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1. GENERAL INTRODUCTION
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General introduction

Although all of us have personal experience with sleep, and although many 
researchers have dedicated their professional lives to investigating this 
phenomenon since the first official sleep deprivation experiment was 
performed in 1895 (according to Horne, 2006), no clear definition is 
available to describe exactly what sleep is (Franken et al., 2009), or why it 
is important. A lack of sleep does however have very clear consequences for 
cognition; sleep deprivation induces cognitive impairments. However, the 
mechanism underlying these impairments remains elusive. The current 
thesis describes a number of experiments that contribute to the 
understanding of the mechanism(s) responsible for cognitive impairments 
after sleep disturbance. 

Up to the present, research has led to important insights on sleep, and this 
introduction will provide readers that do not work in this field with a broad 
(albeit incomplete) overview of relevant available knowledge from 
literature. Although it is not clear why we need sleep, there are a number 
of arguments supporting the assumption that sleep is important. 

First of all, sleep is universally present throughout the animal kingdom. 
Although sleep has not been investigated in all species, it has been shown to 
occur in nematodes, fruit-flies, fish, birds, many mammals, and probably 
even in jellyfish (Hendricks et al., 2000; Shaw et al., 2000; Seymour et al., 
2004; Horne, 2006; Vassalli & Dijk, 2009). Circadian patterns in metabolism 
and activity have even been described in species such as bacteria, sponges, 
jellyfish and plants (Amano, 1986; Seymour et al., 2004; Horne, 2006). As 
the state of sleep imposes a substantial risk to an animal, it should not sleep 
unless sleep has a very important function (Horne, 2006). 

Second, evolution has lead to adaptations in some species enabling them to 
sleep in extraordinary circumstances. For example, some species of fish are 
known to secrete a mucous “sleeping bag” around them, possibly to reduce 
their scent attracting predators; large animals including horses, sheep and 
cows can sleep while standing upright without falling over; and seals and 
dolphins can sleep with half of their brain at the time, the other brain half 
maintaining continuous swimming in a circle to prevent sinking (Bell, 1972; 
Marshall, 1972; Dallaire & Rucklebusch, 1974; Siegel, 2005; Lapierre et al., 
2007). 

The third indication that sleep is very important arises from the observation 
that missed sleep is compensated for at a later time (Vassalli & Dijk, 2009). 
This phenomenon of recovery sleep would not occur if sleep were not 
important. Related to this, the fourth indication is that with prolonged 
wakefulness, the tendency to sleep increases, and the ability to maintain 
alert and awake decreases (Trachsel et al., 1986; Trachsel et al., 1991; 
Horne, 2006; Christie et al., 2008). 

Voluntary wakefulness is only possible up to a point after which sleep will 
indefinitely follow. The two-process model of sleep suggests that sleep drive 
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is increased by both a circadian and a homeostatic process. First, the 
circadian process increases sleep drive during the night and decreases sleep 
drive during the day (for humans at least, the circadian sleep drive is 
reversed in nocturnal species such as the rat), causing organisms to sleep in 
the suitable part of the circadian cycle. Second, the homeostatic process 
increases the sleep drive with prolonged wakefulness; we get more tired 
when we stay up longer. We usually fall asleep only when both the circadian 
and the homeostatic process ‘tell us to’, although after prolonged sleep 
deprivation sleep may occur at unusual circadian times (Horne, 2006). 

Although we do not know exactly why sleep is so important and what sleep 
exactly is (Franken et al., 2009), we can describe the phenomenon on both 
a behavioural and an electrophysiological level. Theories on the function of 
sleep are described below. 

1.1. Behavioural and electroencephalographic aspects of sleep 

Sleep can be defined at both a behavioural and an electroencephalographic 
level. The behavioural repertoire surrounding sleep starts with preparatory 
behaviours (Wilcox, 1975); many species have a certain bed-time ritual and 
find and arrange their dedicated sleeping site to their needs. When going to 
sleep, most species will adopt a typical body posture (Vassalli & Dijk, 2009), 
although this posture is not essential when sleep need is high enough; 
people can sleep while seated (Horne, 2006), and in rats, electro-
encephalography (EEG, see below) consistent with sleep has even been 
observed during movement (Leemburg et al. 2010). Usually however, during 
sleep, organisms move relatively little (Vassalli & Dijk, 2009). Besides, 
during sleep, organisms are less likely to respond to stimulation; their 
arousal threshold is increased (Vassalli & Dijk, 2009). When the stimulation 
is sufficient enough however, the state of sleep can easily be reversed 
(Vassalli & Dijk, 2009), which is the main difference between sleep and 
anaesthetic-induced sleep-like states (Horne, 2006). 

The last aspect of sleep that can be observed behaviourally is the 
phenomenon of recovery sleep; when species are deprived of sleep, they 
will compensate this to a certain extent in the future (Vassalli & Dijk, 2009). 
Most of these behavioural aspects of sleep can be seen in all animal species 
investigated up to now, and thereby be used to define sleep in organisms in 
which electrophysiological measurements are difficult. Considered most 
important in this aspect are the phenomenon of recovery sleep and the 
increase in arousal threshold, which may distinguish “real sleep” from 
normal quiescence. 

EEG is the technique used to register the electrical activity in the brain with 
electrodes placed on the scalp (Cooper et al., 1969). During sleep, EEG 
shows a different pattern compared to wakefulness. During wake, the 
cortical oscillations that are recorded from the electrodes are relatively fast 
and of low amplitude, while the EEG slows down and amplitudes increase 
during sleep, resulting in slow oscillations that are characteristic for sleep. 
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Based on the EEG, several sleep stages can be discriminated, 5 for humans 
and usually 2 for rats (Hobson, 1991; Horne, 2006). 

In humans, sleep usually starts with stage-1 mild sleep, and over time, sleep 
deepens, first to stage-2 sleep, where sleep spindles (see chapter 4) can be 
distinguished in the EEG traces, and then to deep or slow-wave sleep (SWS); 
stages 3 and 4. Recent studies do not always distinguish between stage 3 
and 4 and analyse total SWS instead, combined into what is now called stage 
3, according to the new guidelines of the American Academy for Sleep 
Medicine. After deep sleep follows rapid eye movement sleep (REMS), the 
fifth sleep stage, during which we dream most vividly. During a full night of 
sleep (approximately 7.5 hours), most people will cycle through these sleep 
stages a number of times, occasionally waking up between cycles (Dement, 
1999; Horne, 2006). 

In rats, sleep is more fragmented than in humans. Rats habitually sleep for 
brief periods of 2-20 minutes throughout the day, but also throughout the 
night during their active phase. Possibly because of the shorter sleep 
duration in rats it is very difficult to distinguish sleep stages 1-4. Therefore, 
in rodent sleep research the consensus is to distinguish only between non-
REMS (NREMS) and REMS. 

REMS and NREMS can be distinguished in all birds and mammals investigated 
so far, with the exception of sea-bound mammals such as dolphins, where 
no REMS has been observed. The muscle atonia that accompanies REMS 
would be lethal in species that breathe air but live in the water (Horne, 
2006; Roth et al., 2006). 

In non-mammalian species including fish and fruit flies, electrophysiological 
correlates of sleep have also been described, and in fish, the brain waves 
also slow down during sleep (Howard, 1972; Marshall, 1972). 

1.2. Why do we sleep? 

After describing sleep, the next question is why this typical behaviour 
occurs. When the sleep pattern is compared between different mammals, 
correlations are present between the amount and the nature of sleep and 
variables such as age, body size & diet, environment and the safety of the 
sleeping site (Hobson, 1991; Siegel, 2005). Theories on the function of sleep 
have arisen from cross-species comparisons, assuming that the function of 
sleep is identical in all these species. Theories on why we sleep are 
described below. 

Sleep suppresses behaviour, and as sleep is strongly related to the circadian 
phase, it can prevent activity at times when this activity is least useful or 
even dangerous. Sleep has therefore been proposed to occur to provide 
safety during times when activity would pose a risk (Hobson, 1991; Siegel, 
2005). 

As sleep suppresses movement, it also conserves energy (Siegel, 2005). 
Energy expenditure is highest in small species and young individuals (due to 
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their higher surface to volume ratio they can lose body heat relatively 
quickly), and they may benefit most from energy conservation. Correlated 
with this, they also sleep more (Siegel, 2005). 

Both the conservation of energy and the provision of safety have therefore 
been proposed as functions of sleep, but would in fact be served better by 
consciously being inactive without the decreased arousal threshold that 
occurs in sleep. Besides, in current human society, with a surplus of 
available energy (food), and a lack of night-time predators, energy 
conservation and safety will certainly not be the only reasons for sleep to 
occur. 

Another function of sleep that has been widely adopted is that sleep 
supports the maintenance of normal brain function, at least in higher 
mammals (Ficca & Salzarulo, 2004; Hobson, 2005). In line with this, there is 
substantial evidence for cognitive impairments after sleep deprivation (at 
least in mammals, described below). A number of excellent reviews 
describe an even greater number of interesting theories on how sleep may 
affect brain functioning. These reviews suggest that sleep may be essential 
to memory consolidation, sensory filtering, signal transduction, 
development and / or restoration via mechanisms comprising neuronal 
synchronisation, neuronal replay, synaptic plasticity, gene expression, 
neurotransmitter synthesis and release, and receptor availability and post-
synaptic receptor activity (Giuditta et al., 1995; Smith, 1996; Maquet, 2001; 
Peigneux et al., 2001; Stickgold et al., 2001; Dahl & Lewin, 2002; Hobson & 
Pace-Schott, 2002; Steriade & Timofeev, 2003; Siegel, 2004; Jones, 2005; 
Rauchs et al., 2005; Siegel, 2005; Stickgold & Walker, 2005; Walker & 
Stickgold, 2006; Datta & Maclean, 2007; Meerlo et al., 2008; Franken et al., 
2009; Longordo et al., 2009; Rector et al., 2009; Vassalli & Dijk, 2009). As 
no conclusive evidence is yet available to prove or disregard all of these 
hypotheses, proper research models are needed. The current thesis 
describes a number of models that may prove of value in this respect. 

1.3. Sleep and cognition 

The lack of sleep is known to impair certain cognitive functions. In real-life 
situations, this is relatively well-studied in a medical setting, where sleep-
deprived doctors are still able to perform routine tasks well, but show less 
planning, are more hesitant, are less innovative and have poorer social skills 
(Horne, 2006). Next to these real-life situations, more specific laboratory 
studies have found a number of cognitive domains to be specifically 
sensitive to sleep loss. 

The most salient cognitive consequence of sleep deprivation is attentional 
impairment. In humans, sustained attention can easily be measured with 
relatively boring tasks in the laboratory, where subjects have to respond as 
fast as possible to unpredictable stimuli. These reaction time tasks are 
particularly sensitive to sleep deprivation protocols. For example, continued 
sleep deprivation for 88h in healthy subjects leads to increases in 
psychomotor vigilance task (PVT) reaction times over time compared to 
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controls that are allowed to take a 2 –hour nap every 12 hours (Doran et al., 
2001). Daytime performance on the PVT show a dose-response relationship 
with the amount of sleep during the preceding night; if subjects sleep less, 
their performance is more severely impaired (Jewett et al., 1999). 
Individuals differ in their sensitivity to sleep deprivation, as the variability 
in performance in this study increased over time in the sleep-deprived group 
(Doran et al., 2001). Also on another attention task, the human 5-choice 
serial reaction time task (5-CSRTT), performance is impaired after 30h of 
sleep deprivation (Wilkinson, 1959). 

Another example of a skill with sensitivity to sleep loss is speech; speech of 
sleepy people is less articulate, flattened, and longer pauses are 
interspersed between words and sentences. Besides, sleepy subjects start to 
mumble (Horne, 2006). Verbal fluency can be tested in humans with 
different types of tasks where subjects have to freely respond with as many 
words as possible related to a given word, for example, verbs that can 
relate to a noun (e.g. “sleep, doze, nap, lean, sit, throw, fight, …” in 
response to “pillow”). The specific rules to which the responses have to 
comply are variable, but this type of tasks is very sensitive to sleep loss. 

The domain of cognitive flexibility can be defined as the flexibility to adapt 
ongoing behaviour in response to salient changes in the environment or in 
our current intentions (Kehagia et al., 2010). This also comprises the ability 
to come up with new ideas and innovative plans, and the ability to switch 
between performing multiple tasks. Cognitive flexibility is affected by sleep 
loss (see below). 

Although at first it may seem difficult to reliably test the ability for 
innovative planning, a very simple task is available to do just so; the Tower 
of London task. This task uses 3 differently coloured wooden blocks, stacked 
onto 3 wooden spindles that can hold 3, 2 or 1 of the blocks. The task is to 
get the wooden blocks from one configuration to another one, while only 
moving one block at a time. After sleep deprivation, performing this task is 
seriously impaired, and subjects are less flexible and perseverate in using 
previously successful strategies (Horne, 2006). 

The ability to switch between multiple tasks is often tested with so-called 
switch-tasks, where subjects have to perform two or more tasks 
interchangeably, explained in chapter 3. When a switch task was performed 
every 3 hours during a 40h period of continuous wakefulness in healthy 
volunteers, task switching was affected by both sleep deprivation and the 
time of day. Task switching first becomes easier while subjects are learning 
the task, then it becomes more difficult with prolonged wakefulness, but it 
becomes a bit easier again during the circadian optimum in the end of the 
afternoon (Bratzke et al., 2009). 

For performance of many tasks it is important to retain and / or manipulate 
sensory input, and neuroscientists use the phrase “working memory” to 
describe the ability to “keep new information in mind”. Working memory is 
impaired both after work-related sleep deprivation as for example 



- Ch1 - 

- 28 - 

encountered in medical residents making long days (Gohar et al., 2009), as 
well as in more controlled laboratory settings (Tucker et al. 2010). 

An elegant type of tasks to test working memory asks subjects to keep an 
aspect of a stimulus in mind, and respond to the current stimulus ONLY if it 
is similar to the stimulus shown n trials before. These so-called n-back tasks 
become more complicated with increasing n. E.g. it is very easy to compare 
the current stimulus with the immediately preceding stimulus (n = 1; a 1-
back task), but when one has to keep the last two (n = 2) or even three (n = 
3) stimuli in mind it rapidly becomes more difficult to perform well. A 2-
back task is already sensitive to the effects of 21h of sleep deprivation 
(Smith et al., 2002). 

When new skills or knowledge are acquired, consolidation is required to 
enable later retrieval from memory. Many different types of information can 
be distinguished, and many types of learning & memory consolidation 
appear to be sensitive to sleep deprivation. For example, the skill of visual 
texture discrimination (between 3 diagonal bars within an array containing 
358 horizontal bars) improves after overnight sleep, but is impaired after 
sleep deprivation (Stickgold et al., 2000; Stickgold et al., 2002). Also 
explicit learning of word pairs, implicit learning of a list of words, 
memorising the location of items within a room, remembering the turns in a 
fictive walk and learning to trace line figures through a mirror are sensitive 
to sleep deprivation (Plihal & Born, 1997, 1999). 

Not only nocturnal sleep, but also daytime napping after learning can help 
consolidation. This has been shown amongst others using a motor memory 
task consisting of tapping the sequence -4-1-3-2-4- on a numerical keyboard 
with the non-dominant hand as fast and accurately as possible. Daytime 
napping leads to significantly enhanced memory consolidation of this 
sequence tapping (Nishida & Walker, 2007). Also declarative memory, for 
example the free recall of a previously memorized list of words, improves 
with a nap during the 60 min post-learning interval (Lahl et al., 2008). 

Different from free recall, recognition memory may be relatively spared 
after sleep deprivation. However, memory for the temporal order of 
previously encountered stimuli seems quite sensitive to a lack of sleep 
(Horne, 2006). This was tested by showing sets of stimuli, e.g. faces, to 
subjects at different times, and afterwards asking them first of all if they 
have seen a specific face before, and if so, when (Horne, 2006; Walker and 
Stickgold, 2006). 

Decision making, or the rational judgement in risk taking is also affected by 
a lack of sleep, which can be tested with games in which subjects gamble 
with play money (Horne, 2006). In for example the Iowa Gambling Task, 
subjects choose cards from different decks. Some of these decks are low 
risk low benefit, while others have higher risks and occasional higher 
benefits. After 49h of prolonged wakefulness, sleep deprived subjects 
choose more frequently for cards from the disadvantageous high-risk decks 
(Killgore et al., 2006). 
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Although sleep deprivation does impair performance on many of these 
relatively unexciting cognitive tasks, the good news is that performance on 
more stimulating tasks may be relatively robust to short-term sleep 
deprivation. For example, one night of total sleep deprivation did not alter 
performance on a standard intelligence test (Binks et al., 1999). 

Whereas the cognitive effects of sleep deprivation have received 
widespread attention over the last decade, some authors have noted that 
effects on mood are more profound (Pilcher & Huffcutt, 1996). In practice, 
the relatively small impairments in cognitive performance after sleep 
deprivation, may be overshadowed by considerable irritability (Pilcher & 
Huffcutt, 1996; Horne, 2006). The fact remains however, that sleep 
deprivation does cause cognitive impairments, specifically in attention, 
verbal fluency, innovative planning, task-switching, working memory, the 
consolidation of new information and rational decision making. These 
impairments may decrease the quality of life for people suffering from sleep 
disorders, but they may also pose a risk when sleep-deprived people are 
making mistakes while for example driving or working on a job where 
mistakes and omissions may have severe consequences. 

If after reading this paragraph you feel like you want to test your cognitive 
performance in either a normal or a sleep-deprived state, surf to 
http://cognitivefun.net/ where several versions of most of the described 
tasks are available. 

1.4. Sleep disturbances 

This thesis deals with the cognitive effects of a lack of sleep, which is 
relevant as many people suffer from disturbed sleep, either because of 
intrinsic sleep disorders or by extrinsic factors. The American Sleep 
Disorders Association publishes the International Classification of Sleep 
Disorders, Diagnostic and Coding manual, which lists nearly 80 recognized 
sleep disorders, comprising intrinsic and extrinsic sleep disorders and 
circadian rhythm disorders, parasomnias and sleep disturbances associated 
with other medical conditions (AASM, 2001). Of special interest because of 
the relatively high prevalence and potentially serious (cognitive) 
implications are obstructive sleep apnoea, several types of insomnia, jet-lag 
syndrome and shift-work sleep disorder. 

Obstructive Sleep Apnoea Syndrome (OSAS) is characterised by repetitive 
episodes of upper airway obstruction occurring during sleep, which are 
usually associated with a reduction in blood oxygen saturation (AASM, 2001). 
Patients may be aware of the snoring, but are usually unaware of the 20-30s 
obstructions occurring multiple times each night. The main complaint of 
OSAS patients is severe daytime sleepiness, due to the repetitive 
awakenings that re-establish breathing (AASM, 2001). 

Patients suffering from OSAS also show mild cognitive impairment during 
daytime, including global intellectual dysfunction and deficits in vigilance, 
alertness, concentration, short- and long term memory and executive 
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function (Sateia, 2003). However, OSAS comprises both sleep interruptions 
and repetitive hypoxia, and each factor may individually, or in interaction, 
contribute to the compromised cognitive performance, inducing more 
severe impairment than would be expected from just the interrupted sleep. 

According to the NIH (US National Institutes of Health) consensus statement 
on insomnia, this disorder may be defined as complaints of disturbed sleep 
with adverse consequences for daytime functioning, in the presence of 
adequate opportunity and circumstance for sleep (AASM, 2001). The 
disturbance consists of one or more of 3 features: 1.) difficulty in initiating 
sleep, 2.) difficulty in maintaining sleep and / or 3.) waking up too early 
(NIH, 2005). Insomnia can be either chronic (persisting for at least 30 days) 
or acute (e.g. the sleeplessness experienced the night before or after an 
exciting event or stressful situation, NIH, 2005). The cause for insomnia may 
be intrinsic, in idiopathic insomnia, where the neurologic control of the 
sleep-wake system is thought to be impaired, and in psychophysiological 
insomnia, which is caused by somatised tension and learned sleep-
preventing associations (AASM, 2001). 

Extrinsic causes may also be present and include inadequate sleep hygiene, 
a non-permissive sleep environment (think of noise, temperature, bed-
partner, etc.), high altitude (>4000m), stress and anxiety, food allergy, 
withdrawal of hypnotic substances, use of stimulant drugs and poisoning 
with certain toxic compounds (AASM, 2001). Insomnia can furthermore be 
secondary to other diseases, pain and medication (AASM, 2001). Patients 
suffering from chronic insomnia complain about impairment in day-time 
cognitive performance, but performance deficits have not conclusively been 
supported (Altena, 2010). 

For tips and tricks to improve your sleep, but also if you sleep well and want 
to contribute to insomnia research by occasionally performing a simple test 
on your own computer, surf to www.slaapregister.nl. 

Jet-lag syndrome consists of varying degrees of difficulties in initiating or 
maintaining sleep, excessive sleepiness, decrements in (subjective) daytime 
alertness and performance, and even somatic, mainly gastrointestinal 
symptoms following rapid travel across multiple time zones (AASM, 2001). 
The severity of these symptoms depends on individual susceptibility, the 
number of time zones crossed, the direction of travel (east or west), and 
the timing of takeoff and arrival (AASM, 2001). Although symptoms usually 
do not last for more than 3 days after a flight, a pattern of alternating good 
and poor sleep may occur for up to a week (AASM, 2001).

Shift-work sleep disorder consists of symptoms of insomnia or excessive 
sleepiness that occur as transient phenomena in relation to work schedules. 
Typically, when working night-shifts, people have difficulties in maintaining 
a normal sleep duration when the major sleep episode starts in the morning 
(6:00 – 8:00), and wake up “early” and unrefreshed. However, shift-work 
sleep disorder may also occur with early morning and late evening shifts 
(AASM, 2001).
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The body needs 10 days of working at night and sleeping by day to fully 
adjust to this new situation, which does not occur often in shift-work 
schemes (Horne, 2006). Daytime sleep following night-shifts is therefore 
usually lighter and shorter than normal night sleep (Horne, 2006). The main 
two health issues related to prolonged exposure to shift-work are peptic 
ulcers and cardiovascular disease (Horne, 2006). The potential cognitive 
consequences of shift-work are discussed in chapter 6. 

1.5. Sleep deprivation in rodents 

Up to the present, it is not understood how and why a lack of sleep affects 
cognition. Studies in humans may provide important indications for the 
underlying mechanisms, and e.g. brain scanning studies may indicate the 
brain regions involved. Still, in order to fully understand the mechanisms 
involved, more invasive studies are necessary. In order to enable these 
mechanistic studies it is necessary to use sleep deprivation in combination 
with cognitive tasks to study brain function in animal models. Therefore, it 
is essential to optimise methods for sleep disruption. 

While it is relatively easy to ask humans to stay awake and to provide them 
with sufficient stimulation to maintain wakefulness, this is more of a 
challenge in rodents. Conceptually the most elegant method to deprive 
rodents of sleep is known under the name ‘gentle handling’. This method 
consists of providing stimulation to rats and mice that will keep them 
interested and/or mildly aroused and thereby prevent sleep, which is 
relatively comparable to encouraging human volunteers to stay awake. 
Stimulation can consist of sound and tactile stimuli, providing “toys”, novel 
objects or new types of food to the rodents, and even temporary changes in 
the humidity have been implemented. The type of stimulation is 
unfortunately not at all standardised (compare for example Sternthal & 
Webb, 1986; Bodosi et al., 2004; Grassi Zucconi et al., 2006; Deboer et al., 
2007; Cai et al., 2009), and the method is very time-consuming for the 
experimenters. Besides, its effectiveness over periods of sleep deprivation 
exceeding a few hours is very limited; e.g. during a 6-h sleep deprivation by 
means of gentle handling rats still manage to sleep 6% of the time (Deboer 
et al., 2007). Less gentle stimulation has also been implemented to reach 
sleep deprivation; for example foot-shocks have been used to maintain 24h 
of wakefulness in rats, but this is not more effective than gentle handling 
(Sternthal & Webb, 1986). 

An often used alternative is forced locomotion, where rodents are kept 
awake by requiring them to move on a rotating disk or drum or a running 
conveyor belt (Friedman et al., 1979; Gong et al., 2004; Roman et al., 
2006). Because methods employing forced locomotion are highly 
standardised and automated, they are often preferred. During forced 
locomotion, rodents are kept awake by a combination of tactile stimulation 
and movement. Tactile stimulation occurs when animals do not move, the 
urge to move is present because if they do not move they will slide from a 
disk into surrounding water, slide down from the (often uneven) sides of the 
drum, or bump into the walls of the boxes. 
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Usually rats manage to deal with the forced locomotion extremely well, and 
minimize their movement. During prolonged sleep deprivation using forced 
locomotion, EEG-patterns consistent with sleep have been observed while 
rats were moving (Leemburg et al. 2010). Therefore, the effectiveness of 
the previously used protocols appears to have its limits. However, when the 
protocols are made more variable (and thereby less predictable), this sleep 
during movement can mostly be prevented (see chapter 2). 

Besides gentle handling and forced locomotion, the administration of 
stimulants such as amphetamine has been used to prevent sleep for 
relatively short periods (Cai et al., 2009). Even more alternatives are 
available for the selective deprivation of REMS, which can be accomplished 
by either the administration of anti-depressant compounds or the use of 
balance methods (e.g. the inverted flowerpot in water and the pendulum), 
where the muscle atonia that occurs in REMS will lead to instant awakening 
by falling (Pearlman & Becker, 1974; Van Luijtelaar & Coenen, 1986). 

1.6. Rodent equivalents for cognitive tests 

From the preceding section on cognition and sleep it is clear that sleep 
deprivation causes impairments in specific cognitive domains. Rodent 
alternatives are available for many of the described human tasks, and may 
be used in mechanistic studies. A selection of cognitive tasks for rodents 
will be described here. 

Rodent alternatives have been developed for the standard attentional tasks 
that are so sensitive to the effects of sleep deprivation in humans; the 5-
CSRTT and the PVT. In the rat psychomotor vigilance task (rPVT), rodents 
have to respond with a quick nose-poke to a light stimulus in order to 
receive a water reward. Sleep deprivation for 24h increases response 
latencies and the number of lapses on the rPVT, comparable to human PVT 
performance after sleep deprivation (Christie et al., 2008). In the rodent 
version of the 5-CSRTT, rats have to respond to a brief light stimulus in one 
out of 5 nose-poke holes. Attentional performance of rats is impaired after 
4, 7 and 10 hours of total sleep deprivation; the response latency increased, 
as well as the number of omission errors, while the number of perseverative 
and premature responses remained unaltered (Cordova et al., 2006). 

Cognitive flexibility is often tested in rodents with so-called reversal tasks. 
In a classical reversal task, rats are first trained to perform a certain 
response, e.g. pressing the left lever, while the alternative response, e.g. 
pressing the right lever is not rewarded. After acquisition, the response-
reward relationship is suddenly reversed; the previously rewarded response 
becomes unrewarded and vice versa. The effects of sleep deprivation on 
reversal learning are described in chapter 5. 

Rodent versions of human switch-tasks, testing another type of cognitive 
flexibility, were not available before the current studies. A major 
contribution of this thesis is the design and validation of the first switch-
task for rats, which is described in chapter 3. This task may help in starting 
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to understand the brain mechanisms of the typical flexibility deficits after 
sleep deprivation, but also in other disorders such as Parkinson’s disease. 

A rodent version of the n-back task for working memory has recently 
become available. For this means, five spatially separate levers are 
presented one at the time in certain sequences. Rats can be trained to 
remember the last or even the one-but-last lever presented (Ko & Evenden, 
2009). N-back performance after sleep deprivation has not yet been tested 
in rodents, but working memory in rodents is impaired after sleep 
deprivation, as tested using a different task (Beaulieu and Godbout, 2000, 
Le Marec et al., 2001). 

Many paradigms are available to investigate learning and consolidation of 
new information in rodents, but not all of them appear to be sensitive to 
sleep deprivation. For example learning the position of a submersed 
platform in a pool (the Morris Water maze, MWM) is not sensitive to 
deprivation of REMS (Beaulieu and Godbout, 2000, Le Marec et al., 2001). In 
chapter 4 of this thesis, we describe that a brief period of sleep deprivation 
does impair learning of a simple response-outcome association between 
leverpressing and a food reward. 

Decision making can for example be investigated in rats using a T-maze, 
where both arms are rewarded. Reward sizes can be varied, as well as the 
route towards them; rats may have to choose between a high reward after a 
delay and a small immediate reward, or between a high reward after 
climbing over a barrier or a small reward without obstacles on route (Denk 
et al., 2005). For risk-taking, probabilistic tasks are available, where for 
example pressing one lever will always result in a small reward, while 
pressing the other lever will occasionally result in a large reward. 
Preliminary data from our group indicate that choosing between a risky big 
reward and a safe small reward is not altered by 12h of total sleep 
deprivation. 

As described here, rodent versions of many human tasks can be developed. 
For some others, such as verbal fluency & innovative planning, it is less 
likely that this will ever be successful. Fortunately, the available tasks will 
enable future mechanistic research into the cognitive domains of attention, 
task-switching, flexibility, working memory and risk taking. 

1.7. Scope & outline of the thesis 

Eventually, we would like to help people suffering from the cognitive 
consequences of bad sleep with effective treatments. At the moment, the 
question remains how a lack of sleep induces cognitive impairments. The 
work described in this thesis starts to address this question, by assessing the 
effects of sleep deprivation in rats on learning and cognitive flexibility. It 
focuses on the (mostly behavioural) prerequisites for future mechanistic 
studies. 

This introduction intends to provide non-sleep specialists with sufficient 
background for interpreting the rest of this thesis. In chapter 2, a new 
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method for inducing sleep deprivation in rats is introduced, based on 
variable forced locomotion. Although forced locomotion itself may induce a 
stress response (Roman et al., 2006), our new method does not increase 
corticosterone, an indicator of the stress response, above normal circadian 
maximum levels. Also the potential confounding of experimental results by 
an increase in locomotor activity is limited when this method is used, as 
activity levels during deprivation do not exceed normal wake levels. When 
testing behaviour in a sleep-deprived state, other factors than cognitive 
impairment may affect performance; motivation to “work” for a reward 
may be decreased, and tiredness may slow motor functioning. These 
potential problems are assessed using a task where rats show vast levels of 
leverpressing to receive food rewards, which is highly sensitive to decreases 
in motivation and motor impairment. 

Chapter 3 and 4 describe that both very mild (3h during the active-phase, 
chapter 4 ) and more severe (12h during the inactive-phase, chapter 3 ) 
sleep deprivation negatively affect cognition in rats. Chapter 3 focuses on 
the effect of ‘one sleepless night’ and ‘one night of disturbed sleep’ on 
cognitive flexibility, and a new switch-task for rats is introduced. While 12h 
of total sleep deprivation during the light (inactive) phase decreases 
accuracy on switch-task performance, 12h of repetitive sleep disturbance 
during the inactive phase does not alter task-switching. Chapter 4 describes 
the impairment in instrumental learning, the acquisition of an association 
between lever pressing and food reward, after 3h of active phase nap-
prevention. 

In chapter 5, both 12h of inactive-phase sleep deprivation and 3h of active-
phase nap prevention are proven not to disturb performance on a different 
cognitive task, indicating that also in rats, sleep-related cognitive deficits 
are not generalized but limited to certain cognitive domains. Total sleep 
deprivation for 12h during the inactive phase does not impair the acquisition 
of a spatial reversal, and 3h of nap-prevention during the active phase does 
not impair the consolidation of reversal learning. 

In chapter 6, rats are exposed to 5 weeks of shift-work, and show no 
learning deficits on the instrumental learning task in their 5th week on this 
protocol, which proves that rats can habituate to regular sleep deprivation 
for 8h per day on 5 days per week (both in the active and in the inactive 
phase). Furthermore, the undisturbed control groups in this study 
demonstrate that instrumental learning is similar during the active and the 
inactive phase. 

In the discussion (chapter 7), first of all the preceding chapters are 
summarised. Next, methodological issues are discussed. Additional data are 
presented in this section to provide more information on shifting the day-
night cycle for experimental purposes and on task parameters affecting 
behavioural results.  

Although chapter 2 describes that rats can still be motivated to perform a 
tasks after 12h of inactive phase sleep deprivation, in the discussion it is 
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shown that the task structure also affects motivation; small breaks during 
the task actually decrease motivation, and in a sleep-deprived state these 
regular breaks prevent rats finishing the task. The discussion finishes with a 
reflection on sleep and cognition, including suggestions for future 
experiments, which should eventually find possible treatments to help 
people suffering from the cognitive consequences of bad sleep. 
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