D).  

 

 

Figure 3. pCREB expression in the amygdala upon re-

exposure to the shock context 24 hours following 

training. (A) Representative photomicrograph of 

pCREB immunoreactivity in the amygdala. The number 

of pCREB-positive cells was determined in the 

basolateral amygdala (BLA) and the central nucleus of 

the amygdala (CeN). For anatomical orientation, the 

optic tract is indicated (Opt). The scale bar represents 

500 μm. Home cage control animals (HCC, n = 7), 

animals trained in the contextual fear conditioning 

paradigm without any interference (T, n = 9) and 

animals subjected to 6 hours of SD immediately 

following training (SDT, n = 10) were sacrificed one 

hour after testing. (B-C) Testing for contextual fear did 

significantly increase pCREB immunoreactivity in the 

BLA and CeN. Although pCREB expression was also 

slightly increased in the SDT group, this was not 

significantly from the HCC group. Data are expressed 

as mean ± S.E.M. * p < 0.05. 
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Trained rats that were re-exposed to the shock context (T) had a significant increase in pCREB 

expression in the CA1 area compared to HCC animals (p < 0.01). This increase was still visible in the 

animals subjected to brief SD immediately following training (SDT vs. HCC, p < 0.05) but it was 

significantly smaller than in the trained, non-sleep-deprived, control animals (SDT vs. T, p < 0.05). 

 A representative picture of pCREB expression in the amygdala is shown in Fig. 3A. Due to 

missing sections 2 animals (1 T and 1 SDT animal) were excluded from analysis. ANOVA revealed a 

significant main treatment effect for the number of pCREB-positive cells in the BLA as well as in the 

CeN (F2,21 = 3.901, p < 0.05 and F2,21 = 3.528, p < 0.05, respectively) (Fig. 3B-C). Specifically, the 

number of pCREB-positive cells in the BLA and CeN was higher in animals subjected to contextual 

fear testing (T) compared with animals in the HCC group (post hoc Tukey test, p < 0.05 for both 

regions). Although the number of pCREB immunoreactive cells was slightly elevated in the SDT group 

as well, this increase did not reach statistical significance when compared to the HCC group (p > 0.4 

for both sub-regions). 

 

 

DISCUSSION 

In the present study we confirm the negative effects of brief SD on the consolidation of contextual fear 

memory. We show that 6 hours of SD immediately following a mild foot shock leads to a reduced 

freezing response upon re-exposure to the shock context the next day. In addition to this attenuated 

behavioral response, the SD animals also displayed a reduced neuroendocrine activation, as shown 

by an attenuated CORT response, and lower neuronal activation within brain areas mediating 

contextual fear, as demonstrated by an attenuated increase in pCREB immunoreactivity in the 

hippocampus and amygdala. 

 Several studies have previously demonstrated that brief SD after training impairs the 

formation of fear memory (Graves et al., 2003; Vecsey et al., 2009; Hagewoud et al., 2010c). 

Importantly, SD does not affect the consolidation of amygdala-dependent cued fear memory but only 

selectively impairs the consolidation of hippocampus-dependent contextual fear memory (Graves et 

al., 2003; Vecsey et al., 2009). In other words, SD does not have a general non-specific effect on fear 

memory but, rather, selectively impairs the formation of fear memory when this process involves the 

hippocampus. By affecting hippocampus function and interfering with the processing of contextual 

information, SD leads to a weaker association between the context and shock. Therefore, when the 

rats are re-exposed to this context later on, they do not show the full-blown fear response that non-

sleep-deprived animals display. In the present study this reduced fear response of rats in the SD 

group was reflected in an attenuated behavioral freezing response and a lower adrenal CORT 

response upon re-exposure to the shock context 24 hours after training.  

 Upon re-exposure to the shock context, the weaker contextual memory was also associated 

with a reduced neuronal activation, as shown by an attenuated increase in pCREB expression in the 

hippocampus. It is noteworthy that in the non-sleep-deprived rats, testing for contextual fear induced 

an increase in pCREB expression solely in the CA1 area of the hippocampus. This is in agreement 
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with other studies showing that recall of contextual memories induces pCREB-regulated immediate 

early genes c-fos and zif268 specifically in the CA1 area of the hippocampus (Strekalova et al., 2003; 

Hall et al., 2001a). This increase in pCREB expression in the CA1 region, compared with HCC 

animals, may not simply reflect memory retrieval, but may also be involved in memory reconsolidation 

or extinction following retrieval (Mamiya et al., 2009). 

 The reduced fear response, caused by impaired contextual memory, was also associated with 

an attenuated activation of the amygdala. While trained non-sleep-deprived animals displayed a 

significant increase in pCREB expression in the BLA and CeN, the trained animals in the SD group 

did not. Indeed, the amygdala is important for the expression of conditioned fear-induced freezing 

(Fendt and Fanselow, 1999) and it has been shown previously that pCREB expression is increased in 

both the BLA and CeN upon contextual and cued fear testing (Hall et al., 2001b; Mamiya et al., 2009). 

Similar to the hippocampal pCREB expression, the increased pCREB expression in the amygdala 

upon fear memory retrieval may also play a role in reconsolidation or extinction following retrieval 

(Hall et al., 2001b; Mamiya et al., 2009).   

 It can be speculated that the attenuated increase in pCREB expression in animals in the SD 

group is partly related to the attenuated increase in CORT upon testing for contextual fear memory. 

Indeed, it has been shown that glucocorticoids, under certain conditions, can induce pCREB 

activation (Roozendaal et al., 2006; Roozendaal et al., 2010). 

The attenuated HPA axis activation and the attenuated increase in pCREB expression in the 

amygdala upon memory recall in SD animals is probably not the result of a direct SD effect on the 

amygdala itself. After all, amygdala-dependent cued fear conditioning is not affected by sleep loss 

(Graves et al., 2003; Vecsey et al., 2009). Instead, the reduced amygdala activation is most likely a 

secondary consequence of the SD-induced hippocampal impairment. The latter leads to an impaired 

association between context and shock, which then results in an attenuated fear response and 

reduced amygdala activation.  

The attenuated pCREB expression in both hippocampus and amygdala in response to shock 

context re-exposure presumable reflects an effect that SD had on hippocampal memory consolidation 

earlier on. In this study we did not examine the effect of SD on the hippocampus during the critical 

phase of memory consolidation immediately following training. Available evidence suggests that this 

effect of SD on the consolidation process itself may involve alterations in pCREB-mediated plasticity 

as well. Various studies have shown that CREB is required for the consolidation of fear memory 

(Bourtchuladze et al., 1994; Kida et al., 2002), and it has been shown that pCREB expression is up-

regulated for discrete periods of time during the first 6 hours following training for contextual fear 

conditioning and passive avoidance learning (Bernabeu et al., 1997; Stanciu et al., 2001). Since it has 

been shown that during a similar time window after training, SD disrupts the formation of fear memory, 

it is suggested that SD might act on memory consolidation via this process (Graves et al., 2003). 

Indeed, it was recently shown in mice that brief SD by itself impairs 3’, 5’-cyclic AMP (cAMP)- and 

protein kinase A (PKA) signaling in the hippocampus (Vecsey et al., 2009) and also negatively affects 

phosphorylation of CREB, a downstream target in the cAMP/PKA signaling pathway. Furthermore, it 

is also shown that SD disrupts the extracellular signal-regulated kinase (ERK) pathway in the 
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hippocampus, which is also known as a pathway targeting CREB (Guan et al., 2004; Ravassard et al., 

2009). However, these SD-induced changes were deviations from the basal expression and activity of 

PKA and pCREB. So far, no studies have shown that SD prevents the immediate training-induced 

increase in PKA activity and pCREB expression. Clearly, by interfering with these pathways and the 

way they are activated by training, SD may influence the expression of genes involved in synaptic 

plasticity (Ribeiro et al., 1999; Ribeiro et al., 2002; Guzman-Marin et al., 2006) and ultimately memory 

storage (Vecsey et al., 2009). 

 It is often suggested that effects of SD on memory consolidation in animals may be a 

consequence of the SD procedure rather than to sleep loss per se. However, it is highly unlikely that 

the findings in the present study are an indirect effect of the SD procedure, since we have previously 

shown that the effects of SD on consolidation of contextual fear memory are not related to the amount 

of stimulation the animals received to keep them awake (Hagewoud et al., 2010c). That study also 

showed that it is not likely that effects are related to stress, as plasma CORT levels were not elevated 

after SD. In addition, contrary to the view that stress has adverse effects on learning and memory 

processes, it is well known that glucocorticoids contribute to contextual fear conditioning in a positive 

way. Indeed, administration of glucocorticoid receptor antagonists immediately before or after training 

as well as adrenalectomy impairs the formation of contextual fear memory (Pugh et al., 1997a, 1997b), 

whereas administration of glucocorticoids immediately following fear conditioning facilitates the 

formation of contextual fear (Abrari et al., 2009) Therefore, if the SD-induced effect was due to a small 

acute increase of glucocorticoids instead of sleep loss per se, we would likely have found results 

opposite to the present findings.  

 In conclusion, 6 hours of SD immediately following training disrupts the consolidation of 

contextual fear memory, which is reflected in an attenuated behavioral freezing response and a 

reduced HPA axis response. Furthermore, our study reports that this impaired fear memory is 

associated with a reduction of the normal pCREB increase in the CA1 area of the hippocampus and 

the amygdala, brain regions that are important for the formation, retrieval and expression of fear 

memory.  
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ABSTRACT 

Sleep deprivation (SD) negatively affects memory consolidation, especially in the case of 

hippocampus-dependent memories. Studies in rodents have shown that 5 hours of SD immediately 

following foot shock exposure selectively impairs the formation of a contextual fear memory. In these 

studies, both acquisition and subsequent SD were performed in the animals’ main resting phase. 

However, in everyday life, subjects most often learn during their active phase. Here we examined the 

effects of SD on memory consolidation for contextual fear in rats when the task was performed at 

different times of the day, particularly, at the beginning of the resting phase or right before the onset of 

the active phase. Results show that SD immediately following training affects consolidation of 

contextual fear, independent of time of training. However, in the resting phase memory consolidation 

was impaired by 6 hours of post-training SD, whereas, in the active phase, the impairment was only 

seen after 12 hours of SD. Since rats sleep at least twice as much during the resting phase compared 

with the active phase, these data suggest that the effect of SD depends on the amount of sleep that 

was lost. Also, control experiments show that effects of SD were not related to the amount of 

stimulation the animals received and were therefore not likely an indirect effect of the SD method. 

These results support the notion that sleep immediately following acquisition, independent of time of 

day, promotes memory consolidation and that SD may disrupt this process depending on the amount 

of sleep that is lost. 
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INTRODUCTION 

There is growing evidence that sleep plays a role in learning and memory processes (Graves et al., 

2001; Maquet, 2001; Stickgold, 2005; Ellenbogen et al., 2006; Walker and Stickgold, 2006). A 

common approach to study the role of sleep in learning and memory processes is the use of sleep 

deprivation (SD). This approach is important not only from a fundamental perspective, but also from a 

social and clinical perspective, since disrupted and restricted sleep are major problems in our society 

(Bonnet and Arand, 1995; Rajaratnam and Arendt, 2001). Numerous studies have shown that SD 

after acquisition of a learning task has a negative effect on memory consolidation and subsequent 

performance in both humans (Karni e tal., 1994; Stickgold et al., 2000; Ferrara et al., 2006; Mograss 

et al., 2009) and animals (Smith and Rose, 1996, 1997; Graves et al., 2003; Bjorness et al., 2005; 

Hairston et al., 2005; Palchykova et al., 2006; Alvarenga et al., 2008; Vecsey et al., 2009). 

 A well-known learning task to study the role of sleep in memory and the effects of SD in 

rodents is the fear conditioning paradigm. In this task, animals learn to associate a specific context 

(the test environment) or a conditioned stimulus (for example, a tone cue) with an aversive 

unconditioned stimulus (foot shock). When the animals are later exposed to the same context or cue, 

aversive learning is expressed, and animals will exhibit a fear-related freezing response (Blanchard 

and Blanchard, 1969; Fanselow, 1980). Both contextual and cued fear learning involve the amygdala. 

However, contextual fear learning also depends on the hippocampus (Kim and Fanselow, 1992; 

Phillips and LeDoux, 1992; Chen et al., 1996). Studies in mice have examined the effect of 5 hours of 

SD immediately following training in a fear conditioning paradigm and have shown that SD selectively 

impairs memory consolidation for contextual fear but not cued fear (Graves et al., 2003; Vecsey et al., 

2009). This demonstrates that SD has a negative effect on memory consolidation, particularly when it 

involves the hippocampus. This finding is in line with several other studies, using spatial and 

nonspatial versions of the Morris water maze, showing that SD selectively affects consolidation of 

hippocampus-dependent spatial memory and does not affect performance in the hippocampus-

independent nonspatial versions of the task (Smith and Rose, 1996, 1997; Hairston et al., 2005). 

Altogether, these studies suggest that sleep plays a critical role in hippocampus functioning.  

 Importantly, the fear-conditioning studies in mice showed that the formation of contextual fear 

memory was disrupted by 5 hours of SD immediately after the acquisition but not by delayed SD (5-10 

hours after acquisition) (Graves et al., 2003). The finding that SD immediately following training 

affects memory consolidation, whereas delayed SD does not, has also been reported in several other 

studies with a variety of learning paradigms (Smith and Rose, 1996, 1997; Bjorness et al., 2005; 

Palchykova et al., 2006). It suggests there is a critical time window immediately following training 

during which memory consolidation is sensitive to sleep loss and indicates that the timing of sleep 

after learning might be important for memory consolidation. 

 Most experimental studies that have examined the role of sleep in memory consolidation 

performed the task near or in the main resting phase and sleep deprive the subjects immediately 

following training. However, in real life, subjects do not only learn right before they go to sleep, but 

often learn during their active phase. In the present study, we examined the effects of SD on memory 
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consolidation for contextual fear in rats, not only when the task was performed at the beginning of the 

resting (light) phase, but also right before the onset of the active (dark) phase. The nocturnal rat 

spends about 65% to 80% of the light phase asleep and about 20% to 35% of the dark phase 

(Borbély and Neuhaus, 1979; Lancel and Kerkhof, 1989; Franken et al., 1991; Tang et al., 2007). If, 

indeed, sleep plays a role in memory consolidation, how does it fulfill this role in case learning takes 

place at the start of the dark phase when it normally is followed by very little and often fragmented 

sleep?   

 

 

METHODS 

Animals and housing conditions 

All experiments were performed with adult male Wistar rats (Harlan, Horst, The Netherlands), 

weighing 300 to 340 g at the start of the experiment. Animals were individually housed in standard 

macrolon cages (42.5  26  15.5 cm), and a layer of sawdust served as bedding. Food and water 

were provided ad libitum. Animals were maintained on a 12-hour light/12-hour dark cycle. Light 

intensity in the light phase was 45 lux. The dark phase consisted of dim red light conditions (1-2 lux). 

All procedures described in the present study were approved by the Animal Experiment Committee of 

the University of Groningen in compliance with Dutch law and regulations. 

 

Experiment set-up 

Several experiments were performed to examine the effects of SD on memory consolidation for 

contextual fear when training was performed at 2 different time points of the day. In the first 

experiment, we examined whether SD affects memory consolidation when training is performed at the 

beginning of the light phase (i.e., resting phase), when rats sleep about 65% to 80% of the time 

(Borbély and Neuhaus, 1979; Lancel and Kerkhof, 1989; Franken et al., 1991; Tang et al., 2007). This 

first experiment was aimed to replicate earlier studies in mice showing that SD adversely affects the 

formation of contextual fear memory (Graves et al., 2003; Vecsey et al., 2009). In the following 

experiments, we examined if and how SD affects memory consolidation when training is performed 

immediately before the onset of the dark phase (i.e., active phase), when rats sleep only 20% to 35% 

of the time (Borbély and Neuhaus, 1979; Lancel and Kerkhof, 1989; Franken et al., 1991; Tang et al., 

2007). In both conditions, the training and test sessions of the contextual fear-conditioning paradigm 

were carried out in the light (45 lux), either at the beginning of the light phase or at the end, right 

before the onset of the dark phase. In the second case, we chose to perform the test at the end of the 

light phase rather than the beginning of the dark phase to avoid differences in light conditions as an 

additional factor that might affect the strength of the conditioning. Testing was always performed 24 

hours after training. In all experiments, 2 groups of animals were used, a group subjected to 6 or 12 

hours of SD after training and a non-sleep-deprived control group.  
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Contextual fear conditioning 

One week prior to the start of the fear conditioning experiments, all animals were handled daily. 

Contextual fear conditioning was performed in a black quadrilateral Plexiglas chamber (40  40  40 

cm), which was located in a separate experiment room. Background noise (60 dB) was present in the 

room. During training, an animal was placed in the chamber and exposed to the conditioning context 

for 3 minutes followed by a mild electric foot shock (0.7 mA, 2 sec) delivered through a stainless-steel 

grid floor. The animal was removed from the chamber and returned to its home cage 30 seconds after 

the shock. The chamber was thoroughly cleaned with 70% ethanol between subjects. Twenty-four 

hours later, the animal was placed in the same chamber for 5 minutes without shock presentation. 

Contextual memory was tested by assessing freezing behavior, defined as complete lack of 

movement except for respiration. Behavior was recorded on videotapes, which were analyzed 

afterward by an experimenter who was unaware of the treatment of the animals. The amount of time 

the animals displayed freezing behavior was expressed as a percentage of the total test time.  

 

Sleep deprivation 

Animals were sleep deprived after training for either 6 hours during the light or for 6 or 12 hours 

during the dark phase. SD was accomplished by mild stimulation, which involved tapping on the cage, 

gently shaking the cage, or, when this was not sufficient to keep the animals awake, disturbing the 

sleeping nest (Van der Borght et al., 2006; Hagewoud et al., 2010). Previous studies have shown that 

this procedure is effective in keeping rodents awake for several hours, as established by 

electroencephalographic recordings (Meerlo et al., 2001), without being a major stressor (Meerlo and 

Turek, 2001; Van der Borght et al., 2006; Hagewoud et al., 2010). 

 

Plasma corticosterone Levels 

To assess effects of SD by mild stimulation on plasma levels of the stress hormone corticosterone 

(CORT) under the current experimental conditions, separate groups of animals were sleep deprived 

for either 6 hours in the light phase or 6 or 12 hours in the dark phase; the results were compared with 

home-cage control animals. Blood samples were taken from the tail at the end of the SD period and 

collected in precooled plastic centrifuge tubes containing 0.01% ethylenediaminetetraacetic acid 

(EDTA) as anticoagulant and antioxidant. Blood was centrifuged at 4ºC for 15 minutes at 2600 g, and 

plasma was stored at -80ºC until further processing. CORT levels were determined by 

radioimmunoassay (MP Biomedicals, Orangeburg, NY). 

 

Statistical analysis 

Behavioral freezing responses and plasma levels of CORT in all experiments were analyzed using an 

independent-samples t-test. The total number of stimulations per hour needed to keep animals awake 

was analyzed using a repeated-measures analysis of variance (ANOVA) with a between-subject 

factor ‘treatment’ (6 hours of SD light/6 hours of SD dark) and a within-subject factor ‘time’ (1 hour 

blocks). All data in text and figures are expressed as mean ± S.E.M. p < 0.05 was considered as 

significant. 
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RESULTS 

Experiment 1: Training and 6 hours of sleep deprivation in the light phase  

The first experiment examined whether 6 hours of SD immediately following contextual fear 

conditioning at the beginning of the light phase would affect consolidation of contextual fear memory 

in rats (Fig. 1A).  

 

 

   

 

 

The number of stimulations that was needed to keep the animals awake during the 6-hour SD period 

is shown in Fig. 1B. Initially, the animals required little stimulation and spent most of their time 

exploring their cage. The number of stimulations needed to keep the animals awake gradually 

increased during ongoing SD (F5,45 = 31,273, p < 0.001), suggesting an increased drive for sleep. 

Rats that were sleep deprived for 6 hours immediately following training showed reduced freezing 

upon re-exposure to the shock context 24 hours after training, compared with control animals (20.8% 

± 4.8% vs. 36.9% ± 5.7%, respectively; n = 10 in both groups; t18= 2.165, p = 0.044; Fig. 1C). The 

Figure 1. (A) Scheme of the contextual fear 

conditioning paradigm in Experiment 1 with training 

at the beginning of the resting (light) phase. Half of 

the animals were subjected to sleep deprivation (SD) 

for 6 hours immediately after the training; 24 hours 

after training, all animals were tested for contextual 

fear during a 5-minute test phase. (B) Mean number 

and type of stimulations needed to keep the animals 

awake for 6 hours during the first half of the light 

phase. The number of stimulations needed to keep 

the animals awake gradually increased in the course 

of the SD period, suggesting an increased drive for 

sleep. (C) Animals sleep deprived for 6 hours 

immediately following training (n=10) displayed 

significantly less freezing behavior in response to the 

shock context than did control animals (n=10). Data 

are expressed as mean ± S.E.M. * p < 0.05. 
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results are thus in agreement with previous studies in mice showing impairments of fear memory 

when SD is performed immediately after training in the light phase (Graves et al., 2003; Vecsey et al., 

2009). 

 

Experiment 2: Training and 6 hours of sleep deprivation during the dark phase  

Experiment 2 addressed the question whether the memory-impairing effect of SD is independent of 

the actual time of training. Animals were exposed to a foot shock right before the onset of the dark 

phase, and half of the animals were sleep deprived for 6 hours immediately afterwards (Fig. 2A). 

Since rats spontaneously sleep far less during the first 6 hours of the dark phase, in comparison with 

the first 6 hours of the light phase, significantly fewer stimulations were needed to keep the animals 

awake in this experiment, compared with the first experiment (compare Fig. 2B with Fig. 1B; effect of 

treatment and interaction effect: F1,18 = 185.060, F5,90 = 17.143, p < 0.001 in both cases). Upon re-

exposure to the shock context 24 hours after training, the animals subjected to 6 hours of SD 

immediately following training showed a freezing response similar to that of control animals (32.5% ± 

5.9% vs. 32.0% ± 5.6%, respectively; n = 10 in both groups; t18= -0.051, p > 0.9; Fig. 2C). The data 

suggest that 6 hours of SD immediately following training does not negatively affect memory 

consolidation for contextual fear conditioning performed right before the onset of the dark phase. 

 

Experiment 3: Training and 6 hours of sleep deprivation with high-intensity stimulation during 

the dark phase 

One possible explanation for the finding that 6 hours of SD during the light phase in Experiment 1 

impaired memory formation, whereas 6 hours of SD during the dark phase in Experiment 2 did not, is 

the fact that animals that are sleep deprived during the light phase received far more stimulations to 

keep them awake. In other words, the memory impairment may have been, in part, a consequence of 

the interfering stimulation rather than sleep loss per se. To test this possibility, we repeated the 

preceding experiment with 6 hours of SD in the dark phase (Fig. 2D); however, we now subjected the 

animals to the same amount of stimulation that was needed to keep animals awake for a 6-hour 

period at the beginning of the light phase (compare Fig. 2E with Fig. 1B). The results show that 

memory for contextual fear was not affected by a higher number of stimulations. Upon re-exposure to 

the shock context the next day, animals subjected to 6 hours of SD during the dark phase with high-

intensity stimulation displayed amounts of freezing similar to that of control animals (36.3% ± 6.2% vs. 

34.5% ± 6.1%, respectively; n = 10 in both groups; t18= -0.206, p > 0.8; Fig. 2F). These results 

suggest that the SD-induced effects during the light phase in the first experiment were not likely to be 

due to the number of stimulations animals received during the SD procedure. If the effect was a 

consequence of the amount of stimulation, we would have expected to have seen an effect of it during 

the dark phase as well. 
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Figure 2. (A and D) Scheme of the contextual fear conditioning paradigm in Experiment 2 and 3 with training right before the 

onset of the active (dark) phase. (A) In Experiment 2, half of the animals were subjected to sleep deprivation (SD) for 6 hours 

immediately following training; 24 hours after training, animals were tested for contextual fear during a 5-minute test phase. (B) 

The mean number and type of stimulations needed to keep the animals awake during the first half of the dark phase. (C) SD 

animals (n = 10) did not differ in the amount of freezing in response to the shock context, compared with control animals 

(n=10). (D) In Experiment 3, half of the animals were subjected to SD for 6 hours immediately following training but, in this 

case, with the same amount and type of stimulation as needed to keep animals awake for 6 hours during the light phase; 24 

hours after training, animals were tested for contextual fear during a 5-minute test phase. (E) Number and type of stimulations 

used during the 6-hour SD period (matched with the number and type of stimulations given during the 6 hours of SD in the 

light phase, as shown in Figure 1B). (F) SD animals (n = 10) did not differ in the amount of freezing in response to the shock 

context, compared with control animals (n = 10). Data are expressed as mean ± S.E.M. ** indicates SD period with increased 

number of stimulations. 
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Experiment 4: Training and 12 hours of sleep deprivation during the dark phase 

An alternative explanation for the finding that 6 hours of SD during the dark phase failed to affect the 

formation of contextual fear memory might be the fact that the actual sleep loss was far less, as 

compared with the amount lost with 6 hours of SD during the light phase. To induce a similar amount 

of sleep loss as during the 6-hour period in the light phase, animals should be sleep deprived over a 

longer period. For this reason, we performed an experiment in which a group of animals was sleep 

deprived immediately following fear conditioning during the entire dark phase (12 hours of SD; Fig. 

3A). Results show that animals sleep deprived from 0 to 12 hours after training, on average, showed 

less freezing behavior in the shocked context, compared with control animals. However, due to large 

variation in the SD group, this trend did not reach statistical significance (sleep-deprived animals, 

25.0% ± 6.9%; control, 43.5% ± 6.1%; n = 10 in both groups; t18= 1.766, p = 0.09). We therefore 

repeated the experiment to increase the sample size, and the combined data indeed show that 12 

hours of SD immediately following training, during the complete dark phase, results in significantly 

less freezing behavior, compared with control animals (24.6% ± 5.5% vs. 39.5% ± 4.4% with n = 20 

and n = 19, respectively; t37= 2.137, p = 0.039, Fig. 3C). The number of stimulations needed to keep 

the animals awake over the 12-hour period in the dark phase is shown in Fig. 3B. Despite the longer 

period of SD, the total number of stimulations that was required to keep the animals awake for the 12-

hour dark phase was still lower  (33.7 ± 2.0)  than during the 6 hours of SD at high-stimulus intensity 

(68.9 ± 0.8) in the previous experiment. Yet, only the 12 hour SD period in the dark phase affected 

contextual fear memory, which suggests that this effect is not dependent on the amount of stimulation 

but, rather, on the total amount of sleep that was lost. 

 Since 12 hours of SD covering the entire dark phase impaired consolidation of contextual fear 

memory, whereas 6 hours of SD during the first half of the dark phase did not, it might, in theory, be 

that the effect of the 12 hour of SD was caused by SD during the second half of the dark phase. 

Although this seems unlikely, we nevertheless performed an additional experiment to exclude this 

possibility. We subjected a new batch of animals to the fear conditioning paradigm right before the 

onset of the dark phase and subjected half of them to a delayed 6 hour SD (6-12 hour) period. No 

significant differences were found in freezing response between animals in the SD group and control 

animals (35.2% ± 5.8% vs. 30.0% ± 4.9%, respectively; n = 10 in both groups; t18= 0.690, p > 0.4). 

Thus, this confirms that, with training near the start of the dark phase, consolidation of fear memory is 

only disrupted with 12 hours of SD. 

 

Experiment 5: Sleep deprivation and plasma corticosterone levels 

It is often suggested that the effects of SD on learning and memory processes in animals may be 

related to stress induced by the SD procedure rather than to sleep loss per se. To examine whether 

SD by our mild sensory-stimulation method increases plasma CORT levels, we performed an 

experiment in which separate groups of animals were sleep deprived for 6 hours in the light phase or 

for 6 or 12 hours in the dark phase and compared these results with those of home cage control 

animals. At the end of the SD period, blood was collected. Results show that 6 hours of SD in the light 

phase had no effect on plasma CORT levels (animals subjected to 6 hours of SD light: 3.7 ± 0.4 μg/dL 
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vs. control animals:  4.2 ± 0.6 μg/dL; n = 10 and n = 9 respectively; t17= 0.627, p > 0.5), nor did 6 

hours or 12 hours of SD in the dark phase (6-h SD-dark: 8.8 ± 0.9 μg/dL vs. control animals: 7.9 ± 0.9 

μg/dL with n = 10 in each group; 12-h SD-dark: 4.3 ± 1.1 μg/dL vs. control animals: 2.5 ± 1.0 μg/dL 

with n = 10 in each group; p > 0.4 in both cases). These data show that our SD method by mild 

stimulation, independent of time of day and SD length, does not lead to persistent increases in 

plasma levels of CORT. 

 

 

 

 

Figure 3. (A) Scheme of the contextual fear 

conditioning paradigm in Experiment 4 with training 

right before the onset of the active (dark) phase. 

Half of the animals were subjected to sleep 

deprivation (SD) for 12 hours immediately following 

training; 24 hours after training, animals were 

tested for contextual fear during a 5-minute test 

phase. (B) Mean number and type of stimulations 

needed to keep the animals awake for 12 hours 

during the entire dark phase. (C) Animals sleep 

deprived for 12 hours (n = 20) during the dark 

phase displayed significantly less freezing behavior 

in response to the shock context than did control 

animals (n=19). Data are expressed as mean ± 

S.E.M. * p < 0.05. 
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DISCUSSION 

Previous studies in mice have shown that sleep selectively promotes the formation of contextual fear 

memory and that SD immediately after acquisition selectively impairs the formation of this memory 

(Graves et al., 2003; Cai et al., 2009; Vecsey et al., 2009). We continued on these findings and 

examined the effect of SD in rats after training in a contextual fear conditioning paradigm at different 

times of the day, particularly the beginning of the resting phase or right before the onset of the active 

phase. We show that 6 hours of SD immediately following training in the light phase, the main resting 

phase, impairs consolidation of contextual fear memory in rats. Memory for contextual fear 

conditioning performed right before the onset of the dark phase was affected when training was 

immediately followed by 12 hours of SD in the dark phase, but not by 6 hours of SD.   

 Our finding that 6 hours of SD after training during the dark phase had no effect on memory, 

in contrast with 6 hours of SD after training during the light phase, is in line with the results of other 

recent studies showing that 6 hours of SD immediately following training in a novel object recognition 

task near or in the beginning of the dark phase does not affect recognition memory in mice and rats 

(Halassa et al., 2009; Palchykova et al., 2009). These studies suggested that sleep immediately 

following novel object recognition training is not required for the memory per se. However, in the 

present study, we showed that a longer period of SD following training does negatively affect memory 

consolidation. Since rats only sleep about 20% to 35% of the time during the dark phase, compared 

with 65% to 80% of the time during the light phase (Borbély and Neuhaus, 1979; Lancel and Kerkhof, 

1989; Franken et al., 1991; Tang et al., 2007), the amount of sleep we deprived the animals of during 

the 6 hours of SD period in the dark phase is far less than the 6 hours of SD during the light phase. 

Thus, the different effects on memory consolidation may have been due to the different amount of 

sleep that was lost. Importantly, a delayed 6 hours of SD during the second half of the active phase 

did not affect memory, showing that a full 12-hour SD period immediately following training during the 

dark phase is necessary to impair memory. Together, these findings suggest that not only the timing 

of SD after training, but also the duration of SD, is important for an effect on memory.  

 It is still a matter of debate whether sleep plays an active role in memory consolidation or 

merely a passive role by preventing waking interference (Ellenbogen et al., 2006). Waking 

interference and disruption of ongoing memory consolidation might result from mental activity related 

to sensory input and processing of new information. Particularly in animal studies on sleep and 

memory, which often rely on forced SD, it is sometimes argued that interference might occur as a 

consequence of the stimulations required to keep the animal awake. In our study, we considered this 

possibility; however, our findings are not in line with this view. Memory consolidation during the light 

phase (i.e., main resting phase) was disrupted by a 6-hour period of mild sensory stimulation, 

whereas memory formation during the dark phase (i.e., active phase) was not disrupted, even when 

the amount of stimulation was exactly matched. Also, memory consolidation in the dark phase was 

only significantly affected by a much longer period of 12 hours of mild stimulation even though, in that 

case, the total amount of stimulation was still lower than the amount of stimulation used during 6 

hours of SD in the light phase. Importantly, the 6 hours of SD in the light phase and 12 hours of SD in 
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the dark phase are associated with comparable amounts of sleep loss. Thus, the disruption of 

memory formation is perhaps better explained by the amount of sleep that was lost than by the 

amount of stimulation the animals received.  

 Along the lines of the waking-interference concept, stress is another commonly proposed 

factor to mediate the effects of SD. However, it is unlikely that stress induced by our SD method 

caused impairments in memory. First of all, one might expect that the strongest stimulation would lead 

to the greatest impairment, which, as we discussed in the previous paragraph, was not the case. 

Furthermore, we show that plasma levels of the stress hormone CORT after SD in the resting and 

active phase were low and not different from those of control animals. This is in line with the results of 

previous studies using the same SD method of mild stimulation, showing no significant elevations in 

stress hormone levels (Van der Borght et al., 2006; Hagewoud et al., 2010). In fact, these levels are in 

the same range or even lower than after spontaneous waking activities such as feeding and grooming 

(Shiraishi et al., 1984). In addition, contrary to the view that stress has adverse effects on learning 

and memory processes, it is well known that glucocorticoids contribute to contextual fear conditioning 

in a positive way. Indeed, administration of glucocorticoid-receptor antagonists immediately before or 

after training, as well as adrenalectomy, impairs the formation of contextual fear memory (Pugh et al 

1997a, 1997b), whereas administration of glucocorticoids immediately following fear conditioning 

facilitates the formation of contextual fear (Abrari et al., 2009). Therefore, if the SD-induced effect had 

been due to a small acute increase of glucocorticoids instead of sleep loss per se, we would likely 

have found results opposite of the present findings.  

 The mechanisms through which SD affects hippocampus function and memory consolidation 

are largely unknown. Several studies have indicated discrete periods of time after training for fear 

conditioning that are sensitive to inhibitors of protein kinase A (PKA) and protein synthesis (Bernabeu 

et al., 1997; Bourtchouladze et al., 1998; Wallenstein et al., 2002). For example, administration of a 

PKA inhibitor immediately after or 4 hours after training impairs the formation of contextual fear 

memory (Bourtchouladze et al., 1998). Since it has been shown that SD during a similar time period 

after training disrupts memory for contextual fear, it is suggested that SD might act on memory 

consolidation via these mechanisms (Graves et al., 2003). Indeed, a recent study in mice showed that 

SD selectively impairs hippocampal 3’, 5’- cyclic AMP (cAMP)- and PKA-signaling (Vecsey et al., 

2009). By affecting these pathways, SD may alter the activity of transcription factors and expression 

of genes involved in synaptic plasticity (Guzman-Marin et al., 2006; Ribeiro et al., 1999; Ribeiro et al., 

2002) and, ultimately, influence memory storage (Vecsey et al., 2009). Thus, the molecular 

mechanism through which SD following training in the light phase may affect memory is now partly 

unraveled. Here we show that SD immediately following training near the onset of the dark or active 

phase impairs contextual fear memory as well. To our knowledge, the time course of different signal 

transduction pathways underlying memory consolidation when training occurs near or in the active 

phase and the time periods of sensitivity to inhibitors of protein synthesis and PKA are unknown. 

Therefore, in future research, it would be of great interest to identify the molecular processes 

underlying the role of sleep in memory consolidation for training performed in the active phase. 

 Our data suggest that, in rats, sleep immediately following training, independent of time of day, 
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is involved in memory consolidation. This leaves us with the intriguing question of how this works in 

humans, who generally have a fairly monophasic sleep pattern with little or no sleep during the active 

phase. How do sleep and SD affect memory consolidation when training is performed early in the 

active phase and is not immediately followed by a substantial amount of sleep? Could it be that some 

forms of learning in humans are less effective when acquisition takes place early in the active phase 

because it often is not followed by sleep? Indeed, in line with this thought, it has been shown that 

napping during the day, after learning during the first half of the day, improves memory compared with 

no napping (Tucker et al., 2006; Nishida and Walker, 2007; Lahl et al., 2008; Mednick et al., 2008). 

Further studies will be needed to unravel mechanisms of sleep-dependent memory formation and to 

address the question of optimal timing for learning and sleep. 

 In summary, our experiments in rats show that SD immediately following acquisition impairs 

the consolidation of contextual fear memory independent of time of training. The data further suggest 

that the deficit in memory depends on the amount of sleep that is lost after training. A 6-hour SD 

period immediately after training impairs memory consolidation for contextual fear conditioning in the 

resting phase. However, with training right before the onset of the active phase, a 12-hour SD period  

-but not a 6-hour SD period- results in impairment in contextual fear memory. We conclude that both 

timing and quantity of sleep after learning may be important in the process of memory consolidation in 

rats. 
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1. SLEEP DEPRIVATION AND DIFFERENT MEMORY STAGES 

This thesis represents a series of studies aimed at the consequences of sleep deprivation (SD) for 

memory processes. Disruption of sleep might affect different stages of memory processing, including 

acquisition, consolidation and adaptation. In our experiments we have studied the effects of SD at 

each of these stages.  

 Over the past decade, a variety of human and animal studies have shown that SD prior to 

learning affects behavioral performance during testing for memory (Drummond et al., 2000; Dametto 

et al., 2002; McDermott et al., 2003; Ruskin et al., 2004; Silva et al., 2004; Yoo et al., 2007; Ruskin 

and LaHoste, 2008; Tiba et al., 2008). However, most of these studies tested for memory after a delay 

of at least 24 hours after acquisition. As a consequence, these studies could not differentiate whether 

SD had an effect on memory encoding or on memory consolidation. In addition, these studies mostly 

focused on long periods of SD, which are not very common in every day life. Therefore, in chapter 2 

we assessed the consequences of SD prior to a novel arm recognition task on subsequent working 

memory performance. Our study has shown that a relatively short period (12 hours) of SD can, at 

least, have an immediate effect on working memory. 

In addition to the effects of SD prior to learning, we also confirm that disrupting sleep 

immediately following learning affects memory consolidation. Importantly, we have shown this in 

different learning paradigms. In chapter 3 the effects of SD on maze learning in mice were studied. 

Mice subjected to 5 hours of SD following each daily training session changed the learning strategy 

used to solve the task. In Chapter 5 and 6 we used a fear conditioning paradigm in rats. Since this is 

a single-trial task, it has the advantage that one can examine the effects of one single SD period 

following training on selectively memory consolidation. We demonstrated that 6 hours of SD impaired 

memory consolidation for contextual fear conditioning. Whereas most human and animal studies 

focused on the effects of SD when training occurred close to or in the beginning of the resting phase 

(Karni et al., 1994; Smith and Rose, 1996, 1997; Stickgold et al., 2000a; Graves et al., 2003; Ferrara 

et al., 2006, 2008; Palchykova et al., 2006; Mograss et al., 2009), we have also demonstrated that SD 

affects memory consolidation when training occurs at the onset of the active phase, i.e. when training 

is not immediately followed by a substantial amount of sleep.  

Furthermore, in chapter 3 we aimed to study the consequences of SD on the adaptation of a 

previously formed memory. This is an important aspect of successfully coping with changes that 

frequently occur in our surroundings, e.g., in case of moving to a new home, school or job. In our 

experiment, mice first had to learn to locate a food reward in one particular arm of a Y maze. When 

the animals mastered the task, they were confronted with the situation where the food reward was 

suddenly relocated in the previously non-rewarded arm. The results showed that SD for a brief period 

of 5 hours immediately after each training session reduced the flexibility and made it more difficult for 

mice to adapt their memory.    

Altogether, our experiments clearly show that SD can affect different stages of memory 

processing. This is important from the point of view of understanding the precise role of sleep in 

learning and memory processes. However, for reasons of experimental control, the experiments in 
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this thesis, as well as in most other studies, applied a controlled and often single period of SD at 

specific experimental times to assess effects on specific aspects of memory. One may question 

therefore the validity of this approach for understanding the role of sleep shortage in the human 

society. In the western society, a large number of people are chronically sleep restricted and 

experience regular sleep loss due to our modern around-the-clock life style, work-related factors and 

psychosocial stress. In view of our current results, it seems likely that different memory stages may be 

affected simultaneously under conditions of more chronic sleep loss.   

  

 

2. SLEEP DEPRIVATION AND THE HIPPOCAMPUS 

The effects of SD on memory encoding, memory consolidation and memory adaptation may involve 

similar molecular mechanisms. At least at the level of brain regions, both SD prior to training in a 

learning task as well as SD following training often seem to affect similar crucial brain regions, 

especially the hippocampus (Smith and Rose, 1996, 1997; Graves et al., 2003; McDermott et al., 

2003; Guan et al., 2004; Ruskin et al., 2004; Vecsey et al., 2009).  

The hippocampus appears to be particularly sensitive to SD and, in fact, it has been shown that SD 

prior to as well as following training affects hippocampus-dependent memory, while leaving 

hippocampus-independent memory intact (Smith and Rose, 1996, 1997; Graves et al., 2003; 

McDermott et al., 2003; Guan et al., 2004; Ruskin et al., 2004; Vecsey et al., 2009). The data from 

chapter 3 of this thesis support this finding. In that study we showed that under conditions of SD there 

is a shift from hippocampus involvement to the striatum in a learning task. Animals subjected to SD 

avoided the use of a hippocampus-dependent spatial learning strategy and preferentially used a 

striatum-dependent response learning strategy to solve a maze task.  

While there is evidence that the hippocampus is particularly sensitive to SD, it certainly can 

not be excluded that SD affects other brain regions as well, some of which are known to be involved 

in the learning tasks used in this thesis. Therefore, these brain regions might have contributed as well 

to the memory deficits we observed. For example, in case of the memory impairment in the novel arm 

recognition task in chapter 2 this might have been the perirhinal cortex (Liu and Bilkey, 2001). 

Similarly, the reduced memory flexibility seen in chapter 3 might have been due to impairments in the 

amygdala, medial prefrontal cortex and orbitofrontal cortex, three other regions critically involved in 

reversal learning (Elias et al., 1973; De Bruin et al., 1994; McDonald et al., 2004; Salazar et al., 2004; 

Ragozzino, 2007). 

An intriguing question that remains to be answered is why the hippocampus is, perhaps not 

exclusively, but at least more sensitive to SD than various other brain regions. The literature suggests 

that the hippocampus is particularly sensitive to other manipulations as well, such as stress (Lupien et 

al., 1997; McEwen, 1999, Joëls, 2008), epilepsia, ischemia and neurodegeneration (Chang and 

Lowenstein, 2003; Nikonenko et al., 2009). This suggests that these various inputs and processes 

particularly affect a property that is specific for the hippocampus. Perhaps it has to do with the 

complexity of the hippocampal network or the amount of input the hippocampus receives. The 
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hippocampus is an important part of the brain for processing of information. It consists of several 

major subregions. Afferent input occurs at each of these regions and the output via the CA1 area is 

projected to several brain regions. One commonly suggested explanation for the high sensitivity of the 

hippocampus is its abundance in glucocorticoid receptors (De Kloet et al., 2005), but, as we will 

explain in section 4, this does not likely explain its sensitivity to SD. Another important feature of the 

hippocampus that may explain its sensitivity is the fact that it is one of the few brain regions showing 

substantial neurogenesis, even in adulthood (Abrous et al., 2005; Ming and Song, 2005). Newly 

generated neurons in the hippocampus may be involved in memory processes (Leuner et al., 2006) 

and neurogenesis is known to be sensitive to SD (Meerlo et al., 2009). We performed a number of 

experiments to test whether the SD-induced hippocampus-dependent memory impairments were 

associated with changes in neurogenesis, However, so far the results are inconclusive. In one of the 

experiments there was a tendency for reduced survival of new cells in mice subjected to SD following 

training sessions in a maze task. However, we did not find the expected learning-induced increase in 

cell survival in control animals. Therefore, we could not conclude that reduced neurogenesis and 

learning impairments in mice subjected to SD following training were actually linked (Hagewoud and 

Meerlo, unpublished results). Furthermore, it can also be suggested that a property within synaptic 

plasticity that is specific to the hippocampus is affected by SD.  

 

 

3. SLEEP DEPRIVATION AND MOLECULAR PROCESSES INVOLVED IN 

HIPPOCAMPUS-DEPENDENT MEMORY 

In several chapters of this thesis experiments were performed that may provide insight in the cellular 

and molecular mechanisms through which SD causes memory impairments. At the cellular level, 

changes in synaptic strength, the strength of the connectivity between two neurons, and membrane 

excitability are thought to be critical for the formation of memories (Bliss and Collingridge, 1993). 

Persistent changes in synaptic transmission are necessary for long term memory (LTM) and these 

changes require protein synthesis (Davis and Squire, 1984; Frey et al., 1993; Huang et al., 1994; 

Nguyen and Kandel, 1996).  

In chapter 2 we assessed the consequences of acute SD on hippocampal AMPA receptors, 

particularly the GluR1 subunits, which are known to be important in synaptic plasticity underlying 

memory (Lamprecht and LeDoux, 2004; Malenka and Bear, 2004). While SD did not affect overall 

levels of the AMPA GluR1 protein, it did reduce phosphorylation at the serine 845 (S845) site. Since 

phosphorylation at this site is important for the incorporation of the receptors into the membrane, this 

may suggest that SD leads to reduced efficacy of AMPA receptor signaling. Such altered regulation of 

glutamate receptors may in part depend on SD-induced changes in the intracellular cAMP/PKA 

pathway. In our study we only found indirect evidence for this. Protein levels of PKA were not affected 

by SD, however, we did find a reduced expression of the scaffolding protein AKAP150, which binds 

and partly controls the actions of PKA. Another recent study in mice has indeed confirmed the idea 

that an acute brief SD period of 5 hours impairs cAMP/PKA signaling in the hippocampus (Vecsey et 
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al., 2009). That same study showed that SD impairs at least one major downstream target of the 

cAMP/PKA signaling pathway, namely CREB. SD caused a decrease in the phosphorylation and 

thereby activation of the transcription factor CREB.  

In chapter 3 and 4 of this thesis we showed that SD immediately following training sessions in 

a Y-maze task also reduced the normal training-induced increase in phosphorylation of CREB. This 

transcription factor plays an essential role in regulating memory-related gene expression and protein 

synthesis which is necessary for LTM formation. Phosphorylation of S133 promotes transcription of 

downstream genes such as the immediate early genes c-fos (Sheng et al., 1990) and zif268 (Bozon 

et al., 2003), whose products, in turn, induce the transcription of late downstream genes, and activate 

direct ‘effector’ proteins, such as structural proteins, signaling enzymes or growth factors, that are 

essential for LTM (Lanahan and Worley, 1998; Lonze and Ginty, 2002).  

Thus, we have shown that SD following learning affects training-induced activation of proteins 

involved in memory formation. In our experiments, we studied the effects of SD on the molecular level 

in the hippocampus in combination with effects on behavioral performance, Therefore, we only 

assessed CREB phosphorylation at the end of the training phase (in chapter 4), after the probe trial in 

which the learning strategy was determined (chapter 3) and upon later testing for memory (in chapter 

5). It would be important to also assess CREB phosphorylation in earlier phases of the training to 

confirm that SD indeed interferes with this cascade in the critical phases of ongoing memory 

formation. Available evidence suggests that the effect of SD earlier in the memory consolidation 

process itself indeed involves alterations in cAMP/PKA/CREB signaling. One recent study has shown 

that hippocampus-dependent memory deficits induced by SD following training were rescued by a 

treatment with an inhibitor of phosphodiesterase 4 (PDE4), an enzyme that degrades cAMP, 

immediately or 2.5 hours following training. This suggests that SD following learning disrupts 

hippocampus function by increasing PDE4 activity and protein levels, which then interferes with the 

cAMP/PKA/CREB signaling pathway (Vecsey et al., 2009).  

Altogether, these data indicate that one way in which SD negatively affects hippocampus-

dependent memory is through the inhibition of  the cAMP/PKA/CREB signaling pathway, which in turn 

may affect protein synthesis and synaptic plasticity processes necessary for LTM. Furthermore, it can 

be suggested that sleep might act to enhance this signaling pathway and thereby promotes gene 

expression and protein synthesis required for memory consolidation. However, the question still 

remains what the primary element is that sleep directly acts on and that SD might directly affect in an 

opposite way.  

An important feature of sleep is a decrease in serotonergic neurotransmission. The reduced 

levels of serotonin may contribute to memory consolidation, possibly through removal of the inhibition 

of activity of adenylyl cyclase, an enzyme that increases levels of cAMP (Graves et al., 2001). Since it 

is known that SD increases serotonergic transmission in the hippocampus (Lopez-Rodriguez et al., 

2003), it is possible that SD-induced impairments on memory consolidation are a result of SD directly 

acting on serotonergic transmission. Furthermore, during rapid eye movement (REM) sleep there are 

increased levels of acetylcholine in the hippocampus, which is also suggested to promote memory 

consolidation through activation of the cAMP/PKA signaling pathway (Graves et al., 2001). SD may 
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interfere with this through increased levels of acetylcholinesterase, an enzyme that degrades 

acetylcholine (Kalonia et al., 2008). The use of genetically modified mice will definitely contribute to 

the examination of the primary elements involved in memory consolidation on which sleep and SD 

directly act. 

 

 

4. LACK OF SLEEP OR WAKING INTERFERENCE? 

While studies discussed in previous sections clearly indicate that SD affects brain regions and 

molecular processes involved in memory processing, it remains a discussion whether sleep plays and 

active role in memory formation or merely a passive or permissive role by protecting memory against 

waking interference (Ellenbogen et al. 2006b). Indeed, it is often argued that memory impairments 

after SD may not be the result of sleep loss per se but, rather, the consequence of a disturbing 

influence of the extended wakefulness, which causes additional input of information during a time 

period when normally processes involved in memory consolidation would occur. Particularly in animal 

experiments, which often rely on forced wakefulness, the stimulation and stress involved in the SD 

method are often considered as potential interfering factors contributing to the SD-induced memory 

impairments. Therefore, we performed several experiments in this thesis to solve this critical issue. 

In chapter 6 we investigated whether the number of sensory stimulations required to keep the 

animals awake was responsible for the memory impairments. Memory consolidation during the main 

resting phase was disrupted by a 6 hour SD period, whereas memory consolidation during the active 

phase with the exact same amount of stimulation remained undisturbed. Memory consolidation in the 

active phase was only significantly affected by a much longer period of 12 hours of SD by mild 

stimulation even though in that case the total amount of stimulations was still lower than the amount 

of stimulations used during 6 h SD in the resting phase. Importantly, since rats spend about 65 to 

80% of the resting phase asleep and about 20 to 35% of the active phase (Borbély and Neuhaus, 

1979; Lancel and Kerkhof, 1989; Franken et al., 1991; Tang et al., 2007), the 6 hours of SD in the 

resting phase and 12 hours of SD in the active phase are associated with comparable amounts of 

sleep loss. Altogether, these data do not support the notion that the memory impairments are due to 

the number of sensory stimulations during the SD period.  

In addition to sensory stimulation as a form of waking interference, we also examined whether 

stress might be an SD-associated interfering factor that contributed to the memory impairments in our 

experiments. Yet, in several chapters we have demonstrated that 5, 6 and 12 hours of SD by mild 

sensory stimulation leads to very mild and most often non-significant increases in levels of the stress 

hormone corticosterone. While in all these experiments corticosterone (CORT) levels were only 

measured at the end of the SD period, we performed an additional experiment in which we took blood 

samples at different time points during a single 6 hour SD period. CORT levels were not significantly 

elevated after 30 minutes, 2 hours and 6 hours of SD (data not shown). These results demonstrate 

that SD did also not lead to an acute increase in plasma levels of CORT.  In fact, the levels of CORT 

that we found in response to SD are in the same range or even lower than after spontaneous waking 
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activities such as feeding and grooming (Shiraishi et al., 1984). Arguing that such mild increases 

indicate a state of stress that might be responsible for memory impairment would effectively mean that 

any kind of spontaneous behavior following learning should interfere with memory processes.  

Moreover, even when SD would cause small and acute increases in CORT levels during the 

consolidation phase, it is much more likely that it would contribute to memory consolidation in a 

positive way, and therefore opposite to the findings in this thesis. Contrary to the view that stress has 

adverse effects on memory consolidation, it is well known that glucocorticoids can contribute to 

memory in a positive way (Hui et al., 2004; Miranda et al., 2008; Abrari et al., 2009; Roozendaal et al., 

2010).  

One direct approach to experimentally test the role of stress and glucocorticoids in the SD-

induced memory impairments would be to block the CORT release. To the best of our knowledge, 

such studies have not been performed with SD immediately following training, during the critical time 

period of memory consolidation. However, studies that examined the effects of SD prior to learning 

have shown by eliminating the adrenal stress response with adrenalectomy or by CORT inhibition with 

metyrapone that glucocorticoids do not mediate in the memory impairments seen after SD (Ruskin et 

al., 2006; Tiba et al., 2008).  

Altogether, we did not find any support for the notion that waking interference by sensory 

stimulation or stress hormones mediates the negative effects of SD on memory processes. Although 

we cannot rule out some other form of interference, data from chapter 6 in particular suggest that the 

memory impairment after SD seems to be better explained by the amount of sleep that was lost 

following training. These latter data support the hypothesis that sleep might play an active role in 

learning and memory processes (Ellenbogen et al., 2000b).  

Also human studies have contributed to the finding that sleep does not merely passively 

protect memories from waking interference, during which sleep only sustains memories by protecting 

them from waking interference but does not consolidate them. In one of the studies interference was 

controlled and experimentally manipulated (Ellenbogen et al., 2006a). Participants had to learn a list 

of word-pair associates, followed by a 12 hour offline retention period containing either sleep or 

normal wakefulness. Twelve hours of wakefulness resulted in a reduced performance during testing 

compared with 12 hours of sleep. However, when associative interference (a new list of word-pair 

associates) was introduced after the 12 hour SD period, this resulted in an even larger (58%) 

reduction in performance in the wake group compared with the sleep group. These results show that 

sleep protects against memory deterioration, as shown by a better recall after sleep than after 

wakefulness. In addition, it shows that sleep protected memory from future interference as shown by 

the resistance to interference after sleep but not after wakefulness. This study demonstrates that 

sleep strengthened the memory. Therefore it is suggested that sleep is somehow involved in memory 

consolidation, which makes memories resistant to interference instead of only passive memory 

protection.  

To establish whether sleep is actively involved in memory consolidation, one has to show that 

memory consolidation crucially depends on neuronal or synaptic processes that are unique to sleep. 

There may be several ways to approach this question, but to separate sleep specific processes from 
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waking interference effects, one might try to manipulate relevant processes during sleep without 

inducing wakefulness. This will be discussed in the next section.  

   

 

5.  LACK OF NREM SLEEP OR REM SLEEP? 

In the context of a possible role for sleep in memory consolidation, an important question is whether 

this role is fulfilled by Non-REM (NREM) sleep, REM sleep or both. Different approaches have been 

used to assess the role of different sleep stages in memory processes. One approach is to study 

sleep after the acquisition of a learning task and assess changes in the amount of certain sleep 

stages or changes in neuronal activity during these stages. A second approach is to selectively 

disrupt or deprive sleep stages or phenomena related to these phases and then assess the effects on 

subsequent memory.  

The investigation of post-learning sleep modifications has shown changes in the amount of 

sleep stages as well as in electrophysiological phenomena occurring within these sleep stages. 

Studies in animals have shown that the amount of REM sleep is increased following training in a 

hippocampus-dependent learning task (Smith et al., 1998). Also, increases in hippocampal sharp-

wave ripple activity, which are complexes of high-frequency oscillations, during slow wave sleep 

(SWS) have been observed following learning in hippocampus-mediated learning tasks (Eschenko et 

al., 2008; Ramadan et al., 2009). Human studies show increases in EEG activity during SWS 

following learning of a declarative task (Mölle et al., 2004) as well as following learning in a procedural 

task (Huber et al., 2004). Furthermore, it is suggested that changes in NREM stage 2 sleep are also 

relevant in memory consolidation processes since learning in a visuospatial task was associated with 

increased number of sleep spindles, the most synchronous oscillatory waveforms, during NREM 

stage 2 sleep (Clemens, 2006). However, other studies also show increases in the amount of REM 

sleep and in EEG activity during REM sleep following learning in declarative and procedural tasks (De 

Koninck et al., 1989; Fogel et al., 2007). Importantly, several human and animal studies have shown 

that post-sleep task improvement correlated with the increases in the amount of REM sleep and SWS 

(Stickgold et al., 2000b), in slow wave activity (SWA) (Huber et al., 2004) and in ripple density 

(Ramadan et al., 2009). Therefore, some of these electrophysiological phenomena in NREM and 

REM sleep may reflect crucial processes specifically involved in sleep-dependent memory 

consolidation.  

The analysis of neuronal activity in animals has demonstrated that hippocampal activity 

observed during encoding was replayed during subsequent periods of SWS (Pavlides and Winson, 

1989; Wilson and McNaughton, 1994; Kudrimoti et al., 1999) and was also observed in REM sleep 

(Louie and Wilson, 2001). Neuroimaging studies in humans find similar effects. Hippocampal activity 

was reactivated during SWS following learning in a spatial task and the amount of reactivation 

correlated with route recall performance the next day (Peigneux et al., 2004). Furthermore, a recent 

human study showed that cueing new memories during SWS by presenting an odor that had been 

presented as context during prior learning improved the retention of hippocampus-dependent 
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memories (Rasch et al., 2007). This study therefore shows a causative role of neuronal reactivation 

during SWS for memory consolidation and indicates that sleep actively contributes to memory 

consolidation. The sleep-dependent neuronal replay may potentially allow the adaptation of synaptic 

strengths within specific networks. In addition to changes in electrophysiology and neuronal activity 

also changes in gene expression have been observed during sleep following training. For example, 

an upregulation of zif268, a gene known to be associated with synaptic plasticity, during REM sleep 

has been shown selectively following a rich sensory motor experience (Ribeiro et al., 1999). 

These studies suggest that memory processes are associated with specific changes in the 

amount of certain sleep stages or with specific changes in neuronal activity during these stages. In 

themselves, these correlative phenomena do not provide evidence that a certain sleep stage is 

causally involved in the ongoing memory formation. For that, one needs to experimentally manipulate 

these stages and show that it results in disruption of memory. 

In this thesis we used a mild sensory stimulation method that did not selectively deprive the 

animals of a certain sleep stage. Therefore, our findings cannot contribute to the importance of REM 

or NREM sleep in memory processing. While the idea of selective sleep stage deprivation sounds 

attractive, it is difficult to achieve in reality. The natural order is that sleep begins with NREM sleep, 

which at some point is followed by REM sleep. These two stages cycle through the sleep period. 

Selective NREM SD is not possible since it also prevents REM sleep. While selective REM SD 

appears feasible, the frequent awakenings upon REM sleep entry often lead to mild changes in the 

amount of NREM sleep as well. Nevertheless, this more or less selective REM SD has frequently 

been applied in animal studies.  

It has been shown that memory in rodents is disrupted when REM SD is performed following 

training in several different hippocampus-mediated learning tasks (Smith and Butler, 1982; Smith and 

Rose 1996, 1997; Smith et al., 1998; Silva et al., 2004; Alvarenga et al., 2008). A different approach 

has been applied in humans, making use of the fact that deep NREM sleep mainly occurs in the first 

half of the night whereas REM sleep is more prominent in the second half of the night. According to 

some studies, SD during the first half of the night, which is rich in NREM sleep, disrupts consolidation 

of declarative memories, whereas SD during the second half of the night, which is rich in REM sleep, 

disrupts consolidation of procedural and emotional memories (Plihal and Born, 1997; Gais and Born 

2004; Walker and Stickgold, 2006; Wagner and Born, 2008). However, it has also been shown that 

declarative memory was impaired following deprivation of late night REM-rich sleep (Rauchs et al., 

2004). Importantly, also this method does not selectively disrupt one sleep stage and therefore cannot 

rule out the possibility that a shortage of a combination of both stages contributes to the memory 

impairments.  

In addition to the attempts to more or less selectively deprive subjects from specific sleep 

stages, recent studies have applied more subtle approaches aimed to separate sleep specific 

processes from waking interference effects by disturbing sleep stages or specific aspects of these 

sleep stages without actual inducing wakefulness and changing the amount of sleep stages. One 

study showed that suppression of SWA during intact sleep was sufficient to disrupt subsequent 

successful encoding-related hippocampal activation and memory performance in a hippocampus-
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mediated task in humans (Van der Werf et al., 2009). It would be worthwile to apply this approach and 

assess whether SWA suppression after acquisition also specifically affects the consolidation of 

memory and underlying mechanisms. Importantly, it has already been indicated that deprivation of 

slow waves, without affecting sleep time and efficiency, following acquisition in a visuomotor task in 

humans prevents the behavioral improvement seen after normal sleep (Landsness et al., 2009). 

Along these lines, one could also try to interfere with other neurophysiological phenomena that 

specifically occur during the specific sleep stages following acquisition of a new task, without 

changing the actual amount of sleep, and then assess the contributions of these phenomena to 

specific types and stages of memory. 

 Altogether, findings from the above mentioned studies support an active role for sleep in 

memory formation but it remains unclear if there is one particular sleep stage that is crucially involved. 

It seems likely that both NREM and REM sleep are involved in the processing of memories. In fact, it 

has been suggested that it is the combined action of NREM and REM sleep that determines a gradual 

increase in the strength and consolidation level of memories (Ribeiro et al., 2004). Recently, a model 

has been proposed which states that sleep stage specificity exists for different stages involved in 

memory processing (Stickgold, 2009). According to that model, SWS is required for memory 

stabilization within the consolidation stage through a process of synaptic level consolidation that 

maintains and stabilizes synaptic modifications that are produced through memory encoding (Wang et 

al., 2006), whereas REM and NREM stage 2 sleep facilitate system level processes during 

consolidation that enhance the efficacy of the memories (Stickgold and Walker, 2007). Clearly the role 

of specific sleep stages in specific aspects of memory formation requires further study.  

 

 

6. CONCLUDING REMARKS AND FUTURE PERSPECTIVES 

The findings presented in this thesis demonstrate that acute SD prior to as well as following training 

impairs behavioral performance in hippocampus-dependent learning tasks and changes levels of 

proteins known to be involved in learning and memory processes.  

The most important finding of the present work is that changes in behavioral performance are 

not always seen right away. While at the level of the brain clear changes in levels of proteins involved 

in memory processes are seen, the availability of alternative brain mechanisms and learning 

strategies that can compensate for a hippocampal deficit may determine whether or not SD has 

noticeable effects on cognitive performance. This may explain some of the discrepancies and 

discussions in the literature on whether or not deprivation of sleep really affects cognitive 

performance. However, effects of SD can still appear later on, because the alternative learning 

mechanisms and brain regions involved may result in reduced flexibility under changing conditions 

that require adaptation of the previously formed memory which is an important aspect of successfully 

coping with changes that frequently occur in our surroundings, e.g., in case of moving to a new home, 

school or job.  
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The association between sleep and memory is a fascinating and dynamic area of research. 

The experiments presented in this thesis contribute to this knowledge and provide novel data on the 

effects of acute SD on memory processes and the possible underlying mechanisms. However, many 

important and challenging questions remain to be answered, which makes the future of the field truly 

exciting. 

To me one of the most intriguing questions is why SD particularly affects the hippocampus. 

Furthermore, it is still largely unknown which molecular mechanisms in the hippocampus are affected 

by SD during the critical time period following training which is sensitive to sleep loss. In addition, it 

will be a great challenge to unravel the exact role of REM and NREM sleep in memory consolidation.  

Also, the present thesis, as well as most other studies, has focused on effects of a single 

episode of SD at specific stages of memory processing. However, in our society humans are often 

chronically sleep restricted. Whereas people seem to recover easily from the effects of acute sleep 

loss, frequent or chronic loss of sleep may induce changes in the neurobiology of memory processing 

that accumulate over time and which might affect brain mechanisms underlying cognitive processes in 

as yet unexplored ways. Therefore, it is of great importance for future research to study the effects of 

chronic sleep loss on memory processes.  

Since many people in the world regularly experience sleep loss, it is important to make people 

aware that sleep is extremely important for our functioning and well-being and that loss of sleep as 

little as a few hours can have serious consequences on behavioral performance and on molecular 

mechanisms in the brain that underlie memory processing.  
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Slaap & Geheugen: gedragsmatige en moleculaire consequenties van slaapdeprivatie 

 

Mensen slapen gemiddeld zo’n 6 tot 8 uur per dag. Dit komt neer op een kwart tot een derde van ons 

leven. Ondanks het feit dat slaap een groot deel van ons leven inneemt is de precieze functie ervan 

nog steeds onbekend. Diverse hypotheses zijn voorgesteld, zoals thermoregulatie, energiebesparing, 

herstel van weefsel, en ondersteuning van immuunfunctie. Een van de meest vooraanstaande 

hypotheses is dat slaap een belangrijke bijdrage levert aan de plasticiteit van het brein en langs die 

weg betrokken is bij informatieverwerking en geheugenprocessen.  

Aangezien slaap belangrijk lijkt te zijn voor onze fysiologie en gezondheid, zou een tekort aan 

slaap ernstige consequenties met zich mee kunnen brengen. Dit is een belangrijke kwestie aangezien 

slaaptekort een veel voorkomend probleem is in onze hedendaagse 24-uurs maatschappij. Er zijn 

talloze oorzaken voor slaaptekort, waaronder de onbegrensde toegang tot televisie en internet, onze 

dagelijkse interesses, ploegendiensten en werkdruk. Acuut slaaptekort gaat gepaard met 

vermoeidheid en een afname in alertheid, hetgeen resulteert in een toenemende kans op fouten en 

ongelukken. Waarschijnlijk kan men goed herstellen van de acute effecten van slaaptekort, maar 

veelvuldig en chronisch slaaptekort zou kunnen leiden tot langzaam accumulerende en meer 

aanhoudende veranderingen in onze hersenen die kunnen resulteren in ernstige problemen.   

Een belangrijk gevolg van slaaptekort is dat het een negatief effect heeft op het geheugen. 

Het verwerken van geheugen omvat verschillende stadia te weten: het aanleggen van geheugen (i.e., 

codering), het vastleggen van het geheugen (i.e., consolidatie), maar ook het aanpassen van het 

geheugen. De belangrijkste doelstelling van dit proefschrift was om de consequenties van 

slaapdeprivatie (SD) op deze verschillende stadia te onderzoeken en tevens te kijken naar de 

onderliggende moleculaire mechanismen in het brein. De focus lag hierbij op de hippocampus, een 

belangrijk hersengebied betrokken bij geheugenvorming waarvan we weten dat het gevoelig is voor 

SD. 

Aangezien we naast de effecten van SD op gedrag in leertaken ook wilden kijken naar de 

mogelijke onderliggende mechanismen in het brein die verstoord zijn door slaaptekort, is het gebruik 

van een diermodel essentieel. Daarom is in de experimenten die beschreven zijn in dit proefschrift 

gebruik gemaakt van muizen en ratten. Om SD te induceren in ons diermodel werd gebruik gemaakt 

van milde sensorische stimulatie bestaande uit het tikken tegen de kooi, schudden van de kooi en, 

wanneer dit ineffectief was, het verstoren van het slaapnest in de kooi. Omdat het onthouden van 

slaap bij dieren geforceerd is wordt vaak gesuggereerd dat de negatieve effecten op het verwerken 

van geheugen veroorzaakt worden door de met SD gepaard gaande stress. In dit proefschrift hebben 

we ook aandacht besteed aan dit punt. 

In hoofdstuk 2 is gekeken naar de consequenties van SD op het initiële aanleggen van een 

nieuw geheugen. Tijdens deze studie in muizen werd onderzocht of SD voorafgaand aan een leertaak 

effect heeft op werkgeheugen dat afhankelijk is van de hippocampus. De dieren werden tijdens hun 

rust fase onderworpen aan 6 of 12 uur SD. Direct volgend op de SD periode werd een ‘novel arm 

sv 
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recognition’ taak uitgevoerd waarbij de dieren gedurende 10 minuten 2 armen van een Y-vormig 

doolhof konden verkennen (1 arm was afgesloten). Na een korte onderbreking van 2 minuten werden 

de dieren voor 5 minuten teruggeplaatst in dezelfde doolhof, maar nu met alle drie armen beschikbaar. 

Dieren met een goed functionerend werkgeheugen zullen de twee oude armen herkennen en, 

gedreven door natuurlijke nieuwsgierigheid, meer tijd doorbrengen in de nieuwe arm. Onze resultaten 

laten zien dat dit inderdaad het geval is voor de normale, niet gemanipuleerde, controle muizen. 

Echter, SD leidt tot een verstoring van het werkgeheugen. De dieren in de 6 en 12 uur SD groep 

lieten geen voorkeur zien voor de nieuwe arm. Ze spendeerden gemiddeld evenveel tijd in de nieuwe 

arm als in de oude armen. Tevens hebben we onderzocht of SD een effect heeft op moleculaire 

processen in relevante hersengebieden betrokken bij werkgeheugen. Hierbij lag de focus op de 

zogenaamde glutamaat AMPA receptoren in de hippocampus. Uit de literatuur was bekend dat deze 

receptoren cruciaal zijn voor ruimtelijk werkgeheugen. In ons experiment resulteerde SD in een 

graduele vermindering in de fosforylering van de AMPA receptor op de GluR1 S845 site, welke 

belangrijk is voor de incorporatie van de receptor in het celmembraan. Daarnaast vonden we een 

verlaging van AKAP150, een eiwit dat een belangrijke rol speelt in de regulatie van het AMPA 

fosforyleringsproces. Deze resultaten suggereren dat zelfs een relatief kortdurende SD periode 

gedurende de normale rustfase een acuut negatief effect heeft op hippocampus-afhankelijk 

werkgeheugen door een verminderde AMPA receptorfunctie in de hippocampus. Aangezien plasma 

niveaus van het stress hormoon corticosteron (CORT) niet  verhoogd waren na SD, zijn de effecten 

van SD op werkgeheugen en het functioneren van de AMPA receptor waarschijnlijk veroorzaakt door 

het tekort aan slaap en niet door stress. Ook lijkt vermoeidheid geen rol te spelen aangezien de 

slaapgedepriveerde muizen niet minder actief waren in de leertaak dan controle muizen. 

In de volgende hoofdstukken van dit proefschrift hebben we onderzocht wat het gevolg is van 

SD direct na een leertaak, wanneer het nog instabiele geheugen moet worden vastgelegd 

(geconsolideerd) en versterkt. Ook werd bestudeerd of SD een effect heeft op geheugenflexibiliteit, 

het aanpassen van al bestaand geheugen wanneer eerder gevormde associaties niet meer gelden. In 

het derde hoofdstuk hebben we muizen onderworpen aan 5 uur SD direct volgend op iedere 

dagelijkse trainingsessie in een Y- of T-vormig doolhof (Y of T maze) waarbij de dieren moesten leren 

dat in 1 bepaalde arm een voedselbeloning lag. Ook werd onderzocht wat het effect was van SD op 

de zogenaamde ‘reversal training’, waarbij de voedselbeloning werd verplaatst naar de arm die 

tijdens de training niet beloond was, waardoor het eerder gevormde geheugen moest worden 

aangepast. We hebben onderzocht of SD een effect had op de gedragsmatige prestatie tijdens de 

training en de leerstrategie die de dieren gebruikten tijdens de leertaak. SD had op gedragsniveau 

geen effect op de leersnelheid tijdens de training, de slaapgedepriveerde dieren presteerden even 

goed als de controle dieren. Echter, uit de resultaten kwam naar voren dat de slaapgedepriveerde 

dieren, in tegenstelling tot de controle dieren, een hippocampus-afhankelijke ruimtelijke leerstrategie 

vermeden en de voorkeur gaven aan een striatum-afhankelijke routine-matige leerstrategie. Omdat 

bekend is dat deze leerstrategieën gepaard gaan met hersengebied specifieke verhogingen in de 

fosforylering van CREB (pCREB), een transcriptiefactor dat kritisch betrokken is bij geheugenvorming, 

hebben we onderzocht of SD een effect heeft op pCREB niveaus in de hippocampus en het striatum. 
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Resultaten laten zien dat de training-geïnduceerde verhoging in pCREB niveaus in de 

slaapgedepriveerde dieren verschoven was van de hippocampus naar het striatum ten opzichte van 

controle dieren. Echter, hoewel de slaapgedepriveerde dieren even goed presteerden als controle 

dieren tijdens de training werd wel een negatief effect op gedrag gevonden tijdens de reversal training. 

De SD dieren hadden meer moeite met het aanpassen van het geheugen. Dit effect is waarschijnlijk 

te wijten aan de inflexibiliteit van het striatum systeem dat de dieren gebruikten tijdens de training. 

Ten slotte suggereren onze data duidelijk dat ook in dit experiment het effect van SD niet veroorzaakt 

werd door stress aangezien CORT levels niet verhoogd waren na SD. Deze studie laat zien dat het 

effect van slaapdeprivatie op cognitieve prestatie niet altijd direct zichtbaar is doordat het brein tijdelijk 

kan compenseren voor de effecten van SD door gebruik van alternatieve leermechanismen. Echter, 

effecten van SD kunnen lang na de eigenlijke SD alsnog zichtbaar worden omdat de alternatieve 

leermechanismen en betrokken hersengebieden kunnen resulteren in een verminderde flexibiliteit en 

aanpassingsvermogen onder veranderende omstandigheden.  

Uit de resultaten van hoofdstuk 3 hebben we niet kunnnen concluderen of de verschuiving 

van de hippocampus-afhankelijke leerstrategie naar de striatum-afhankelijke leerstrategie in de SD 

dieren tijdens de maze training enkel een voorkeur was of een noodzaak doordat het functioneren 

van de hippocampus verstoord was. Daarom hebben we in hoofdstuk 4 nogmaals de effecten van 

SD op het leren van een T-maze taak onderzocht, maar in dit geval werden de dieren gedwongen tot 

het gebruik van een hippocampus-afhankelijke, ruimtelijke strategie. De verwachting was dat een SD-

geïnduceerde verstoring van de hippocampusfunctie in dit geval direct zichtbaar zou zijn in een 

verminderde leerprestatie. Echter, dit was niet het geval. De SD dieren presteerden even goed als de 

controle dieren. Wel werd op moleculair niveau wederom de training-geïnduceerde verhoging in 

pCREB in de hippocampus tegengegaan door SD. Dus, ondanks een verminderde pCREB expressie 

in de hippocampus waren de dieren die na elke dagelijkse trainingsessie 5 uur van slaap werden 

onthouden nog steeds in staat deze hippocampus-afhankelijke leertaak te volbrengen. Deze 

bevindingen suggereren dat de SD dieren op het moment dat ze ertoe worden gedwongen nog 

steeds in staat zijn om een hippocampus-afhankelijke taak te volbrengen, waarschijnlijk door gebruik 

te maken van moleculaire processen in de hippocampus die niet alleen afhankelijk zijn van de 

activatie van CREB.  

Naast het effect van SD op het vastleggen van geheugen voor een doolhof leertaak hebben 

we in de volgende hoofdstukken gekeken naar de effecten van SD op geheugenconsolidatie voor een 

andere leertaak, namelijk contextual fear conditioning. Dit is een veelgebruikte leertaak die als 

voordeel heeft dat het een ‘single-trial’ taak is. Hierdoor is het makkelijker uit te voeren en hoeven de 

dieren maar eenmalig van slaap te worden onthouden waardoor men efficiënt en selectief de effecten 

van SD op geheugenconsolidatie kan onderzoeken. Bovendien kan men, omdat deze taak 

hippocampus afhankelijk is, specifiek focussen op de consolidatie van hippocampus-afhankelijk 

geheugen. De taak bestaat uit een training waarbij de dieren 3 minuten de tijd krijgen om een 

conditioneringsbox te verkennen, waarna ze eenmalig een milde voetschok krijgen. De volgende dag 

worden de dieren in dezelfde box geplaatst (test fase), echter nu zonder de blootstelling aan een 

voetschok. Dieren met een normaal functionerend geheugen die een associatie hebben gelegd 
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tussen de schok en de context (de conditioneringsbox) zullen een duidelijke geconditioneerde 

‘freezing’ respons vertonen. Dit is een natuurlijke angstreactie op een omgeving die het dier met een 

negatieve ervaring associeert. Eerdere experimenten hebben laten zien dat kortdurende SD direct na 

de training leidt tot een verstoring van de geheugenconsolidatie in muizen, wat zich uitte in een 

verminderde freezing respons tijdens de test fase. In hoofdstuk 5 hebben we onderzocht of 6 uur SD 

direct na de training effect heeft op de geheugenconsolidatie voor contextual fear in ratten. De 

resultaten laten zien dat slaapgedepriveerde dieren in vergelijking met controle dieren een 

verminderde freezing respons vertonen tijdens de test fase. De meeste studies die de effecten van 

SD op de consolidatie van hippocampus-afhankelijk geheugen onderzochten hebben zich gericht op 

de gedragsmatige respons tijdens de test fase. Echter, het is aannemelijk dat de verstoring van het 

geheugen na SD gepaard gaat met fysiologische veranderingen. Daarom hebben we in dit hoofdstuk 

tevens onderzocht of de verminderde freezing respons gepaard gaat met een verminderde angst-

geïnduceerde activatie van de hypothalamus-hypofyse-bijnier (HPA) as, een belangrijk stress 

systeem van het lichaam. Dit HPA systeem produceert onder andere het stress hormoon CORT 

wanneer het individu zich in stressvolle situaties bevindt. Zoals verwacht laten de resultaten zien dat 

SD leidt tot een verminderde CORT respons in reactie op de hernieuwde blootstelling aan de 

conditioneringsbox tijdens de testfase. In het daarop volgende experiment hebben we gekeken of de 

verminderde freezing respons tijdens de test fase ook geassocieerd is met een verminderde activatie 

van de hippocampus en amygdala, hersengebieden die beide kritisch betrokken zijn bij geheugen 

voor contextual fear. Hierbij hebben we specifiek gekeken of SD leidde tot een verminderde activatie 

van CREB in deze hersengebieden. De resultaten lieten inderdaad zien dat de normale verhoging in 

pCREB expressie na de test fase was verminderd in zowel de hippocampus en de amygdala van 

dieren die 6 uur SD hadden ondergaan direct na de training. Deze studie laat zien dat SD direct 

volgend op de training leidt tot een verstoring van de geheugenconsolidatie voor contextual fear in 

ratten, hetgeen zich niet alleen uit in een verminderde freezing respons, maar ook geassocieerd is 

met een verminderde HPA as activatie en een verminderde activatie van relevante hersengebieden.   

In hoofdstuk 6 werden de bevindingen van hoofdstuk 5 verder uitgebouwd. In de meeste 

dierexperimentele en humane studies die zich hebben gericht op het effect van SD op 

geheugenconsolidatie, werd de leertaak uitgevoerd nabij of in het begin van de rust fase. Echter, in 

het dagelijkse leven leren mensen en dieren niet alleen vlak voordat ze gaan slapen, maar vaak juist 

eerder gedurende hun actieve fase. Daarom hebben we in dit laatste experimentele hoofdstuk 

onderzocht wat de effecten van SD zijn voor geheugenconsolidatie, niet alleen wanneer de leertaak 

werd uitgevoerd aan het begin van de rust fase, maar ook aan het begin van de actieve fase, 

wanneer de taak niet altijd gevolgd wordt door een substantiële hoeveelheid slaap. SD direct volgend 

op de training leidde tot een verstoring van de geheugenconsolidatie voor contextual fear, 

onafhankelijk van de tijd van de dag waarop de training plaatsvond. Echter, in de rustfase was 

geheugenconsolidatie verstoord door 6 uur SD direct volgend op de training, terwijl 

geheugenconsolidatie in de actieve fase alleen verstoord was na 12 uur SD, en niet na 6 uur SD. 

Aangezien ratten minimaal twee keer zoveel slapen tijdens de rust fase dan tijdens de actieve fase, 

suggereren deze data dat het effect van SD afhankelijk is van de hoeveelheid slaaponthouding. Net 
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als in hoofdstuk 2 en 3 werden ook in deze studie controle experimenten uitgevoerd waarvan de 

resultaten laten zien dat de effecten van SD niet gerelateerd zijn aan stress hormonen. Verder wijzen 

de resultaten uit dat de effecten van SD ook onafhankelijk zijn van de hoeveelheid sitmulatie die de 

dieren ontvingen tijdens de SD periode. Geheugenconsolidatie in de rust fase was verstoord door 6 

uur SD door middel van milde stimulatie, terwijl geheugenconsolidatie in de actieve fase niet 

verstoord was door dezelfde hoeveelheid stimulatie. Alles bij elkaar genomen wordt de verstoring van 

geheugenconsolidatie door SD dus beter verklaard door de hoeveelheid verloren slaap dan door de 

mate van interferentie door stress en stimulatie. 

Conclusie. De bevindingen van dit proefschrift laten zien dat acute SD effecten kan hebben 

op de verschillende stadia die betrokken zijn bij het verwerken van geheugen voor hippocampus-

afhankelijke leertaken. Daarnaast laten de resultaten zien dat de effecten van SD op 

geheugenconsolidatie correleren met veranderingen in regionale expressie van de transcriptie factor 

CREB. De meest belangrijke bevinding is dat ondanks het feit dat SD veranderingen in niveaus van 

pCREB en activiteit van hersengebieden die betrokken zijn bij geheugenvorming veroorzaakt, SD niet 

altijd direct leidt tot een verstoring van de gedragsmatige prestatie tijdens een leertaak. De 

beschikbaarheid van alternatieve leermechanismen kunnen mogelijk bepalen of SD direct een 

zichtbaar effect heeft of niet. Tevens suggereren de resultaten dat de verstoringen in 

geheugenvorming niet gerelateerd zijn aan stress hormonen of de hoeveelheid stimulaties tijdens de 

SD periode, maar een gevolg zijn van het slaaptekort zelf. Deze bevindingen zullen hopelijk bijdragen 

aan het besef dat een relatief kleine hoeveelheid slaaptekort al kan leiden tot een serieus negatief 

effect op leerprestatie en verstoringen van moleculaire processen in de hersenen die betrokken zijn 

bij geheugenprocessen. 
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STELLINGEN 

Behorende bij het proefschrift 

 

Sleep and Memory 

Behavioral and molecular consequences of sleep deprivation 

 

 

1. Het onderzoek naar de rol van slaap bij geheugenprocessen is complexer dan de som der delen. 

 

2. Het grote voordeel van een kostschool is dat slaap onderdeel uitmaakt van het curriculum. 

 

3. De voortgang in het onderzoek naar de rol van slaap bij geheugenprocessen wordt vertraagd 

doordat humaan en dierexperimenteel onderzoek zich richten op verschillende typen geheugen. 

 

4. Wakker houden maakt slaperig. 

 

5. If sleep does not serve an absolutely vital function, then it is the biggest mistake the evolutionary 

process has ever made (Dr. Allan Rechtschaffen). 

 

6. Het doen van wetenschappelijk onderzoek brengt verschillende culturen dichter bij elkaar. 

 

7. Paardrijden is eigenlijk heel eenvoudig, maar dat is nou net wat het zo moeilijk maakt. 

 

8. De biologie van persoonlijkheid speelt een belangrijke rol bij de match tussen ruiter en paard. 

 

9. Reizen met de trein naar het werk is niet alleen beter voor het milieu, het heeft ook tal van andere 

voordelen die in veel gevallen opwegen tegen die van autogebruik. 

 

 

Roelina Hagewoud, 2010 
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