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Abstract 

Slow wave sleep (SWS) is the most important part of sleep, yet it decreases with aging. Staying awake 
puts pressure on the neurons of the brain’s arousal systems, e.g. on the cortically projecting neurons of 
the basal forebrain. During wakefulness, these neurons are active and excite the cortex, thereby 
enhancing behavioral arousal. Sleep quality and duration are compromised with increasing age. 
Elderly people often experience these symptoms as sleep problems and contact medical professionals. 
Treatment of the condition is difficult without basic knowledge of the natural course of sleep changes 
during aging. 

Sleep is regulated by two main processes: the circadian process, which defines the time when to sleep, 
and the homeostatic process, which defines how much sleep is needed. Changes in the circadian 
system with aging have been studied more extensively than changes in sleep homeostasis. 
Homeostatic processes couple changes in wake duration and quality to changes in slow wave sleep. 
Sleep pressure accumulates in the course of waking and induces sleep. Increases in basal forebrain 
neuronal activity during prolonged waking will increase sleep pressure through site-specific 
accumulation of the sleep-inducing molecules nitric oxide (NO) and adenosine (ADE). 
Simultaneously, progressive use-dependent changes in cortical plasticity lead to a net increase in 
synaptic weight, as reflected in the increased expression of synaptic molecules such as the brain-
derived neurotrophic factor (BDNF). Slow wave sleep (SWS) serves to downscale the synaptic 
strength to a sustainable level, this way reducing sleep pressure. 

The aim of this thesis was to find out whether the homeostatic slow wave sleep (SWS) response 
decreases with age and if so, why. We also investigated the molecular mechanisms involved in such a 
decrease. Specifically, we studied what aging does to the active wake and sleep pressure underlying 
the slow wave sleep response, and whether this response can be experimentally restored. 

We found that both the high cortical EEG theta power (7-9 Hz) and the basal forebrain neuronal 
activity, as assessed  by lactate release (LAC), decrease with age, suggesting that the decrease in slow 
wave sleep is partly due to age-related changes in wake quality and cortical arousal. Aging also 
decreased the build-up of sleep pressure, as indicated by the less pronounced increase in the basal 
forebrain nitric oxide (NO) and adenosine (ADE) concentrations and in also the cortical brain-derived 
neurotrophic factor (BDNF) expression, which all correlate with the intensity of slow wave sleep 
(SWS). Sleep latency, which decreases with increasing sleep pressure, was less reduced in the aged 
following prolonged waking, which further suggests a lower sleep pressure in the aged. Finally, 
experimental stimulation of the basal forebrain neurons by the glutamate receptor agonist N-Methyl-
D-aspartate (NMDA) in aged subjects failed to increase active wake, and experimental inhibition of 
the neurons by nitric oxide (NO) failed to increase slow wave sleep (SWS). Both results indicate a 
reduced sensitivity of the aged brain to the effects of sleep pressure-inducing molecules.  

Together, the results show that the reduction of the slow wave sleep (SWS) response with aging is due 
to a reduced sleep need, reflecting cellular and molecular changes in the aged brain. 
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1. Review of the literature 

1.1 Definition and function of sleep 

Sleep is thought to be a complex and, on the basis of substantial evidence, also a universal 
phenomenon, although the assumption of universality is questioned by some (Siegel 2008). Every 
sufficiently studied animal species fulfills so far at least some of the generally accepted criteria for 
sleep: absent or reduced but reversible consciousness, reduced responsiveness to stimuli, motor 
passivity, typical sleep posture, and in phylogenetically higher species also cortical slow waves 
(Allada and Siegel 2008, Cirelli and Tononi 2008). The most wide-spread and influential theories 
suggest that sleep serves some fundamental physiological functions, such as counteracting 
wakefulness-induced metabolic demands (Benington and Heller 1995, Scharf et al. 2008) or enabling 
plastic processes in the brain (Tononi and Cirelli 2001, Krueger and Obal 2003, Tononi and Cirelli 
2006), which tie in with other known functions of sleep, such as facilitation of learning and memory 
processes (Stickgold and Walker 2007, Diekelmann and Born 2010) and balancing of the immune 
system (Imeri and Opp 2009, Zielinski and Krueger 2011). However, since animals are able to carry 
out most of these functions also during wakefulness, the core function of sleep, if one exists, remains 
elusive. 

Electroencephalography 

One of the hallmarks of sleep research were in the 20th centrury the discovery of spontaneous electrical 
activity in the brain which could be recorded by electroencephalography (EEG), and the subsequent 
discovery of different types of cortical EEG activity during the different sleep stages (stages 1-4). The 
EEG is based on volume conductance with current flow through tissues between the electrical 
generator and the recording electrode. The cortical EEG signal is generated by summation of the 
synchronized miniscule synaptic inputs to the dendrites of cortical neurons which are arranged in a 
layer. The resulting postsynaptic potentials (EPSP, IPSP) in the cell membranes of vertically oriented 
pyramidal neurons in the cortical layers 3, 4 and 5 are  according to the sink-source model of EEG 
generation the most significant source of the EEG. The three-dimensional EEG fields are graphically 
represented as two-dimensional projections of difference in voltage plotted over time, providing good 
temporal resolution but restricting the spatial resolution of the signal, which can to some extent be 
compensated by increasing the number of EEG recording electrodes. Mammalian sleep is divided into 
two alternating states based on the cortical EEG signal: the non-rapid eye-movement (NREM) sleep 
and the rapid eye-movement (REM) sleep. NREM sleep is characterized by synchronous high-
amplitude slow oscillations at the EEG delta frequency (0.5 to 4 Hz, slow wave activity); sleep 
spindles (oscillations in the 12-15 Hz range) and decreased muscle activity as measured by 
electromyography (EMG). In humans, NREM sleep is subdivided into stages1, 2, 3 and 4, of which 
stages 1 and 2 represent light sleep and stages 3 and 4 deep, slow-wave rich sleep. REM sleep is 
similar to wakefulness, exhibiting low-amplitude high-frequency oscillations especially in the theta 



12 
 

and gamma frequency range (between 5 and 9 Hz and above 30 Hz, respectively), with the striking 
difference that, unlike in wakefulness, muscle activity is nearly abolished (muscle atonia). 

1.2 Regulation of sleep and wakefulness 

1.2.1 The two-process model 

Sleep and waking are governed by two distinct yet complementary processes: the circadian and the 
homeostatic process (Borbely 1982). The circadian process regulates the timing of sleep and 
wakefulness by promoting waking during the active and sleep during the inactive period. The 
homeostatic process regulates the duration and intensity of sleep. 

Most organisms and also all major mammalian organ systems are circadian. They change their 
behavior according to their intrinsic circadian rhythm, showing alternating periods of activity and rest. 
The central pacemaker neurons of the suprachiasmatic nucleus (SCN) of the lateral hypothalamus are 
entrained to an endogenous rhythm of about 24 hours (24-hour periodicity) by internal and external 
signals such as light, melatonin and temperature. They keep track of the time of day through a well-
characterized molecular machinery and synchronize the rest-activity rhythms of the peripheral tissues 
(Moore 2007, Colwell 2011). 

In early cave and bunker studies, where volunteers were deprived of external cues of time such as 
sunlight, the human circadian rhythm was found to be significantly longer and more variable than the 
biological rhythms of most mammals (Aschoff J. 1962, Colin et al. 1968). However, it has since been 
shown that the artificial light the participants were allowed to use produced phase-delaying effects, 
this way distorting the results (Duffy and Wright 2005). The human endogenous rhythm has been 
confirmed to be 24.18 hours and to vary little (Czeisler et al. 1999). 

Homeostasis is defined as the maintenance of a constant internal environment. The homeostatic 
process establishes that both the propensity to  and the intensity of sleep as measured by sleep slow-
wave activity (SWA, EEG activity between 0.5 and 4 Hz) are proportional to the duration of prior 
wakefulness (Achermann and Borbely 2003). Thus, by simulating the rise and fall of human sleep 
EEG SWA, the model predicts that sleep pressure accumulates with the time spent awake. The longer 
one stays awake and the more sleep is lost, the bigger the pressure to fall asleep. The accumulated 
sleep pressure is released during the subsequent sleep period, progressively decreasing from its highest 
level in the beginning of the sleep period to its lowest level at its end in tight correlation with 
decreasing SWA. 

The homeostatic process can be studied by prolonging waking (sleep deprivation, SD) and afterwards 
monitoring the changes in duration and intensity of the subsequent recovery sleep period. Borbely and 
Tobler (1989) were among the first to suggest that, according to the predictions of the model, sleep 
factors should accumulate in the brain during waking, signalling the increasing sleep pressure, and be 
depleted during the subsequent sleep (“The sleep factor theory of sleep homeostasis”). Although the 
sleep EEG SWA is the best-characterized marker for sleep homeostasis, there are also other markers, 
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such as adenosine (ADE), for measuring the accumulation of sleep pressure. The adenosine level in 
the basal forebrain, a prominent area in the control of sleep and wakefulness, increases with the time 
spent awake and decreases during the subsequent sleep (reviewed inPorkka-Heiskanen and Kalinchuk 
2011), mimicking the course of the sleep pressure in the two-process model. In recent years further 
candidates for the assessment of sleep pressure have also emerged. Waking EEG theta (5-9 Hz) 
activity correlates positively with the homeostatic increase in sleep SWA (Vyazovskiy and Tobler 
2005, Wigren et al. 2007), as does the cortical brain-derived neurotrophic factor (BDNF) which 
increases with the time spent awake (Huber, Tononi & Cirelli 2007, Faraguna et al. 2008). 

1.2.2 Sleep slow wave activity 

1.2.2.1 Slow oscillations 

The basis of cortical slow wave activity (EEG SWA, frequency range 0.5-4 Hz), also known as delta 
activity, are slow synchronous oscillations in the cortex, first described in 1993 (Metherate and Ashe 
1993, Steriade, Nunez & Amzica 1993). More specifically, three different slow oscillations can be 
distinguished: clock-like oscillations (1-4 Hz) generated in the thalamocortical system, and the slow 
oscillations (<1 Hz) and delta oscillations (slow waves, 1-4 Hz) which both originate in the cortex 
(Steriade, McCormick & Sejnowski 1993, Amzica and Steriade 1995b, Timofeev and Steriade 1996, 
Timofeev et al. 2000, Shu, Hasenstaub & McCormick 2003). Slow oscillation is a fundamental 
cellular phenomenon which affects virtually all neocortical neurons (Amzica and Steriade 1995a, 
Sejnowski and Destexhe 2000, Chauvette, Volgushev & Timofeev 2010). It comprises a depolarized 
up-state characterised by intense neuronal firing and a hyperpolarized down-state characterized by 
neuronal silence, the latter of these two being absent during REM sleep and waking, (Steriade et al. 
1993, Contreras and Steriade 1995, Steriade, Timofeev & Grenier 2001, Timofeev, Grenier & Steriade 
2001, Steriade 2003, Destexhe et al. 2007). Slow oscillations which organize other sleep rhythms such 
as spindles and delta waves (slow waves) are synchronized by cortico-cortical connections (Steriade 
2003). The stronger the cortico-cortical connections the higher is the degree of synchronization, which 
can be seen as larger amplitude slow waves and higher amounts of SWA at the EEG level (Hill and 
Tononi 2005). Enhanced SWA in turn serves to protect the brain from incoming sensory stimuli and 
thus allows a deep sleep (Steriade, McCormick & Sejnowski 1993, McCormick and Bal 1997). 

1.2.2.2 SWA and the homeostatic process 

Slow wave sleep is the most important part of sleep, as evidenced by its preservation at the expense of 
the other sleep stages and of REM sleep when sleep time is restricted (Akerstedt 2005, Leemburg et al. 
2010). The amount of SWA during NREM sleep is the best-characterized marker of sleep intensity 
and sleep need; SWA is highest at sleep onset, is further increased by sleep deprivation, is reduced by 
naps, and declines progressively during both natural and recovery sleep (Tobler 2005). Thus, SWA 
serves as an indicator of sleep homeostasis as modelled by process S in the two-process model of sleep 
regulation (Borbely et al. 1981, Borbely 1982, Achermann et al. 1993, Achermann and Borbely 2003). 
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According to the model, the duration of prior waking determines the level of SWA; if the time awake 
is extended, sleep pressure increases, increasing the level of sleep SWA. The functional significance 
of process S describing the changes in homeostatic sleep pressure with the amounts of waking and 
sleep is not known. Neuronal oscillations may lead to transient as well as more persistent changes in 
the strength of neuronal connections, with implications for plasticity and memory processing (Steriade 
and Timofeev 2003). Indeed, the synaptic homeostasis of sleep hypothesis suggests that the role of 
sleep slow oscillations is to downscale cortical plastic processes which occur during wakefulness. 
According to the hypothesis, process S describes this process of synaptic homeostasis where the 
progressive decrease in SWA during sleep is due to a decrease in synaptic weight (Tononi and Cirelli 
2003, Tononi and Cirelli 2006). 

One of the predictions concerning the synaptic homeostasis is that sleep intensity (SWA level) is 
affected by not only the duration, but also by the intensity of waking (Tononi and Cirelli 2001, Tononi 
and Cirelli 2006). Indeed, the neuronal assembly structures of the oscillatory patterns in sleep are 
related to the experiences of the previous wake period (Buzsaki and Draguhn 2004). Experimental 
studies have since proven that, in accordance with the predictions, waking activity strongly modulates 
sleep (Meerlo et al. 2004, Vyazovskiy and Tobler 2005, Franken et al. 2006, Huber et al. 2006, Huber, 
Tononi & Cirelli 2007, Massimini et al. 2007, Wigren et al. 2007, Hanlon et al. 2011). Waking theta 
activity has emerged as a promising new marker for wake intensity, similar in function to SWA which 
serves as a marker for sleep intensity (see section 1.3.3). 

1.2.2.3 Use-dependency 

An important feature of SWA, related to the concepts of cortical plasticity and waking quality, is use-
dependency. This concept holds that sleep is regulated locally in a use-dependent manner. Cortical 
areas which are most active during waking also display the highest amount of SWA during the 
subsequent sleep (e.g. Krueger and Obal 1993, Borbely 2001). Experimental evidence supporting the 
use-dependency of slow waves comes from animal and human studies, in which local cortical synaptic 
potentiation and depression (synaptic plasticity) were manipulated and the changes in the SWA 
measured. For example, inducing synaptic potentiation through behavioral stimulation or learning 
paradigms increases sleep SWA locally in the specific cortical areas stimulated during the preceding 
waking (Vyazovskiy, Borbely & Tobler 2000, Huber et al. 2004, Vyazovskiy and Tobler 2008), 
whereas an induction of local synaptic depression leads to local decreases in sleep SWA (Huber et al. 
2006, Riedner et al. 2007, Vyazovskiy et al. 2007, Murphy et al. 2011). 

1.2.2.4 Local vs. global slow waves 

During sleep, the cortex enters into a slow rhythm dominated by slow oscillations and sleep spindles. 
Although the frontal predominance of SWA is well established (Werth et al. 1997, Cajochen, Foy & 
Dijk 1999, Finelli, Achermann & Borbely 2001), it is not known whether slow waves are synchronous 
across the cortex or limited to some cortical regions, i.e. whether slow oscillations are global or local 
phenomena. Traditional EEG has not been able to provide a satisfactory answer due to restrictions in 
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its spatial resolution (see section 1.1). However, a recent study combining scalp and intracerebral EEG 
with unit activity recordings in human patients found that most sleep slow waves occur locally, 
becoming progressively more local towards the end of sleep (Nir et al. 2011). This shift towards more 
local sleep, together with changes in the firing patterns of the cortical neurons (Vyazovskiy et al. 
2009), explains why the slow waves are smaller and less frequent in late sleep. 

Signals in the neocortex travel through hard-wired routes (anatomical connectivity), but the activity 
travelling along these pathways is determined by the specific neuronal subpopulations which 
communicate at any given moment (functional connectivity). Slow waves propagate during sleep 
along major anatomical pathways in an anterior-posterior direction, but the effective connectivity 
between cortical areas is strongly reduced compared to wakefulness (Massimini et al. 2004, Murphy et 
al. 2009, Nir et al. 2011). 

1.3 The regulatory systems 

Sleep and wakefulness are induced and maintained by various overlapping regulatory systems, 
including the arousal systems (in particular the wake-active basal forebrain); the thalamocortical 
system and the flip-flop switch of the lateral hypothalamus that contains the sleep-active ventrolateral 
preoptic area. 

 

Figure 1.1 Regulation of sleep and waking in the rat brain. Abbreviations: BF = basal forebrain, 
DR = dorsal raphe, LC = locus coeruleus, LDT = laterodorsal tegmental area, POA = preoptic 
area, PPT = pedunculopontine nucleus, PRF = pontine reticular formation, Th = thalamus, TM 
= tuberomamillary nucleus, VLPO = ventrolateral preoptic area, VTA = ventral tegmental area. 
Figure is adapted from Stenberg, 2007 

1.3.1 Ascending arousal systems 

The first indications for an ascending reticular activating system (ARAS) came up in the early 20th 
century when a new type of encephalitis was recognised which attacked specific regions of the brain 
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that regulate sleep and wakefulness, leading to excessive somnolence (von Economo 1917). The 
ARAS, driven by virtually all sensory modalities, resides in the upper brainstem reticular core and 
activates the cerebral cortex either directly or via thalamic relay neurons (Moruzzi and Magoun 1949, 
Steriade, McCormick & Sejnowski 1993) so that mesencephalic lesions to ARAS result in permanent 
sleep (Timofeev and Steriade 1996). ARAS is composed of several neuronal circuits which regulate 
thalamocortical activity and the corresponding behavioral states through various arousal systems. 
These systems include the cholinergic system of the brainstem laterodorsal and pedunculopontine 
tegmental nuclei (LDTN/PPTN) from which the classical arousal response is thought to originate, 
further the cholinergic basal forebrain (BF), the serotonergic dorsal raphe nucleus (DR), the 
noradrenergic locus coeruleus (LC), the histaminergic tuberomamillary nucleus (TM) of the posterior 
hypothalamus, the dopaminergic substantia nigra and ventral tegmental area (VTA), and the 
orexinergic posterior and lateral hypothalamus (LH), which sends projections to the adrenergic and 
cholinergic arousal systems which coordinate the activity of the entire system (reviewed in Jones 
2003, Stenberg 2007, see figure 1.1, McCarley 2007). Together, these arousal systems with their 
specific neurotransmitters both modulate and adjust local patterns of synchronization and coherence in 
the cortex in a complex manner. And most importantly they excite the cortex either directly or 
indirectly via thalamic relays, thereby keeping the thalamocortical system in a depolarized state – a 
precondition for cortical wakefulness and consciousness. 

1.3.2 Basal Forebrain 

The basal forebrain (BF) is a crucial part of the brain’s arousal system, as evidenced by reduced 
cortical arousal after BF lesions (Detari 2000, Berntson, Shafi & Sarter 2002, Jones 2008). It consists 
of the substantia innominata, the horizontal limb of the diagonal band and the magnocellular preoptic 
area. The BF includes at least three subtypes of neurons: cholinergic, glutamatergic and GABAergic 
cells which all receive input from brainstem afferent neurons and send widespread excitatory 
projections to the cortex and the limbic system without a thalamic relay (Jones 2004, Porkka-
Heiskanen and Kalinchuk 2011).The cholinergic BF neurons are excited by various neurotransmitters 
including glutamate, noradrenaline, orexin and histamine (Jones 2004, Stenberg 2007, Jones 2008), 
and in turn release the excitatory neurotransmitter acetylcholine (ACh) together with glutamate (Allen, 
Abogadie & Brown 2006). 

Although constituting only 5 % of all BF neurons (Lee et al. 2005, Gritti et al. 2006) the cholinergic 
neurons have an important role in maintaining cortical activation. They send projections to the cortex 
where they make synaptic contacts with cortical interneurons, exciting them by the release of ACh 
which acts on the muscarinic and nicotinic receptors (Jones 2008). Through increased firing and 
rhythmic bursts the cholinergic neurons also contribute to the fast theta and gamma oscillations typical 
for cortical arousal (Lee et al. 2005). The glutamatergic neurons, which overlap in the BF with the 
cholinergic and GABAergic neurons, represent the majority of the BF neurons (90%) and, similar to 
the cholinergic neurons, also form synaptic contacts with cortical interneurons and excite them 
through AMPA or NMDA receptors (Henny and Jones 2008). In contrast to the mainly wake active 
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cholinergic and glutamatergic neurons, the GABAergic neurons, which constitute approximately 35 % 
of the BF cells, show considerable heterogeneity in their firing patterns (Goutagny et al. 2005). 
According to a recent study, some of the GABAergic BF neurons discharge maximally during both 
waking and REM sleep in synchrony with the EEG gamma activity, while others discharge during 
NREM sleep in correlation with EEG delta activity (Hassani et al. 2009). In parallel with the 
cholinergic and glutamatergic neurons, the GABAergic neurons of the BF project to the cortex where 
they target in addition to GABAergic interneurons also pyramidal cells (Gritti et al. 2003). They are 
suggested to inhibit cortical activity both directly via their actions on the cortical neurons and 
indirectly by inhibiting the other arousal systems (Semba 2000). 

Glutamatergic stimulation of the BF results in neuronal activation, cortical ACh release, EEG 
desynchronization and suppression of sleep (Lamour et al. 1986, Manfridi, Brambilla & Mancia 1999, 
Cape and Jones 2000, Fournier et al. 2004). Experimental activation of the BF by glutamate or its 
receptor agonist NMDA increased wakefulness and cortical activity as measured by EEG theta and 
gamma activity (Cape and Jones 2000, Wigren et al. 2007, see also section 1.3.3), a phenomenon that 
is reversed when inactivating the BF by selective infusion of a NMDA receptor antagonist (Wigren et 
al. 2007) or by increasing the adenosinergic tone in the BF (Strecker et al. 2000). There is also 
evidence of descending excitatory input from the cortex to the BF (e.g. Ghashghaei and Barbas 2001). 
However, a small group of BF neurons ceases firing in response to prefrontal stimulation, suggesting a 
feedback mechanism through which the cortex could also inactivate the BF (Zaborszky et al. 1997, 
Gyengesi, Zaborszky & Detari 2008). 

1.3.3 Waking theta activity 

1.3.3.1 Theta waves 

The theta rhythm (frequency range 4-12 Hz, depending on species and definition) consists of low-
amplitude regular waves that appear in the septohippocampal and related systems of non-primate 
mammals, and relates to voluntary motor activity and to multiple cognitive functions such as arousal, 
attention, learning, memory, navigation and information processing (for review see Vinogradova 
1995, Thibault, Hadley & Landfield 2001, Kahana, Seelig & Madsen 2001, Buzsaki 2002, Hasselmo 
2005). For example, animals that exhibit more theta activity learn a new task faster than animals that 
have less pronounced theta oscillations (Berry et al. 1978). Elimination of the theta rhythm leads to 
memory deficits (Winson 1978) while its restoration improves learning (McNaughton, Ruan & 
Woodnorth 2006). A tight link exists also between theta activity and synaptic plasticity: increased 
theta rhythm promotes the induction of long-term potentiation (Huerta and Lisman 1995, Holscher, 
Anwyl & Rowan 1997, Tsanov and Manahan-Vaughan 2008, Bikbaev and Manahan-Vaughan 2008). 
Theta waves were originally thought to be generated by the cholinergic and GABAergic neurons of 
the septal pacemaker (Petsche, Gogolak & Vanzwieten 1965). Indeed, in later studies lesions in these 
neuronal populations significantly reduced or completely abolished the theta oscillations (Mitchell et 
al. 1982, Lee et al. 1994, Yoder and Pang 2005, Brandon et al. 2011, Koenig et al. 2011). The septal 
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area is under the control of different deep structures such as the cholinergic nuclei of the brainstem 
and the LDT/PPT nuclei (Mesulam et al. 1983, Vertes and Kocsis 1997, Oddie and Bland 1998). The 
pacemaker sends projections to all brain regions that show theta rhythmicity, such as hippocampus, 
amygdala and entorhinal cortex (reviewed in Vinogradova 1995, Buzsaki 2002, Pignatelli, Beyeler & 
Leinekugel 2011). Direct projections from the septal pacemaker to hippocampus and entorhinal cortex 
trigger the transition from resting state to theta rhythm (Gaykema et al. 1990, Mizumori, Barnes & 
McNaughton 1992, Jeffery, Donnett & O'Keefe 1995). Cortical theta waves may result from 
hippocampal volume conduction (Sirota et al. 2008), but the existence of independent theta generators 
has also been proposed (Kahana, Seelig & Madsen 2001). In support of this notion, the persistence of 
a theta rhythm in the cingulate cortex after lesions which abolished the hippocampal theta rhythm 
suggests an intracortical origin for theta oscillations at least in this brain region (Borst, Leung & 
MacFabe 1987). In fact, theta waves are probably generated and modulated within multiple sites of the 
limbic and cortical system, although the exact sequential activation remains to be deciphered (Kahana, 
Seelig & Madsen 2001, Steriade and McCarley 2005). 

1.3.3.2 Theta and cortical arousal 

In rodents, the active brain states (arousal and REM sleep) are clearly associated with high cholinergic 
activity, cortical desynchronization, and theta oscillations (Moruzzi and Magoun 1949, Vanderwolf 
1969, Buzsaki et al. 2003, Saper et al. 2010, Zhang, Lin & Nicolelis 2010). Theta activity is generally 
regarded as a marker of cortical arousal, and it also exhibits fluctuations in correlation with the 
behavioral state of the animal (Vinogradova 1995, Young and McNaughton 2009); increased power in 
the higher EEG theta and gamma frequencies (> 8 Hz) correlates with active waking behaviors such as 
exploration, locomotion and memory tasks (Maloney et al. 1997, Young and McNaughton 2009), 
while increased power in the lower theta frequencies correlates with quiet wakefulness and inactivity 
(Kramis, Vanderwolf & Bland 1975, Vyazovskiy and Tobler 2005). This correlation between theta 
activity and behavior exists for both the hippocampal and the cortically generated theta. In addition to 
rodents and other lower mammals, theta oscillations can also be detected in humans and primates 
through cortical and intracranial EEG where oscillations in the 4–7 Hz frequency range have been 
recorded from both the hippocampus and the neocortex during different vigilance states such as alert 
waking, quiet wakefulness and REM sleep (Huh et al. 1990, Kahana et al. 1999, Cantero et al. 2003). 
Similar to the results from rats (Vyazovskiy and Tobler 2005, Franken et al. 2006, Wigren et al. 2007), 
in humans the cortical EEG theta power (5-8 Hz) increases during prolonged wakefulness 
simulatenously with the homeostatic sleep pressure, which leads to an increase in the sleep SWA 
response (Cajochen et al. 1995, Cajochen, Foy & Dijk 1999, Finelli, Achermann & Borbely 2001, 
Cajochen et al. 2002). This increase in theta activity also correlates positively with the degree of 
sleepiness and reduced alertness (Torsvall and Akerstedt 1988, Cajochen et al. 1995, Lorenzo et al. 
1995, Aeschbach et al. 1997, Aeschbach et al. 1999, Finelli et al. 2000, Cajochen et al. 2002, Gast et 
al. 2011). Based on these findings, waking theta activity is nowadays regarded as a similar marker of 
the homeostatic sleep process as the slow-wave activity.  
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1.3.4 Thalamocortical system 

The thalamocortical (TC) system serves as a gatekeeper to the cortex. During wakefulness, signals 
from ARAS and other brain systems reach the cortex and enhance global cortical arousal, but during 
the transition from wakefulness to sleep the thalamocortical neurons actively inhibit incoming 
messages, depriving the cortex of the activating signals from the outside world (Steriade 2003). 
Spindles (7-14 Hz), delta waves (slow waves, 1-4 Hz) and cortical slow oscillations (0.5-1 Hz) are the 
three major oscillations which dominate NREM sleep (see slow oscillations in section 1.2.2.1). Sleep 
spindles, which are generated in the thalamus, are due to an inhibition of excitatory TC neurons by the 
GABAergic thalamic reticular cells (RE). The delta waves can be further divided into two subtypes: 
the clock-like delta waves generated in TC neurons by the interplay between two hyperpolarization-
activated inward currents, and the slow waves which originate in the cortex itself, as evidenced by 
their survival after extensive thalamectomy (Steriade 2003). 

Cortical arousal during both wakefulness and REM sleep and also the disappearance of slow waves 
are dependent on the activation of the thalamocortical system by the brain stem, the basal forebrain 
and hypothalamic neurons of the ARAS. Chronic dissociation of the cerebral cortex from ARAS has 
been shown to result in permanent cortical slow waves (Bremer 1935, Jouvet 1972, Saper 2000), 
although the cortex might still display some EEG and behavioral manifestation of sleep-wake 
alternations (Villablanca 2004). At the thalamocortical level, brain arousal is the consequence of the 
simultaneous depolarizing effect of brain stem cholinergic neurons on the TC neurons and their 
inhibitory effect on the RE neurons. Fast EEG beta (20-30 Hz) and gamma (30-60 Hz) oscillations are 
produced by cortical generators and appear during both cortical arousal (wake/REM sleep) and the 
depolarization phase of the NREM sleep slow oscillations, where the slow waves which occur during 
sleep serve to group together faster brain oscillations into complex wave-sequences (Steriade 2006). 

The neurotransmitter acetylcholine (ACh) is released in the cortex during sustained depolarization, 
especially during waking, and enhances the attention to sensory stimuli (Hasselmo and Giocomo 
2006). Acting on both nicotinic and muscarinic receptors, ACh excites thalamocortical projection 
neurons, thereby preventing their low bursting activity which occurs during SWS, and stimulating 
their fast tonic activity which occurs during cortical arousal and waking (Stenberg 2007). 

1.3.5 The flip-flop switch 

Sleep is promoted by sleep-active, mainly GABAergic, neurons in the preoptic area (POA) of the 
hypothalamus, including neurons of the ventrolateral preoptic (VLPO) and the median preoptic area 
(MnPO) (Sherin et al. 1996, Szymusiak and McGinty 2008). Most of these neurons, which together 
with neurons of the basal forebrain inhibit the wake active neurons of the arousal systems (Sherin et al. 
1996, Detari, Semba & Rasmusson 1997, Suntsova et al. 2002, Lee et al. 2004), are active only during 
NREM sleep but not during waking, suggesting that they are involved in the maintenance and 
execution of sleep rather than in sleep homeostasis or the mediation of sleepiness (Strecker et al. 
2000). Additionally, a sleep-active subpopulation of GABAergic cortical interneurons was found with 
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a potential role in sleep homeostasis (Gerashchenko et al. 2008, Gerashchenko, Wisor & Kilduff 
2011). The VLPO neurons project to all major arousal systems, inhibiting them during NREM and 
REM sleep. They also receive inhibitory afferents from the arousal systems (Sherin et al. 1996, 
McGinty et al. 2004, Saper, Scammell & Lu 2005). These reciprocal interactions between the sleep-
promoting VLPO and the arousal-promoting brainstem regions result in discrete vigilance states 
which, instead of gradually changing through intermediate states, switch sharply from one state to the 
other, guaranteeing optimal alertness as well as efficient sleep (Saper, Scammell & Lu 2005). This 
flip-flop switch is stabilized by the hypocretin (Hcrt, also called orexin) neurons of the lateral 
hypothalamus (Adamantidis et al. 2007) which, by acting through hypocretine receptors, enhance the 
activity of the wake promoting monoaminergic neurons, thereby consolidating the wake state and 
preventing state instability (Sakurai, Mieda & Tsujino 2010). 

1.4 Theories of sleep 

1.4.1 The energy hypothesis of sleep 

Adenosine triphosphate (ATP) is the universal energy currency of the cell. When ATP is hydrolysed to 
adenosine diphosphate (ADP) and adenosine monophosphate (AMP), the energy released from ATP’s 
high-energy phosphate bonds is used to fuel other cellular processes, and the AMP and ADP are then 
regenerated back into ATP via energy-consuming enzymatic reactions. This recycling of ATP 
provides the cellular basis for energy homeostasis. 

According to the energy hypothesis of sleep (Benington and Heller 1995), depletion of the brain’s 
energy stores during waking increases the concentration of the end products of energy metabolism; the 
function of sleep is to replenish the energy stores, with glycogen and adenosine as the key regulators 
coupling energy shortage to sleep pressure and sleep. This hypothesis is supported by a multitude of 
studies on adenosine, glycogen and other energy metabolites such as ATP, all largely confirming a 
link between energy homeostasis and sleep (recently reviewed by Scharf et al. 2008, Porkka-
Heiskanen and Kalinchuk 2011). 

1.4.1.1 Coupling neuronal activation to energy expenditure 

The basic principle of brain energy metabolism (Roy and Sherrington 1890), as also confirmed by 
experiments (Clarke and Sokoloff 1994, Nakanishi et al. 1997), is that the metabolic rate is spatially 
and temporally coupled to neuronal activity. Glucose utilization has been demonstrated to increase 
linearly with the spike frequency of activated neural tissues (Sokoloff 1999). Initial studies on 
neuronal firing rates during different vigilance states suggested that firing in the cortex is higher 
during waking and REM sleep and lower during NREM sleep (e.g. Desiraju 1972, Noda and Adey 
1973), although later studies have revealed that cortical firing is also high during the depolarized up-
states of the SWS (Steriade, Timofeev & Grenier 2001). A detailed study on the effects of the different 
vigilance states on neuronal activity elegantly demonstrated that the firing rate of cortical neurons 
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increases during the course of waking, being higher after sustained wakefulness, and decreases after a 
sustained sleep period (Vyazovskiy et al. 2009). 

The increase in energy expenditure is caused by increased neuronal and synaptic activity (Attwell and 
Gibb 2005). Accordingly, higher cerebral metabolic rates (CMR) can be measured during waking and 
REM sleep (Madsen et al. 1991, Maquet 1995) whereas, in contrast, metabolic rate and glucose 
metabolism in the cerebral cortex decrease during NREM sleep (Kennedy et al. 1982, Nakamura et al. 
1983, Buchsbaum et al. 1989, Maquet et al. 1990, Madsen et al. 1991, Nofzinger et al. 2002), and also 
correlate negatively with slow EEG activity (Hofle et al. 1997, Czisch et al. 2004, Dang-Vu et al. 
2005). 

Furthermore, a recent hypothesis (Tononi and Cirelli 2006) predicts that the metabolic demand is not 
stable throughout wakefulness but increases in correlation with increasing synaptic strength during 
waking, and decreases during sleep. Changes in the metabolic demand thereby reflect the homeostatic 
sleep process. This hypothesis is supported by studies which show that CMR is higher at the beginning 
of sleep than at the beginning of wakefulness (Braun et al. 1997, Balkin et al. 2002, Vyazovskiy et al. 
2008). Many of the genes involved in energy metabolism and synaptic potentiation are also 
upregulated during spontaneous and prolonged wakefulness (Cirelli, Faraguna & Tononi 2006), 
lending further support to the theory that both energy demand and expenditure increase with 
wakefulness. However, not all studies uniformly support changes in CMR as a function of the 
sleep/wake history (Thomas et al. 2000, Buysse et al. 2004, Wu et al. 2006, see also commentary on 
Vyazovskiy et al. 2008 by Feinberg and Campbell 2010), and more studies are needed to firmly 
establish the connection between SWA and CMR. 

1.4.1.2 Activity-dependent lactate release 

Blood-derived glucose, the main source of ATP, was thought to be the sole energy source for the brain 
until it was noticed that when glucose availability decreased, lactate became an important energy 
source for neurons, with energy production shifting from glucose to lactate utilization (Magistretti et 
al. 1993, Brown and Ransom 2007). The astrocyte-neuron lactate shuttling hypothesis (Pellerin and 
Magistretti 1994, refined in Pellerin et al. 2007) proposes that during increased glutamatergic 
activation, when energy demand is high, lactate derived from astrocytic glycolysis provides the 
additional energy needed to keep up the neuronal and synaptic activation. 

This activity-dependent lactate release has been detected in the activated brain areas during sensory 
and cognitive stimulations in humans (Prichard et al. 1991, Sappey-Marinier et al. 1992, Urrila et al. 
2003) and during behaviorral and experimental neuronal activation in animals (Kuhr and Korf 1988, 
Hu and Wilson 1997, Ros et al. 2006, Caesar et al. 2008). In the BF  the extracellular lactate level 
increases during prolonged waking (sleep deprivation, SD) when animals are kept awake by 
presenting them with novel objects (Kalinchuk et al. 2003), which stimulates active waking (Huber, 
Tononi & Cirelli 2007) and EEG theta (5–9 Hz) activity (Vyazovskiy and Tobler 2005, Wigren et al. 
2007, Kaur et al. 2008). High energy utilization during waking and its reversal during sleep are also 
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congruent with the synaptic homeostasis hypothesis (Tononi and Cirelli 2006), since increased 
synaptic potentiation (synaptic weight) during wake contributes to high energy consumption. 

Glutamate 

Glutamate is the most abundant excitatory neurotransmitter in the mammalian CNS, serving as an 
activator of neural circuits. It is therefore hardly surprising that most of the brain’s energy budget is 
required to sustain the activity of glutamatergic neurotransmission. ATP is needed to fuel the Na-K 
ATPases in the cell membrane which are responsible for maintaining the uptake of glutamate (Attwell 
and Laughlin 2001). In keeping with its role as a neuronal activator, an infusion of glutamate (or its 
receptor agonist NMDA) into the wake-active basal forebrain induces cortical high-frequency EEG 
theta activity during waking, which is followed by an increase in SWA during sleep (Wigren et al. 
2007). Extracellular cortical glutamate, reflecting both metabolic and synaptic glutamate, increases 
during wakefulness, presumably as a function of cortical excitability, and decreases during NREM 
sleep in correlation with SWA (Dash et al. 2009), suggesting that it may be related to the build-up of 
sleep pressure. A decrease in glutamatergic transmission reduces the activity in widespread neural 
circuits, which affects both waking behaviour and sleep homeostasis (Hayes et al. 2011, Bellesi et al. 
2012). Finally, an increase in the extracellular glutamate level enhances glutamate uptake and the 
synthesis of GABA, thus potentially serving as a negative feedback mechanism to prevent neuronal 
hyper-excitability (Mathews and Diamond 2003) and also acting as a sleep pressure sensor similar in 
function to adenosine (Dash et al. 2009). Taken together, these results support a role for glutamate in 
the sleep-wake homeostasis. 

1.4.1.3 Coupling energy shortage to neuronal inhibition 

Adenosine and sleep 

Adenosine (ADE) is an inhibitory neuromodulator which is directly linked to the energy metabolism 
where it serves as an energy sensor connecting energy shortage to neuronal inhibition. At any given 
time most of the free ADE is found in the extracellular space, either transported there from the 
intracellular space by the equilibrative nucleoside transporters (ENTs) (Cunha 2008) or, less likely 
(see Lovatt et al. 2012), formed from astrocytic or neuron-derived extracellular ATP in a series of 
energetically favorable biochemical reactions (Halassa et al. 2009, Boison, Chen & Fredholm 2010, 
Florian et al. 2011). The effects of ADE in the brain are mediated via four extracellular G-protein-
coupled ADE receptors: A1, A2a, A2b and A3 (Fredholm 2010), of which only the widely-expressed 
A1 and the more local A2a receptor subtypes have been implicated in sleep regulation. The A1-
receptor is directly involved in sleep homeostasis (Strecker et al. 2000, Porkka-Heiskanen et al. 2002, 
Gass, Porkka-Heiskanen & Kalinchuk 2009, Fredholm 2010). The A2a-receptor that mediates the 
stimulatory effects of caffeine (Fredholm 2010) has also been implicated in sleep regulation (Huang, 
Urade & Hayaishi 2011), but its role is less clear.  



23 
 

SWS and similar states support the synthesis and/or conservation of ATP (Dworak et al. 2010, 
Dworak et al. 2011), while increased neuronal activity during waking enhances energy consumption, 
shifting the balance from ATP synthesis towards ATP breakdown and ADE production. It is therefore 
not surprising that the extracellular ADE level in the brain is generally higher during waking than 
during sleep (reviewed in Porkka-Heiskanen and Kalinchuk 2011) and that ADE keeps increasing 
during both spontaneous and prolonged wakefulness (Porkka-Heiskanen et al. 1997, Schmitt et al. 
2012, Savelyev et al. 2012), probably in tight correlation with neuronal activity. 

In most brain areas a high extracellular ADE concentration decreases neuronal activity, and thus 
energy demand (Porkka-Heiskanen and Kalinchuk 2011). This effect is mediated by the presynaptic 
inhibitory A1 receptors which, upon activation by ADE, inhibit the release of excitatory 
neurotransmitters, such as the ACh and glutamate release from excitatory synapses (Manzoni, Manabe 
& Nicoll 1994, Brambilla, Chapman & Greene 2005). ADE also induces the opening of postsynaptic 
K+ channels, thereby hyperpolarizing the postsynaptic membrane of wake-active neurons (Rainnie et 
al. 1994, Masino and Dunwiddie 2000). Together these actions decrease cortical arousal and promote 
sleep. 

The ADE-mediated inhibition of wake-active neurons and the consequent increase in SWS has been 
described in detail for the basal forebrain (BF) (reviewed inMcCarley 2007, Porkka-Heiskanen and 
Kalinchuk 2011) and, more recently, for the cortex (Van Dort, Baghdoyan & Lydic 2009, Kalinchuk 
et al. 2011). In the BF, the ADE concentration increases during prolonged waking (Porkka-Heiskanen 
et al. 1997), which induces sleepiness (Christie et al. 2008) and inhibits the wake-active cortically 
projecting neurons through the A1 receptor, thereby reducing the cortical activation and promoting 
SWS (Rainnie et al. 1994, Porkka-Heiskanen et al. 1997, Arrigoni et al. 2006, Kalinchuk, Porkka-
Heiskanen & McCarley 2006, Kalinchuk et al. 2008, Kalinchuk et al. 2010). Preventing an ADE 
increase or its actions on the A1 receptor in the BF reduces or abolishes recovery sleep (Thakkar et al. 
2003, Kalinchuk, Porkka-Heiskanen & McCarley 2006, Kalinchuk et al. 2008, Gass, Porkka-
Heiskanen & Kalinchuk 2009). In the cortex the ADE increase exhibits a slower time-course, but is 
otherwise comparable to the events in the BF (Kalinchuk et al. 2010). The function of cortical ADE is 
mainly to reduce the activating influence of the various arousal systems (Timofeev, Grenier & 
Steriade 2001, Steriade and McCarley 2005). For example, ADE inhibits cortical ACh release at the 
terminal fields of thalamocortical cells (Materi, Rasmusson & Semba 2000, Van Dort, Baghdoyan & 
Lydic 2009). Additionally, ADE excites the sleep-promoting neurons of the VLPO area, thus further 
enhancing the probability of sleep (Chamberlin et al. 2003, Morairty et al. 2004, Gallopin et al. 2005, 
Methippara et al. 2005). During recovery sleep the ADE levels decrease back to their baseline values 
in conjunction with the decreasing SWA (Kalinchuk et al. 2010). This clearance of ADE from the 
extracellular space by adenosine transporters is necessary to remove the tonic inhibition of the wake-
active cells and, thus, to restore cortical activation and the waking state. 

The importance of ADE in sleep regulation has been demonstrated also in humans. Genetic variability 
in the adenosinergic system contributes to the inter-individual variability in performance and in brain 
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activity during sleep and wakefulness; individuals carrying an allele that increases their ADE levels 
are sleepier, show reduced attention and also higher SWA (Retey et al. 2005, Retey et al. 2006, 
Bachmann et al. 2012). Caffeine, an ADE receptor antagonist, decreases sleepiness and attenuates the 
build-up of sleep pressure and the sleep deprivation-induced deterioration in performance, thus 
mimicking changes which are associated with reduced homeostatic sleep pressure (Landolt et al. 2004, 
Landolt 2008). 

Nitric oxide and sleep 

Nitric oxide, generated from the amino acid L-arginine, is a gaseous messenger and a reactive radical 
that can serve as a neurotransmitter or as a component of the defence systems, depending whether it is 
synthesized by neurons or by immune or glial cells (reviewed inCalabrese et al. 2007). Synthetization 
of NO involves four major NO-synthases (NOSs): the neuronal (nNOS), endothelial (eNOS), 
inducible (iNOS) and the recently discovered mitochondrial (mNOS) NOS. Of these four, the calcium-
dependent nNOS and eNOS are constitutively expressed and regulated by 
phosphorylation/dephosphorylation processes, whereas the calcium-independent iNOS, normally 
present at very low concentrations, is induced in response to a challenge such as immunological stress 
or sleep deprivation (Murphy, Rogers & Campbell 2000, Kalinchuk et al. 2006a, Kalinchuk et al. 
2006b). 

Accumulating evidence supports a role for NO in the homeostatic regulation of NREM and REM 
sleep (reviewed in Gautier-Sauvigne et al. 2005, Cespuglio et al. 2012). Systemic administration of 
NO donors generally increases sleep (Dzoljic, de Vries & van Leeuwen 1996, Kapas and Krueger 
1996, Monti and Jantos 2004b) while administration of NOS inhibitors generally decreases 
spontaneous and recovery sleep (Kapas, Fang & Krueger 1994, Monti et al. 1994, Ribeiro, Gilligan & 
Kapas 2000, Monti, Jantos & Monti 2001, Ribeiro and Kapas 2005, Cavas and Navarro 2006, 
Kalinchuk et al. 2006b). 

NO synthesized by the constitutively expressed nNOS is released throughout the sleep-wake cycle in 
various parts of the brain such as cortex, basal forebrain, and raphe nucleus and LDT of the brainstem 
(Burlet and Cespuglio 1997, Cespuglio, Debilly & Burlet 2004, Monti and Jantos 2004a). The 
serotonergic neurons of the raphe nucleus increase their NO release during SWS with the maximal 
release coinciding with the REM sleep state, implying that one of the functions of NO is to reduce the 
firing of serotonergic neurons (Prast and Philippu 2001), this way facilitating the transition from 
wakefulness to sleep. In contrast, spontaneous NO release in the cortex is greatest during wakefulness 
(Cespuglio, Debilly & Burlet 2004), although recent studies found increased nNOS expression during 
spontaneous and recovery SWS in cortical interneurons (Gerashchenko et al. 2008, Pasumarthi, 
Gerashchenko & Kilduff 2010, Kilduff, Cauli & Gerashchenko 2011), potentially contributing to the 
regulation of local SWA in the cortex (Wisor, Gerashchenko & Kilduff 2011). Whether the 
interneurons expressing nNOS also release NO remain to be investigated. 
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During prolonged waking (sleep deprivation) NO increases in the wake-active neurons of the basal 
forebrain (BF) and the frontal cortex (FC), followed by an increase in adenosine and the induction of 
recovery SWS (Kalinchuk, Porkka-Heiskanen & McCarley 2006, Kalinchuk et al. 2006a, Kalinchuk et 
al. 2011). This NO increase is iNOS-dependent and follows a temporal and spatial sequence; NO first 
increases in the BF, followed by a delayed increase in the FC (Kalinchuk et al. 2011). NO enhances 
ADE levels (Rosenberg et al. 2000) whereas an inhibition of iNOS prevents increases in both NO and 
ADE, suggesting that NO directly affects ADE levels and thereby contributes to the SWS homeostasis 
(discussed in Kalinchuk et al. 2006b and Kalinchuk et al. 2011). 

1.4.1.4 Coupling SWS to restoration of energy stores 

A recent study found that ATP levels surged during the initial hours of SWS, decreasing in the course 
of sleep (Dworak et al. 2010). Furthermore, the diurnal pattern of ATP rise and fall was strikingly 
similar to the rise and fall of SWA during sleep, with high ATP levels during high SWA and vice 
versa. Together with findings of increased levels of high-energy phosphates (Van den Noort and Brine 
1970, Durie et al. 1978, Dworak et al. 2007) and increased expression of mRNAs involved in protein 
synthesis during sleep in the brain (Cirelli, Gutierrez & Tononi 2004, Zimmerman et al. 2006, 
Mackiewicz et al. 2007) as well as of increased brain protein synthesis during deep sleep compared to 
light sleep (Nakanishi et al. 1997), this result strengthens the notion that the brain’s energy stores are 
replenished during deep sleep. However, contrary to expectation, the ATP levels in the beginning and 
the end of the waking period did not differ, leading the authors to speculate that, instead of energy 
restoration, the function of sleep could be to provide an energy surge that permits energy-consuming 
anabolic processes, such as protein and fatty acid synthesis, to occur (Dworak et al. 2010). However, 
this hypothesis remains highly controversial (e.g. see comments in Heller 2011, Wong-Riley 2011). 

Interestingly, the increase in ATP level took place only in the wake-active brain regions with 
presumably decreased neuronal activity during sleep, and not in the brain regions thought to be active 
during sleep (Dworak et al. 2010). This provides further evidence for the hypothesis that it is not 
wakefulness per se but specifically the increase in neuronal activity (“active wake”) which drives, 
through local energy depletion, the increase in sleep pressure and the consequent increase in SWA 
(“sleep intensity”). 

1.4.2 The synaptic function of sleep 

1.4.2.1 Synaptic plasticity 

Plasticity can be broadly defined as the capacity of the nervous system to change its structure and 
function in response to changes in the internal or external environment, and it has a crucial role in 
learning and memory (Martin, Grimwood & Morris 2000). At the synaptic level, plasticity refers to the 
selective activity-dependent strengthening or weakening of individual synapses, so that information 
can be represented, processed and stored in complex neural networks (Brown and Milner 2003, 
Markram, Gerstner & Sjostrom 2011). This process occurs most often at excitatory synapses where the 
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postsynaptic site is the dendritic spine (Sheng and Hoogenraad 2007). A classic example of synaptic 
plasticity is the hippocampal long-term potentiation (LTP) and depression (LTD). LTP covers the 
cellular events which lead to the relative strengthening of synapses, such that subsequent stimuli will 
more rapidly produce a postsynaptic response, while LTD covers events which lead to a relative 
weakening of synapses. 

1.4.2.2 Synaptic function of sleep 

The notion that sleep contributes to plastic (synaptic) processes has a long and distinguished history 
(Moruzzi 1996), studies in both ontogeny and aging supporting a link between the two. Sleep slow 
wave activity (SWA) is strongly correlated to cortical synaptic density, increasing as synaptic density 
increases (Feinberg 1974, Feinberg 1982, Aton et al. 2009, Ringli and Huber 2011, Buchmann et al. 
2011). The novel hypothesis of a synaptic homeostasis of sleep relies on the concept of plasticity to 
explain the function of sleep (Tononi and Cirelli 2003, Tononi and Cirelli 2006). According to this 
hypothesis, plastic processes occurring during wakefulness result in a net increase in synaptic strength 
in many brain circuits which are downscaled to baseline level during the subsequent SWS. Since 
stronger synapses require more energy, down-scaling of these to energetically sustainable levels 
supports neural functions, linking the synaptic function to the energy function of sleep (see section 
1.4.1). Both theoretical and experimental studies support the synaptic function hypothesis, showing 
that SWA increases after manipulations which favour synaptic potentiation, and decreases after others 
which promote synaptic depression. 

Increased synaptic potentiation during waking  

The plastic processes that occur during waking are homeostatically regulated. Local activity-
dependent cellular and molecular changes accumulate in the brain, triggering compensatory 
mechanisms which increasingly limit the rate of changes until sleep is allowed to occur. Sleep then 
serves to counteract the changes and thus to restore the balance. Prolonging wakefulness and 
manipulating wake quality affect the expression of molecules which are associated with synaptic 
plasticity and de novo protein synthesis, (Cirelli and Tononi 2000, Taishi et al. 2001, Tononi and 
Cirelli 2001, Cirelli, Faraguna & Tononi 2006, Maret et al. 2007), followed by changes in sleep SWA.  
For example, sleep deprivation, exploratory behaviour, learning and social stress increase the 
expression of plastic markers such as brain-derived neurotrophic factor (BDNF), activity-regulated 
cytoskeletal protein (Arc) and Homer1 in the rat cortex (see section 1.4.2.3), and enhance SWA 
(Meerlo, Pragt & Daan 1997, Cirelli, Faraguna & Tononi 2006, Huber, Tononi & Cirelli 2007, Hanlon 
et al. 2009, Davidson and McEwen 2012). In contrast, social isolation leads in mice to a blunted SWA 
response (Kaushal et al. 2012).  

Neuronal activity triggers the formation of dendritic spines, which are motile structures that undergo a 
constant turnover and thereby form the basis of neural plasticity (Alvarez and Sabatini 2007). Waking 
increases the number of cortical spines, favouring synaptogenesis, while sleep is associated with spine 
pruning (Maret et al. 2011). Waking also promotes depolarization of the post-synaptic membrane 
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potential, as evidenced by the amplitude and frequency of miniature postsynaptic potentials (mEPSP) 
which increased in cortical brain slices of animals that had been kept awake, and decreased after 
spontaneous and recovery sleep (Liu et al. 2010). Another study reported a contradictory result with a 
slight reduction in mEPSP amplitude after a period of wakefulness (Winters et al. 2011), which might 
be explained by the applied longer sleep deprivation (8 hours vs. 4 hours), possibly leading to 
temporary synaptic fatigue. 

Restoration of synaptic balance during sleep 

Waking-induced cortical excitability is reduced (Huber et al. 2012) and the local plastic changes are 
downscaled during SWS. The increase in SWA is highest in the cortical areas that were the most 
active ones during wake, a phenomenon called the use-dependency of SWA (see section 1.2.2). A 
computer model of the thalamocortical system postulates that the decrease in cortical synaptic strength 
is sufficient to account for the temporal decrease in SWA during sleep (Esser, Hill & Tononi 2007). 
The model predicts that reduced synaptic strength reduces membrane potential oscillations and the 
neural recruitment underlying slow oscillation synchrony (SWA). Experimental studies in rats and 
humans show similar changes in slow-wave parameters with decreasing SWA (Vyazovskiy et al. 
2007, Riedner et al. 2007). 

The longer and more intense the waking period, the higher the pressure to go to sleep. It is not possible 
to forgo SWS unless the local wake-induced changes can be countered already during waking. Studies 
have shown that chronic sleep loss leads to changes in the EEG power distribution and also to a 
leakage of slow waves into waking (Merica, Blois & Gaillard 1998, Besset et al. 1998, Leemburg et al. 
2010, Ellis et al. 2012). 

However, the homeostatic release of sleep pressure takes place preferentially during a global sleep 
state accompanied by the typical behavioral quiescence, whereas in dissociative states slow waves can 
appear during a behaviorally wake state, but such dissociative states are rare and often pathological 
(Mahowald 2009). Global changes in cortical activity during sleep are achieved through inhibition of 
the ascending arousal systems (Szymusiak 2010, see section 1.5.4). It remains to be determined how 
the local cortical synaptic events which produce local slow waves (see section 1.2.2.4) interact with 
the brainstem and the hypothalamic mechanisms of sleep control in order to produce the global sleep 
state. 

1.4.2.3 Molecules associated with synaptic plasticity 

Spontaneous wakefulness and sleep deprivation go hand in hand with the induction of molecular 
changes associated with LTP including the phosphorylation of cAMP response element-binding 
(CREB). Waking also induces the expression of other plasticity-related genes such as the activity-
regulated cytoskeletal protein (Arc), Homer1a and the brain-derived neurotrophic factor (BDNF). 
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Brain-derived neurotrophic factor (BDNF) 

BDNF is widely expressed in the cortex, with both its transcription and release strongly regulated by 
neuronal activity (e.g. Finkbeiner 2000, Lu 2003). The proBDNF isoform is cleaved to release the 
mature BDNF protein that activates tyrosine kinase TrkB and the p75 receptors. However, all the 
synaptic effects of BDNF have been attributed to the activation of the TrkB receptor alone (Nagappan 
and Lu 2005). High-frequency stimulation of glutamatergic synapses induces a presynaptic activity-
dependent BDNF release which is mediated by calcium, while the postsynaptic BDNF release is 
triggered by glutamate (Hartmann, Heumann & Lessmann 2001). BDNF expression is strongly linked 
to synaptic functions, acting as a mediator of activity-dependent synaptic plasticity, spine formation 
and rearrangement of cortical circuits in response to sensory input (Rocamora et al. 1996, Lu 2003, 
Genoud et al. 2004, Chakravarthy et al. 2006, Waterhouse and Xu 2009, Kaneko et al. 2012). 

Developmental studies indicate that cortical BDNF expression reflects the onset of adult sleep 
homeostasis (Hairston et al. 2004). In adult animals cortical BDNF is higher after wakefulness than 
after sleep (Cirelli and Tononi 2000), and its level in the frontal cortex correlates with increased 
exploratory behaviour during sleep deprivation and the subsequent recovery sleep SWA (Huber, 
Tononi & Cirelli 2007). Pharmacological manipulations of the BDNF level in the rat cortex with 
simultaneous sleep recordings demonstrated a direct link between cortical BDNF and SWA (Faraguna 
et al. 2008). A local increase in cortical synaptic potentiation which is capable of inducing synaptic 
potentiation both in vitro (Footitt and Newberry 1998, Berger et al. 2008) and in vivo (Faraguna et al. 
2010) also induces cortical BDNF expression, leading to large slow waves in the affected hemisphere. 
Moreover, genetically modified mice with disrupted activity-dependent BDNF expression show an 
altered sleep homeostasis (Martinowich et al. 2011). Together, these studies support a causal link 
between BDNF and SWS. 

The tight relationship between BDNF expression and release and the regulation of calcium highlights 
the pivotal role calcium plays in cortical plasticity. Waking-induced neuronal activity increases 
glutamate levels, activating NMDA receptors and increasing the postsynaptic calcium concentration 
which is linked to synaptic plasticity. Neuronal activity also induces an expression of Arc and 
Homer1a, the plasticity molecules which protect neurons from glutamatergic hyperactivity by 
inhibiting synaptic plasticity and glutamate-induced intracellular calcium release (Xiao, Tu & Worley 
2000, Sala et al. 2003, Rial Verde et al. 2006, Worley et al. 2007). Both molecules have been 
implicated in the homeostatic regulation of sleep (Maret et al. 2007, Huber, Tononi & Cirelli 2007), 
suggesting that sleep is important for the regulation of neuronal activity as well as the regulation of the 
intracellular calcium homeostasis. 
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1.5 Sleep and aging 

1.5.1 Changes in sleep with aging 

Sleep complaints are prevalent in the aged population (Karacan and Williams 1970, Foley et al. 1995, 
Foley et al. 2004, Altena et al. 2010). Poor sleep quality in the elderly can be caused by undiagnosed 
sleep disorders, other chronic medical disorders or excessive medication, or it can be a consequence of 
age-related changes in the circadian and homeostatic mechanisms which regulate sleep (Duffy 2005). 
Reduced sleep intensity (EEG SWA, 0.5-4 Hz) and spindle activity (10-15 Hz), increased 
fragmentation and other circadian and homeostatic alterations are the hallmarks of sleep changes 
which occur with aging in both humans (Feinberg 1974, Miles and Dement 1980, Buysse et al. 1992, 
Bliwise 1993, Prinz 1995, Dijk and Duffy 1999, Van Cauter, Leproult & Plat 2000, Carrier et al. 2001, 
Cajochen et al. 2006, Duffy et al. 2011) and other animal species (Rosenberg, Zepelin & 
Rechtschaffen 1979, Van Gool and Mirmiran 1983, Van Gool and Mirmiran 1986, Witting et al. 1994, 
Valentinuzzi et al. 1997, Mendelson and Bergmann 1999a, Mendelson and Bergmann 1999b, 
Mendelson and Bergmann 2000, Desarnaud et al. 2004). The studies do not uniformly support an age-
related decline in NREM sleep or the total sleep amount; on the contrary, light NREM sleep increases 
together with sleep latency, while the amount of deep NREM sleep rich in slow waves decreases 
(Ancoli-Israel 2009, Neikrug and Ancoli-Israel 2010).  The REM sleep amounts also decrease, but the 
decrease is less striking (Buysse et al. 2005). 

1.5.2 Circadian regulation and aging 

The circadian changes which accompany aging, including an attenuated amplitude of the diurnal 
sleep-wake rhythm and a circadian phase advance are well documented (Rosenberg, Zepelin & 
Rechtschaffen 1979, Van Gool and Mirmiran 1983, Swaab, Fliers & Partiman 1985, Van Gool and 
Mirmiran 1986, Bliwise 1993, Witting et al. 1994, Valentinuzzi et al. 1997, Cajochen et al. 2006, 
Hofman and Swaab 2006). Since the period of the intrinsic circadian pacemaker remains relatively 
unchanged during aging, the circadian phase advance is probably due to interactions between the 
homeostatic and the circadian process (Munch et al. 2007), with a weaker circadian arousal signal in 
the evening promoting earlier sleep times in older subjects (Munch et al. 2005). Decreased melatonin 
secretion and an attenuated core body temperature rhythm have also been reported (Vitiello et al. 
1986, Czeisler et al. 1992, Copinschi and Van Cauter 1995, Carrier et al. 1996, Zhdanova et al. 1998, 
Duffy et al. 2002, Zeitzer et al. 2007), as well as cell loss in the aged SCN (Satinoff et al. 1993, 
Hofman and Swaab 2006, Farajnia et al. 2012). 

1.5.3 Homeostatic regulation and aging 

1.5.3.1 Aging and sleep homeostasis 

The homeostatic changes occurring with aging include the well-characterized decrease in NREM 
SWA (Buysse et al. 1993, Landolt et al. 1996, Dijk et al. 1999, Mendelson and Bergmann 1999a, 



30 
 

Mendelson and Bergmann 1999b, Shiromani et al. 2000, Mendelson and Bergmann 2000, Gaudreau, 
Carrier & Montplaisir 2001, Munch et al. 2004, Drapeau and Carrier 2004, Adam et al. 2006, Duffy et 
al. 2009). Whether the age-related decline sleep SWA is due to a reduced build-up of homeostatic 
sleep pressure (reduced sleep need), to an inability to stay asleep (reduced sleep ability) or to problems 
with the production of slow waves is not known (Dijk et al. 2010). Recent human studies suggest that 
the age-related decrease in SWA is probably due to reduced homeostatic sleep pressure (Munch et al. 
2004, Adam et al. 2006, Duffy et al. 2009, Dijk et al. 2010), which could be caused by changes in 
homeostatic sleep factors (Duffy et al. 2009, Singletary and Naidoo 2011) or by reductions in synaptic 
density and connectivity (Carrier et al. 2011). However, not all studies suppor a diminuation of the 
homeostatic sleep drive with aging (e.g. Campbell and Feinberg 2005, Munch et al. 2007). Also, direct 
experimental evidence for a reduction in sleep pressure during aging has been scarce due to a lack of 
controlled animal studies (Murillo-Rodriguez et al. 2004, Meerlo et al. 2004, Mackiewicz et al. 2006). 

1.5.3.2 Aging and slow wave activity 

SWA is maximal in young children and decreases with age in parallel with the loss of cortical synaptic 
density (Carskadon and Dement 1987, Feinberg et al. 1990, Carrier et al. 2011, Buchmann et al. 
2011). The topography of SWS changes with age, matching the course of cortical grey matter 
maturation; in childhood, SWA is highest in the posterior regions, whereas during adolescence SWA 
is highest in the frontal cortex (Ringli and Huber 2011). The opposite development takes place during 
aging with frontal predominance being slowly replaced by central/posterior dominance (Munch et al. 
2004). An age-related decline in baseline SWA (e.g. Landolt et al. 1996, Mendelson and Bergmann 
1999a, Munch et al. 2010), reflected in both the amplitude and the density of the slow waves (Carrier 
et al. 2011), relates to the reduced capacity of the aged brain to produce synchronized oscillations. An 
age-related decline in the homeostatic sleep response measured by SWA has been reported in both 
humans (e.g. Landolt et al. 1996, Dijk and Duffy 1999, Gaudreau, Carrier & Montplaisir 2001, Munch 
et al. 2004, Drapeau and Carrier 2004) and animals (Mendelson and Bergmann 1999a, Mendelson and 
Bergmann 1999b, Shiromani et al. 2000, Mendelson and Bergmann 2000), with most studies reporting 
significant changes first appearing in the middle years of life (Buysse et al. 1993, Munch et al. 2004, 
Adam et al. 2006, Munch et al. 2007, Duffy et al. 2009). The responsiveness of the sleep homeostat 
remains operational into old age, albeit at a lower absolute SWA level, as evidenced by a homeostatic 
response to prolonged waking in the elderly (Landolt et al. 1996, Dijk and Duffy 1999, Gaudreau, 
Carrier & Montplaisir 2001, Munch et al. 2004, Drapeau and Carrier 2004), However, the overall 
homeostatic SWA response is less pronounced in the old subjects compared to the young, and exhibits 
a shallower decline over the course of sleep (Landolt et al. 1996, Gaudreau, Carrier & Montplaisir 
2001, Munch et al. 2004, Carrier et al. 2011).  

1.5.3.3 Aging and sleepiness 

Sleepiness, having been shown to be sensitive to inceases in homeostatic sleep pressure, is being used 
as an indicator of sleep loss and increased sleep pressure (Arand et al. 2005, Klerman and Dijk 2005), 
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although Kjellberg et al. (1977) were reporting that these two are by no means the sole causes for 
sleepiness. Sleepiness can be assessed subjectively by using sleep questionnaires or objectively by 
means of tests that measure the time it takes to fall asleep, which decreases progressively  with 
increasing sleep pressure, and also the number of unintentional sleep episodes and the reaction time to 
stimuli, which all increase with increasing sleep pressure (reviewed in Horne 2010). Aging studies 
have found opposite results concerning sleepiness under baseline conditions in the elderly, with some 
studies finding increased sleepiness (Carskadon, van den Hoed & Dement 1980, Richardson et al. 
1982), while others report decreased sleepiness despite decreases in sleep duration, sleep continuity 
and increases in wake time after sleep onset (Hoch et al. 1992, Foley et al. 2004, Dijk et al. 2010). 
When sleep pressure is increased, the elderly show less pronounced increases in the various measures 
of sleepiness compared to young subjects and are also better able to maintain alertness and 
performance during sustained wakefulness, which indicates a reduced accumulation of homeostatic 
sleep pressure with aging (Duffy et al. 2009). 

1.5.4 Arousal systems and aging 

1.5.4.1 Hypocretine system and aging 

Two of the most prominent changes in sleep-wake regulation with aging are the increased brain 
arousal during sleep and the increased vigilance state fragmentation (state instability), which both lead 
to involuntary awakenings during sleep and inadvertent sleep episodes during waking, reducing sleep 
efficiency (Rosenberg, Zepelin & Rechtschaffen 1979, Mendelson and Bergmann 2000, Klerman et al. 
2004, Cajochen et al. 2006, Oosterman et al. 2009, Lim et al. 2012). The arousal threshold is highest 
during SWS (Dijk et al. 2010), correlating negatively with the number of awakenings (Franken, Tobler 
& Borbely 1993). Spindle activity, which prevents the cortex from receiving sensory inputs during 
sleep (Steriade, McCormick & Sejnowski 1993, McCormick and Bal 1997), decreases with aging, 
similar to SWS (Dijk, Beersma & van den Hoofdakker 1989, Landolt et al. 1996, Wei et al. 1999, Dijk 
and Duffy 1999, Carrier et al. 2001, Knoblauch et al. 2005). Thus, the aged brain is less protected 
against disruptive arousing signals (Miles and Dement 1980, Bliwise 1993, Haimov and Lavie 1997, 
Dijk and Duffy 1999, Dijk, Duffy & Czeisler 2001). 

The increase in fragmentation and cortical arousal could be explained by changes in the hypocretine 
system of the hypothalamus which regulates vigilance state transitions and arousal. Animal studies 
have revealed an age-related decrease in the hypocretinergic tone accompanied by a gradual loss of 
Hcrt neurons (Sawai et al. 2010, Brownell and Conti 2010). The expression of Hcrt mRNA and 
protein decreases with age (Terao et al. 2002, Porkka-Heiskanen et al. 2004, Desarnaud et al. 2004), as 
does the number of Hcrt receptors (Kessler et al. 2011). Furthermore, the magnitude of the wake-
promoting effect of Hcrt attenuates with aging, as shown by a less pronounced increase in wake time 
in response to Hcrt injections (Morairty et al. 2011). The hypocretinergic innervation of other arousal 
areas is likewise compromised with aging (Zhang et al. 2005, Downs et al. 2007, Stanley and Fadel 
2012), and also cell counts in the human homologue of the VLPO show a decline (Swaab, Fliers & 
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van Gool 1986, Hofman and Swaab 1989, Sherin et al. 1996, Lu et al. 2000). Together with changes in 
other sleep-wake regulatory systems, the decline in the hypothalamic function could underlie some of 
the age-related changes in sleep. 

1.5.4.2 Basal forebrain and aging 

The cholinergic basal forebrain (BF) is thought to undergo moderate degenerative changes during 
aging, resulting in a cholinergic hypofunction that has been related to cognitive deficits (Armstrong et 
al. 1993, Sarter and Bruno 2004, McKinney and Jacksonville 2005, Schliebs and Arendt 2006, 
Murchison and Griffith 2007, Baskerville et al. 2008, Schliebs and Arendt 2011). However, unlike 
previously thought, extensive neuronal cell loss is detected only in pathological conditions such as 
Alzheimer's disease (Whitehouse et al. 1982) while healthy aging is associated with a gradual 
dendritic, synaptic and axonal degeneration as well as a decrease in trophic support (Schliebs and 
Arendt 2011). Age-related degeneration of the cortical BF projections, which is reflected in the 
reduced cortical acetylcholine release during exploratory behaviour and in response to experimental 
BF stimulation (Mitsushima, Mizuno & Kimura 1996, Giovannini et al. 1998, Fadel, Sarter & Bruno 
1999, Herzog et al. 2003), may underlie the progressive decline in cortical functions associated with 
both healthy aging and neurodegenerative diseases (Sarter and Bruno 2004, Schliebs and Arendt 2006, 
Schliebs and Arendt 2011). The slowing of the EEG during waking as seen particularly in patients 
with Alzheimer's disease has been related to cholinergic dysfunction (Dauwels, Vialatte & Cichocki 
2010, de Waal et al. 2012). Aging of the brain is associated with increased vulnerability to oxidative 
and metabolic stress, resulting in an accumulation of damage to proteins, DNA and membranes 
(Mattson and Magnus 2006). However, it is especially the basal forebrain cholinergic system which is 
selectively sensitive to aging, while the cholinergic neurons of the pons appear to resist 
neurodegeneration (McKinney and Jacksonville 2005). The reason for this selective sensitivity of the 
BF cholinergic neurons as compared to other neurotransmitter systems is not known, but it is thought 
to be related to an increased susceptibility to toxic agents such as nitric oxide and to differences in the 
general energy balance. Indeed, according to recent experiments the BF cholinergic neurons seem to 
have a higher energy demand but a reduced capacity for energy production (Szutowicz et al. 2006, 
Baskerville et al. 2008). 

1.5.5 Aging and energy metabolism 

1.5.5.1 Lactate and aging 

Cognitive stimulation increases lactate in the frontal cortex of young subjects, but fails to do so in the 
aged (Urrila et al. 2003, Urrila et al. 2004), possibly due to aged brain cells having a reduced capacity 
to cope with an increased energy demand (Toescu and Xiong 2004). The expression of genes which 
are related to energy metabolism is chronically altered in the aged brain, including an increased 
expression of lactate dehydrogenase, an enzyme involved in lactate metabolism (Poon et al. 2006, 
Pawlyk et al. 2007). 



33 
 

1.5.5.2 Adenosine and aging 

A number of studies have reported a decrease with age  in A1 receptor mRNA and A1 receptor 
sensitivity in various parts of the brain, in both humans and animals (Cheng et al. 2000, Ekonomou, 
Pagonopoulou & Angelatou 2000, Meerlo et al. 2004, Murillo-Rodriguez et al. 2004, Meyer et al. 
2007). Furthermore, ADE metabolic enzyme activity increases in the cerebral cortex of old animals, 
leading to a more efficient formation of ADE from ATP and thus to increased ADE levels at baseline 
conditions (Cunha, Almeida & Ribeiro 2001, Mackiewicz et al. 2006). Much to the same effect, it was 
shown that the basal ADE level in the BF increases with age (Murillo-Rodriguez et al. 2004). Both the 
age-related increase in the basal ADE level and the decrease in A1 receptor sensitivity will negatively 
affect ADE-mediated signalling in the aged brain, with implications for the sleep homeostasis. 

1.5.5.3 Nitric oxide and aging 

While the reactive nature of NO is useful in host defence, where NO together with other molecules of 
the reactive nitrogen (RNS) and oxygen (ROS) species destroy pathogens, it also increases oxidative 
damage. According to the free-radical and the mitochondrial theories of aging, aging is thought to be 
caused by the accumulation of free radical damage to cells and mitochondria over time (Harman 1957, 
Miquel 1992). Antioxidative processes protect cells from excessive oxidative damage, slowing the 
aging process and the progression of the age-related degenerative diseases (Calabrese, Bates & Stella 
2000). But although basal NO and NOS expression increase with age, contributing to the free radical 
damage ("The nitric oxide theory of aging",McCann et al. 2005) , NOS activation and the consequent 
NO production in response to specific stimuli such as sleep deprivation are often reduced (Siles et al. 
2002, Clement et al. 2003). This is reflected in a variety of aging-connected NO-mediated 
physiological functions, with sleep regulation being one of them (Gautier-Sauvigne et al. 2005, 
Cespuglio et al. 2012). For example, it was found that unlike in young animals, in aged animals the 
iNOS expression in the brain becomes permanent and that with aging the maintenance of REM sleep 
becomes dependent on iNOS expression (Gautier-Sauvigne et al. 2005, Colas, Cespuglio & Sarda 
2005). 

1.5.6 Aging and plasticity 

Human aging is associated with plastic morphological changes including cortical thinning and volume 
reduction (e.g. Dickstein et al. 2007, Fjell et al. 2009a, Fjell et al. 2009b, Walhovd et al. 2011). 
However, many studies have failed to demonstrate such age-related structural alterations, so that it 
remains unclear whether healthy aging is associated with impairments in structural plasticity (Burke 
and Barnes 2006). Animal studies have at least demonstrated clear age-related changes in functional 
cortical synaptic plasticity, such as reduced dendritic formation and altered calcium and glutamate 
homeostases (Verkhratsky et al. 1994, Gallagher and Rapp 1997, Pawlyk et al. 2007, Dickstein et al. 
2007, Bloss et al. 2010). Aging has also been reported to decrease both epigenetic BDNF signalling 
(Zeng et al. 2011) and cortical BDNF expression (Katoh-Semba et al. 1998). These functional changes 
in synaptic plasticity could underlie the neurocognitive decline associated with aging (Grady, Yu & 
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Alain 2008). Furthermore, an age-related decrease in neocortical plasticity should result in a 
diminished homeostatic sleep SWA response. 

Theta and aging 

A deterioration in cognitive performance with advancing age is well documented, and also coincides 
with age-dependent changes in synaptic plasticity and theta activity, especially in the 
septohippocampal cholinergic system (reviewed in Rosenzweig and Barnes 2003, Driscoll and 
Sutherland 2005) and the cortex (reviewed in Morrison and Baxter 2012). 

Animal studies revealed that age-related cognitive changes, such as the decline in memory 
performance, are linked with changes in synaptic plasticity. These changes in synaptic plasticity 
include alterations of long-term potentiation (LTP) and depression (LTD) with deficits in the induction 
and maintenance of LTP and lower thresholds for depotentiation and LTD (e.g. in Foster and Kumar 
2002, Rosenzweig and Barnes 2003). According to one study, there is with age an overall increase in 
hippocampal low frequency and a decrease in high frequency theta activity, both during baseline and 
in response to a specific task (Olvera-Cortes et al. 2012). Also, the peak frequency of the 
acetylcholine-evoked theta rhythm has been reported to decrease in old rats (Abe and Toyosawa 
1999). Similarly, a decrease in peak EEG theta frequency was reported in senescent-accelerated mice 
during waking and REM sleep, accompanying reductions in cognitive performance (Colas, Cespuglio 
& Sarda 2005). However, in many studies where the movement activity of the animals was controlled 
no differences in theta activity between age groups were found, suggesting that the age-related 
differences in theta activity could be due to differences in waking activities (Barnes 1979, Shen et al. 
1997). Another explanation for the reported reduction in theta activity with age could be the age-
related degeneration of the septohippocampal and the brainstem cholinergic neurons (Apartis et al. 
2000, Bassant and Poindessous-Jazat 2001), although the loss of these neurons is not uniformly 
supported (Rapp and Gallagher 1996, Kalesnykas et al. 2004), pointing to functional changes in these 
neurons rather than cell loss. 

Mechanisms of cortical plasticity have been shown to be altered also in aging humans. The efficiency 
of the plasticity mechanisms decreases across the lifespan, reflecting structural changes which occur in 
the aging brain (Freitas et al. 2011). High resting frontal-midline theta power in healthy older adults is 
associated with better cognitive functions and may be a marker of healthy cognitive aging (Cummins, 
Broughton & Finnigan 2008, Finnigan and Robertson 2011). In contrast, a slowing of the EEG from 
alpha to theta frequency, although it increases the resting theta activity, is associated with age-related 
cognitive deficits and poor cognitive performance (Coben, Danziger & Storandt 1985, Prichep et al. 
2006). However, the weakening of the task-dependent increase in theta activity with age occurred 
mostly independently of the cognitive status (McEvoy et al. 2001, Babiloni et al. 2004, Cummins and 
Finnigan 2007). 
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1.5.7 Current situation 

Increased awareness of the importance of sleep and the considerable consequences of chronic sleep 
problems to general health and well-being has alarmed medical professionals to the high number of 
sleep disturbances among the elderly. To be able to estimate the degree to which these exceedingly 
common sleep disturbances are due to nonthreatening physiological changes, and to which degree they 
reflect other, more serious health problems, it is necessary to study how sleep changes with normal 
aging. 
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2. Aims and hypotheses of the study 

2.1 General aim and hypothesis 

The aim of this thesis was to investigate why the homeostatic slow wave sleep (SWS) response is 
reduced with aging, and to find the molecular mechanisms responsible for this reduction. Our 
hypothesis was that the reduced slow wave sleep response is mainly due to reduced homeostatic sleep 
pressure. 

2.2 Specific aims and hypotheses 

Specific aims of the study 

1. To study how aging affects active wakefulness both locally at the cellular level and globally at 
the cortical network level. 

2. To find out whether sleep pressure at the molecular, electrophysiological and behavioral level 
increases, decreases or remains unchanged with aging.  

3. To study whether administration of molecules that naturally induce sleep pressure in the brain 
can restore sleep homeostasis. 

 

 

Figure 2.1 Established model of homeostatic SWS regulation 

 

  

A: Increase in active wakefullness 

B: Increased sleep pressure 

C: Increased SWS 
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Specific hypotheses of the study (in italics) 

 

1. Hypothesis: Waking, as measured by cortical EEG activity (theta activity) and BF neuronal 
activity (lactate increase), will become less active with aging, resulting in a reduced SWS 
response (study I) 

Background: Previous studies show that, in young animals, the quality of wake affects the 
intensity of sleep: active wake increases sleep pressure and leads to an increased SWS 
response (see figure 2.1). 

 

2. Hypothesis: Increase in the molecular correlates of sleep pressure will be less pronounced in 
the aged brain, resulting in reduced sleep pressure (studies II and IV). 

Background: Previous studies show that, in young animals, the molecular correlates of sleep 
pressure, such as basal forebrain nitric oxide and adenosine concentrations and cortical BDNF 
expression, increase in response to prolonged waking, leading to an increased SWS response. 

 

3. Hypothesis: The sleep latency will not decrease as much in the aged as in the young in 
response to prolonged waking, signifying a reduced sleep pressure (study IV). 

Background: Previous studies show that, in young animals, behavioral measures of sleep 
pressure, such as sleep latency which gets progressively shorter with prolonged waking, 
signals an increased sleep need in response to prolonged wakefulness. 

 

4. Hypothesis: Infusion of NO in old animals will induce only a small or no change in the  SWS 
response (studies I and II). 

Background: Previous studies show that, in young animals, an experimental increase of sleep 
pressure by infusion of NO induces a strengthened SWS response. 
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3. Materials and Methods 

3.1 Ethical permits 

All animal procedures were approved by the national Animal Experiment Board and were carried out 
according to the applicable national and EU legislation. The following is an overview of the methods 
used in the studies with more detailed descriptions in the original publications. 

3.2 Animals 

In the experiments male Hannover Wistar rats of different ages were used: young (3-4 months), 
middle-aged (12-14 months) and old (23-25 months). These age groups were selected to represent the 
aging process from adulthood to old age, which roughly corresponds to human aging from young 
adults (20 years) to the middle-aged (40 years) to the elderly (60+ years), based on estimates about life 
expectancy and the onset of menopause in rats vs. humans. The animals were housed under a 12 h 
light-dark cycle with lights on at 8:30 AM, at constant temperature (+22 ± 1 °C) and humidity. Food 
and water were provided ad libitum. Additionally, EEG recordings from mice and rats used in other 
studies in our laboratory were used in publication III. 

3.3 Surgery 

Surgery was performed under general barbiturate or ketamine anaesthesia (dosages in original 
publications). Briefly, the anesthetized animals were fitted into a stereotaxic device and implanted 
either with chronic epidural EEG electrodes (miniature gold-coated screws) and nuchal muscle EMG 
electrodes (partially Teflon-coated flexible silver wires). Additionally, a microdialysis guide cannula 
(CMA 11 guide, CMA/Microdialysis) was aimed at the BF area for simultaneous cortical EEG 
recordings and in vivo sampling of the BF (studies I and II only). After surgery the animals were 
allowed to recover for one to two weeks depending on age and rate of recovery before experiments 
were started. 

3.4 Recording of EEG 

The animals were connected to flexible counter-balanced EEG/EMG recording cables and left to adapt 
for at least four days before the start of data collection. The EEG/EMG signals were then continuously 
recorded for several days to monitor the vigilance states and EEG activity. No experiments were 
started before a stable recording and a normal sleep-wake cycle were observed. The EEG and EMG 
signals were amplified, analogically high pass filtered (0.3 Hz), digitized and stored in a computer for 
off-line analysis by means of the Spike2 software (Cambridge Electronic Devices, UK, Cambridge). 



39 
 

3.5 Scoring 

In order to determine the vigilance states from the EEG/EMG recordings, the data from the 
experimental days were scored into wake, NREM and REM sleep states. The scoring was performed 
manually, semi-automatically or automatically (see section 3.7.1), depending on the purpose of the 
experiment. Manual scoring in 4 or 5 second epochs was done according to the generally accepted 
criteria: wakefulness was characterized by low-amplitude high-frequency EEG combined with high 
and varying EMG power, NREM sleep was characterized by high-amplitude EEG slow waves (0.5-4 
Hz) combined with low EMG power, and REM sleep was characterized by low-amplitude high-
frequency EEG theta waves (5-9 Hz) combined with an absence of EMG activity (muscle atonia). 
Semiautomatic scoring of NREM sleep in 30 second bins was done to measure the overall amount and 
distribution of NREM sleep (described inKalinchuk et al. 2003, Stenberg et al. 2003), and the 
manually scored REM sleep was added to yield the final score.  

3.6 Spectral analysis 

EEG power spectra (in microvolts-squared) from manually or automatically (see section 1.7) scored 
EEG data were generated separately for consecutive 4 or 5 second epochs for both wake and NREM 
sleep (Fourier transformation routine) and averaged over the investigated time period.  Epochs 
containing recording artefacts were discarded from the analysis. The absolute power values from 
individual animals were normalized to total power from the same animals and expressed as relative 
power. The frequency range from 0.5 to 4 Hz was used for measuring NREM delta power (SWA), and 
the range from 5 to 9 Hz to measure waking theta power. The wake theta frequency was further 
subdivided into low frequency theta (LF, 5-7 Hz) and high frequency theta (HF, 7-9 Hz) to better 
describe the effects of both prolonged waking and aging on the changes in wake quality. 

3.7 Development of the Bayes classifier 

3.7.1 Background 

Manual scoring of the EEG data is often the most time-consuming part of sleep studies and introduces 
a delay between the experiments and the publication of results. This is a problem particularly in large-
scale studies, such as aging studies, where multiple groups of subject are needed and large amounts of 
data is generated. The need for a more efficient vigilance state classification (scoring) became 
apparent during studies I and II which were manually scored, requiring much time and effort. Multiple 
approaches exist to automatically score EEG data (see e.g. Costa-Miserachs et al. 2003, Crisler et al. 
2008, Gross et al. 2009, Brankack et al. 2010), but none were sufficiently broad, user-friendly, 
accurate or efficient to suit our purposes, or alternatively the programs were not freely available or 
easily validated. We aimed at developing an automated, open-source scoring program which would 
avoid most of these problems while at the same time saving time and automating the data analysing 
process. One of the most interesting models for data classification is the naïve Bayes classifier, which 
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has successfully been applied to a wide range of classification problems (Rish 2001). Bayes 
classification relies on the Bayesian probability theory and builds on a statistical model for calculating 
the probability of given data matching predefined classes. It has the advantage of making as few 
assumptions about the data as possible; instead of using the traditional EEG frequency bands, the 
classifier automatically finds features of the data which best correlate with a given vigilance state. This 
is especially useful in studies where the distribution of the different EEG frequencies between the 
vigilance states differs slightly between the groups. 

3.7.2 Program description 

The MATLAB-based naïve Bayes classifier works on EEG/EMG recordings, using a small amount 
(approximately 5%) of manually scored training data to score the rest of the recording. Briefly, the 
training data is reduced to 21 logarithmically distributed frequency bands per epoch. The Bayesian 
classifier is applied to these features in order to find the most likely vigilance state of each epoch, 
including the manually scored training epochs (see study III for a more detailed description of the 
program and the underlying principles). 

3.7.3 Validation 

The classifier was validated against a wide range of manually scored data from a variety of different 
experiments and experimental conditions, such as sleep deprivations of different length and applied to 
different age groups. The overall scoring accuracy of the naïve Bayes classifier was 93%, and the per-
state accuracies were 94%, 94% and 89% for wake, NREM and REM sleep, respectively. When 
compared to epochs whose score was agreed on by several independent human scorers, the overall 
accuracy was as high as 98%. The latter value takes into account the inter-individual variability in the 
manual scoring results, thus giving a better estimate of the true accuracy of the classifier. 

3.8 In vivo Microdialysis 

Microdialysis is a technique for continuous in vivo sampling and also delivery of compounds through 
a microdialysis probe into an extracellular space containing endogenous molecules, such as 
neurotransmitters and brain metabolites. Artificial cerebrospinal fluid (aCSF) is pumped through the 
probe at a slow rate (1-2 µl/min), permitting the molecules to move according to their concentration 
gradient through the semipermeable membrane of the probe tip into or out of the aCSF. The advantage 
of this technique is that it can be performed in freely moving animals, allowing simultaneous 
assessment and manipulation of the neurochemical events in specific brain regions together with 
behaviorral and vigilance state monitoring and manipulation. The time and space resolutions of the 
technique do in fact not allow for real-time detection of single cellular events or the determination of 
the source of the molecules, i.e. whether they originate from neurons or astrocytes, and from which 
subtype. Despite these limitations, though, microdialysis remains an excellent tool for measuring local 
changes and manipulating neurotransmitter systems via the application of various drugs. 
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In the present studies (studies I and II) in vivo microdialysis was used to both collect samples from the 
basal forebrain (BF) and to experimentally manipulate the BF by local delivery of drugs. Briefly, a 
microdialysis probe (CMA 11 probe, CMA Microdialysis) was fitted into the guide cannula, which 
had been inserted during surgery, at approximately twenty hours before the start of the experiments to 
allow the nerve tissue surrounding the probe tip to stabilize first. Starting from lights on (8:30 AM), 
the animals were connected to the EEG/EMG cables and microdialysis tubes, and either pure aCSF or 
aCSF mixed with a drug was perfused at a rate of 1 μl/min. Sample collection started always at 10 AM 
and samples were collected for every 30 min of the duration of the microdialysis period (altogether for 
6 hours, from 10 AM to 4 PM), after which the animals were disconnected from the microdialysis 
tubes while the EEG/EMG recordings were continued until the next morning (altogether for 24 hours, 
from 8:30 AM to 8:30 AM). The microdialysis samples were stored at -80 °C for later analysis. 

 

Figure 3.1 Schematic presentation of the microdialysis probe penetrating the brain. Black area 
on lower right indicates the basal forebrain. 

3.9 Experiments 

3.9.1 Baseline (BL) 

After the animals had developed a stable sleep-wake cycle, a 24-hour baseline measurement starting 
from lights-on was obtained. The baseline experiments consisted of a 24 hour EEG/EMG recording 
combined with 6 hours of microdialysis (studies I and II), or of 24 hours of EEG/EMG recordings 
without microdialysis (studies III and IV). Except for short periods when the animals were connected 
or disconnected from the EEG/EMG recording cables and/or microdialysis tubes, the animals were left 
undisturbed to allow spontaneous sleep-wake behaviors to occur. 
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3.9.2 Sleep deprivation (SD) 

Sleep deprivation by gentle handling is a method of keeping the animals awake and active by 
introducing new toys which the animals can play with (Franken et al. 1991). Whenever an animal 
shows behavioral signs of sleepiness or slow waves appear in the EEG, a new toy is introduced. This 
method of sleep deprivation stimulates active wake in the animals (Vyazovskiy and Tobler 2005, 
Huber, Tononi & Cirelli 2007, Wigren, Rytkonen & Porkka-Heiskanen 2009) and increases the 
homeostatic sleep pressure, inducing the subsequent recovery sleep (Achermann and Borbely 2003). 
The sleep deprivation experiments were similar to the baseline measurements except that, in addition 
to continuous EEG/EMG recordings and microdialysis sample collection, the animals were sleep 
deprived by gentle handling for either 3 hours (from 1 PM and 4 PM, studies I and II) or 6 hours (from 
10 Am to 4 PM, study IV). The duration of the sleep deprivations was chosen so as to minimize the 
confounding effects of the stress associated with long deprivations. 

3.9.3 Drug administration (DA) 

Drug infusion for 3 hours (from 1 PM to 4 PM) by reverse microdialysis were performed in studies I 
and II in order to manipulate the BF by infusion of the drugs nitric oxide donor DetaNONO (study II) 
or the glutamate agonist NMDA (study I). The EEG and EMG activity was continuously recorded to 
assess the effects of the drugs on the vigilance states and the EEG. 

3.9.4 Multiple sleep latency test (MSLT) 

The multiple sleep latency -test is a diagnostic test originally designed to assess objective sleepiness in 
humans by measuring the time it takes for a person to fall asleep (Carskadon et al. 1986 Sleep). The 
assumption behind the test is that the shorter the latency to sleep, the sleepier the person. This test has 
been successfully adapted to mice (Veasey et al. 2004), and rats (McKenna et al. 2008). The rat 
multiple sleep latency test (rMSLT), adapted from McKenna et al. (2008), was performed after a 6 
hour baseline period (BL-MSLT, from 10 AM to 4 PM), and after 6 hours of sleep deprivation by 
gentle handling (SD-MSLT, from 10 Am to 4 PM), in both cases together with continuous EEG/EMG 
recording (study IV). The MSLT consisted of short periods (5 min) of wakefulness induced by gentle 
handling, each followed by a longer (25 min) period during which the animals were free to sleep. This 
procedure was repeated every 30 min for 3 hours (from 4 PM to 7 PM), and was designed to minimize 
the amount of sleep lost due to the testing procedure. 

3.9.5 End of experiments 

3.9.5.1 Verification of probe location 

The animals in the microdialysis experiments (studies I and II) received a lethal dosage of 
pentobarbital after which the probe location was marked by injecting ink through a modified 
microdialysis probe inserted into the guide cannula. The brains were quickly removed, frozen on dry 
ice and stored at −80 °C. Later, 20 μm thick coronal slices were cut on a freezing microtome, stained 
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with Toluidine Blue and visually inspected under a light microscope. Only animals with the probe tip 
located in the BF within close vicinity of the HDB, SI or MCPO areas were included in the further 
analysis. 

3.9.5.2 Tissue collection 

The animals in studies I and IV were divided into sleep deprivation (SD) and control groups (CTRL). 
The rats in the SD group were sleep deprived by gentle handling for 3 or 6 hours, and at the end of the 
deprivation immediately sacrificed by decapitation. The control animals were left undisturbed and 
then sacrificed at the same circadian time point. Brain tissue was freshly collected for mRNA and 
protein analysis, and the basal forebrain and frontal cortex cut out and stored at −80°C. 

3.10 High-performance liquid chromatography (HPLC) 

Microdialysis samples were analysed for adenosine (ADE) and lactate (LAC) using high-performance 
liquid chromatography (HPLC) coupled to an ultraviolet (UV) detector. A more detailed description of 
the adenosine measurements can be found in Porkka-Heiskanen et al. (1997), and of the lactate 
measurements in Hallstrom et al. (1989). The detection limit was set to 0.8 nM for adenosine (signal-
to-noise ratio 2:1) and 10 μM for lactate (signal-to-noise ratio 3:1). Samples with contents below the 
detection limit were discarded from the analysis. The HPLC data were analysed using the CLASS-VP 
software (Shimadzu Corporation) by which the area under the curve was compared to that of a 
standard to calculate the concentration of the analyte in the sample.  

3.11 Nitric oxide measurement 

Since there is no other known endogenous source for nitrite (NO2
−) and nitrate (NO3

−) in the brain 
than nitric oxide (NO), these metabolites are generally taken to be indicators for NO production 
(Mackenzie et al. 1996). The dietary intake of nitrite can considerably affect the plasma concentrations 
of nitrate, but as these anions do not readily penetrate the blood-brain barrier, their effect on the 
concentration in the brain is minimal (Clark et al. 1996). The diffusion range of nitric oxide is 
approximately 400 μm as determined from brain slices (Ledo et al. 2005). The concentrations of nitrite 
and nitrate, indicative of the total nitric oxide concentration, were measured using a commercial 
fluorometric nitrate/nitrite assay kit according to the manufacturer’s instructions (Cayman Chemical 
Company). 

3.12 Inducible nitric oxide synthase (iNOS) 

The concentrations of inducible nitric oxide synthase (iNOS) were measured from both the BF and the 
cortex (CX) using Western blotting (see Kalinchuk et al. 2006b). Briefly, BF and CX were dissected 
from the brains of the sacrificed animals and homogenized in buffer. The homogenate was then 
separated into different bands by electrophoresis. The band containing iNOS protein was detected 
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using antibody-labelling combined with fluorescence imaging, and quantified by calculating the 
densiometric values (see details in publication II). 

3.13 Brain-derived neurotrophic factor (BDNF) 

3.13.1 BDNF mRNA expression 

The brain-derived neurotrophic factor (BDNF) mRNA expression was measured from frontal cortex 
homogenates using a quantitative reverse-transcriptase polymerase chain reaction (qRT-PCR). The 
frontal cortices were dissected from the brains of sacrificed animals and half of each sample was lysed 
in lysis reagent. RNA was extracted using a RNA extraction kit (Qiagen) and converted into cDNAse. 
Finally, the cDNAse was amplified by Taqman qRT-PCR using a BDNF probe as a template (Applied 
Bioscience) and then quantified by first calculating the number of cycles needed for amplification and 
afterwards normalizing the values to those from a reference gene (see details in publication IV). 

3.13.2 BDNF protein expression 

The brain-derived neurotrophic factor (BDNF) protein expression was measured from the same frontal 
cortex samples as the BDNF mRNA using an enzyme-linked immunosorbent assay. Half of each 
frontal cortex sample was homogenized in buffer (1:3 ratio) and the BDNF protein expression was 
first measured from acidified homogenates using ELISA (Karpova et al. 2010) and then quantified by 
calculating the absorbance values. 

3.14 Statistical analysis 

Statistics were calculated using the SigmaStat program (SPSS Inc.). The effects of treatments within 
the age groups were compared by  t-tests when comparing two independent (t-test) or dependent 
(paired t-test) variables, or by One-Way Repeated Measures ANOVA (RM-ANOVA) followed by a 
Holm-Sidak post-hoc  test when comparing  more than one time point  within an age group. 
Differences between the age groups were tested by One- or Two-Way ANOVAs, followed by a Holm-
Sidak post hoc test, or by One- or Two-Way Repeated Measured ANOVA (RM-ANOVA), followed 
by a Holm-Sidak post hoc test when multiple time points or treatments were compared in addition to 
comparing the age groups to each other. Correlation analyses were performed by Pearson Correlation. 
In cases were the data were not normally distributed, equivalent non-parametric tests were employed. 
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4. Results and discussion 

4.1 Slow wave sleep and aging (I, II, IV) 

4.1.1 Reduced spontaneous slow wave activity (I, II, IV)   

 Sleep slow wave activity. We found that the spontaneous sleep slow wave activity (SWA, NREM 
delta activity) decreases with aging and that this reduction is proportional to the age with the oldest 
animals having the highest reductions in SWA (see figures 2C, 2A and 4A in studies I, II and IV, 
respectively).  

This decrease in sleep SWA is in line with various sleep studies done in both humans and animals (e.g. 
Landolt et al. 1996, Mendelson, Bergmann 1999a, Mendelson, Bergmann 1999b), and is independent 
of the circadian time (Dijk et al. 1999). It is probably due to age-related changes in thalamocortical 
and cortical functions. For example, cortical connectivity, which reflects the ability of different parts 
of the brain to engage in synchronous firing, is reduced with aging (Andrews-Hanna et al. 2007, 
Damoiseaux et al. 2008, etc.). This decrease in connectivity could, together with the aging-reduced 
synaptic density (Feinberg et al. 1990, Feinberg, Floyd & March 1991), underlie the reduced EEG 
SWA.  

It has been shown in humans that both the amplitude and the density of EEG slow waves decrease 
with aging, suggesting that the ability of the aged cortical neurons to enter the slow oscillation 
hyperpolarization and depolarization phases synchronously is impaired (Carrier et al. 2011). However, 
whether the age-related decrease in EEG SWA is a global phenomenon or takes place also at a local 
cortical level remains to be determined, e.g. by measuring the local field potentials in cortical columns 
(see Vyazovskiy et al. 2009). 

4.1.2 Reduced homeostatic slow wave sleep response (I, II, IV) 

Recovery slow wave sleep response. When waking is prolonged, sleep pressure increases leading to a 
period of intense sleep rich in slow waves called recovery sleep (SWS response). In our studies 
NREM sleep SWA increased in response to prolonged waking (sleep deprivation) in all the age groups 
(see figures 7, 2B and 4B in studies I, II and IV, respectively). However, the SWA response in the old 
animals was invariably and significantly reduced as compared to the young and the middle-aged 
groups, even when taking into account the age-related differences in baseline SWA.  

This finding is consistent with an extensive body of literature including both human and animal 
studies, which demonstrate a less pronounced homeostatic response with aging (Buysse et al. 1993, 
Landolt et al. 1996, Dijk et al. 1999, Mendelson and Bergmann 1999a, Mendelson and Bergmann 
1999b, Shiromani et al. 2000, Mendelson and Bergmann 2000, Gaudreau, Carrier & Montplaisir 2001, 
Munch et al. 2004, Drapeau and Carrier 2004, Adam et al. 2006, Duffy et al. 2009). 
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Time course of slow wave sleep response. The difference in the SWS responses between the age 
groups was most significant at the beginning of the sleep period when the homeostatic pressure was 
highest.  Early sleep is the most intense part of sleep with high SWA and increased synaptic strength 
(Tononi and Cirelli 2003, Tononi and Cirelli 2006), which both decline in parallel when sleep 
progresses (Esser, Hill & Tononi 2007, Vyazovskiy et al. 2009). A decrease of this type was observed 
also in our studies, with both the SWA and the slow wave amplitude decreasing sharply during the 
first hours of sleep (see figure 4B in study IV,). The decline was shallower in the old animals, 
consistent with human studies (Landolt et al. 1996, Gaudreau, Carrier & Montplaisir 2001, Munch et 
al. 2004, Carrier et al. 2011). 

As SWS is the principle marker of the homeostatic sleep process, the decrease in the SWS response 
with aging has been interpreted to indicate an altered sleep homeostasis. The most common 
interpretations of the reduced homeostatic response with aging are an attenuated homeostatic sleep 
pressure, an inability to stay asleep, and problems with inducing sleep even under high sleep pressure 
(Klerman and Dijk 2008, Dijk et al. 2010). Until recently, very little direct evidence other than the 
reduced SWS response existed to support the concept of attenuated sleep pressure. On the contrary, 
aging has been loosely associated with a perceived increase in daytime sleepiness reflecting increased 
sleep pressure (see e.g. Carskadon, van den Hoed & Dement 1980, Carskadon and Dement 1987). 
Results on reduced sleep efficiency (ratio of time spent asleep to time spent in bed) with aging have 
been more consistent (e.g. Dijk and Duffy 1999). However, both a reduced sleep efficiency and an 
inability to maintain sleep could be secondary to an age-related decrease in the SWA and spindle 
activity, which function usually to protect against inadvertent awakenings and cortical arousal during 
sleep. 

4.2 Automated scoring rationale (III) 

The naïve Bayes classifier. We developed an automated scoring program for efficient and accurate 
classification of the different vigilance states (see study III). The naïve Bayes classifier uses a set of 
manually scored training data to form the classes (wake, NREM, REM) and automatically classifies 
the data into these classes. 

With advancing age, the boundaries between the different vigilance states become less clear at the 
EEG level, so that vigilance-state transitions increase (Rosenberg, Zepelin & Rechtschaffen 1979, 
Mendelson and Bergmann 2000, Klerman et al. 2004, Cajochen et al. 2006, Oosterman et al. 2009, 
Lim et al. 2012). High frequency activity during waking decreases, as demonstrated by the reported 
slowing of the EEG in aged human subjects (Coben, Danziger & Storandt 1985, Klimesch 1999, 
Prichep et al. 2006). In contrast, NREM sleep seems to be marked by a shift from lower delta 
frequency to higher frequencies, pointing to a decreased slow wave synchrony with aging, although 
this has not been reliably tested so far. A similar age-related slowing of the EEG during waking (study 
I, figure 2B) and the decrease in delta activity during sleep (study I, figure 2C; study II, figure 2A and 
study IV, figure 4A) were found in our studies. 



47 
 

These age-related changes in the frequency distribution predispose to errors in the scoring process 
when the EEG data are manually assigned to the different vigilance states, introducing an 
unintentional bias to the data. Manual scoring is also time-consuming and often results in delays in the 
data analysis. However, automated scoring that relies on the traditional frequency bands such as the 
delta and theta bands does not solve the problems either, since these frequency bands are based on data 
from mostly adult humans and animals. The advantage of our scoring program is that it does not rely 
on these strict boundaries of the frequency bands to classify the data, and it also corrects human errors 
in the manually scored training data. The accuracy and repeatability of the results from the automatic 
scorer are also comparable to those of human experts over a wide variety of data sets. It is thus a 
valuable tool that can help reduce errors, delays and costs in studies where classification of sleep EEG 
data is applied. The automatic scoring program described in study III is available for free as an open 
source MATLAB program. 

4.3 Quality of wake and promotion of cortical arousal with aging (I) 

Wakefulness is essential for alertness and optimal cognitive functioning. Consistent with the 
prediction that changes in sleep SWA should reflect parallel changes in the quality of wake, we found 
an age-related decrease in cortical arousal during waking as measured by EEG theta activity (see study 
I, figure 3B).  

4.3.1.1 Waking theta activity (I) 

Wake theta activity. Old animals showed increased low frequency (5-7 Hz) theta activity during 
spontaneous waking (study I, figure 2B), while the activity-dependent increase in high frequency (7-9 
Hz) theta activity during prolonged waking was attenuated as compared to young animals (study I, 
figure 3B).  

Earlier studies show that low-frequency theta associates with quiet waking, sleepiness and reduced 
arousal while high-frequency theta associates with active waking and increased sleep pressure 
(Lorenzo et al. 1995, Maloney et al. 1997, Finelli et al. 2000, Lafrance and Dumont 2000, Aeschbach 
et al. 2001, Strijkstra et al. 2003, Vyazovskiy and Tobler 2005, Wigren et al. 2007, Young and 
McNaughton 2009). Therefore, it is probable that both the age-related increase in low frequency theta 
and the decrease in high-frequency theta found in our study signify reduced cortical arousal with 
aging. 

Another study found a similar overall increase in low frequency and reduced task-specific increase in 
high frequency theta activity with aging in the hippocampus (Olvera-Cortes et al. 2012). Since 
hippocampal theta activity increases during movement and cortical theta may result from hippocampal 
volume conduction (Sirota et al. 2008, Young, McNaughton 2009), it is possible that age-related 
differences in cortical theta activity reflect merely differences in movement activity. However, there 
was no difference between the age groups in movement activity during sleep deprivation (see study I, 
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figure 4B, right panel), suggesting that at least in our experiments the difference in cortical waking 
theta activity is not merely a consequence of differences in movement activity. 

Cortical theta activity can be induced by directly activating the basal forebrain (Cape and Jones 2000, 
Jones 2004, Wigren et al. 2007, Jones 2008), although there are connections also to the limbic system 
including the hippocampus (Toth, Borhegyi & Freund 1993, Zaborszky et al. 1999). The BF 
cholinergic neurons are important in maintaining cortical arousal and at the same time selectively 
sensitive to aging (Sarter and Bruno 2004, McKinney and Jacksonville 2005, Schliebs and Arendt 
2011). While extensive cell loss has not been detected in healthy aging, neuronal degeneration and 
impairments in gene expression, nerve growth factor (NGF) signalling and ACh release  signalling 
have been observed in aged cholinergic neurons together with increased susceptibility to toxic agents, 
such as nitric oxide (Schliebs and Arendt 2011). Thus, reduced function of the BF with aging is 
expected to affect wake quality. 

Basal forebrain activation. Glutamatergic activation increases the overall lactate level in the BF, 
suggesting increased neuronal activity (Cape and Jones 2000, Wigren et al. 2007). The level of basal 
lactate, an energy metabolite, was decreased in the aged basal forebrain (study I, figure 2A), which 
could thus reflect reduced neuronal activity. Lactate release did not significantly increase in the aged 
BF even during sleep deprivation (study I, figure 3A). This is in line with human studies which 
showed that while cognitive stimulation increases lactate in the prefrontal cortex of young subjects, it 
fails to do so in the aged (Urrila et al. 2003, Urrila et al. 2004). 

The age-related decrease in lactate release could also be due to a reduced capacity of the aged brain to 
cope with increased energy demands (Toescu and Xiong 2004). It has been suggested that prolonged 
waking depletes the stores of brain chemical messengers. Tired neurons might switch off as part of 
energy-saving, protective or restorative processes in overloaded neuronal connections (Vyazovskiy et 
al. 2011). The wake-active neurons of the cholinergic BF are sensitive to metabolic challenges, such as 
glucose or oxygen dyshomeostasis (Figlewicz et al. 1996, Petrisic, Augood & Bicknell 1997, 
Panossian et al. 2011). Further metabolic challenges to neurons which are already affected by aging 
could result in metabolic overload, during which the neurons are no longer able to respond to 
increased activation. 

Taken together, results suggest that the quality of wake, as measured by cortical arousal, decreases 
with aging, reflecting age-related changes in the arousal systems, especially in the basal forebrain. 

4.4 Sleep pressure with aging (II, IV) 

4.4.1 The effect of aging on the molecular correlates of sleep pressure  

Since increased waking activity results in increased sleep pressure and, therefore, an increased 
homeostatic sleep response, reduced waking activity and decreased behavioral arousal should lead to 
reduced sleep pressure and a corresponding reduced homeostatic sleep response. 



49 
 

4.4.1.1 Nitric oxide and adenosine (II) 

Sleep pressure is mediated by sleep factors that accumulate in the brain during waking (Borbely and 
Tobler 1989), such as nitric oxide (NO) and also adenosine (ADE). The concentration of these 
molecules increases both in the basal forebrain and in the cortex in response to prolonged waking 
(sleep deprivation), participating in the production of the increasing sleep pressure. The increase in 
NO and ADE concentrations leads to the induction of SWS, while their following decrease during the 
subsequent sleep correlates with the decrease in SWA (reviewed in Porkka-Heiskanen and Kalinchuk 
2011). 

Nitric oxide and adenosine. In the aged BF we found an increase in the basal level of the free radical 
NO (see study II, figure 3A), which may contribute to brain aging ("Free radical theory of 
aging",Harman 1957, McCann et al. 2005). However, the increase in NO and ADE in the BF in 
response to prolonged waking (SD) was reduced in the aged animals (study II, figures 3B and 5, 
respectively). This reduction was proportional to age; the old group, which showed an attenuated 
increase of SWA (NREM delta power) during recovery sleep (study II, figure 2B), also had the 
smallest increase in the NO and ADE levels. It is possible that, due to the already high basal NO 
concentration, the NO concentration could not further increase during SD. Furthermore, the inducible 
nitric oxide synthase (iNOS), responsible for the production of NO in the BF and the CX in response 
to prolonged waking (Kalinchuk et al. 2006a, Kalinchuk et al. 2006b, Kalinchuk et al. 2011), was 
reduced in the BF as compared to the young (study II, figure 3C). These results are in accordance with 
studies showing that also in other parts of the aged brain the iNOS and the NO production are reduced 
in response to stimulation (Xie et al. 1992, Schiffelholz and Lancel 2001, Siles et al. 2002, Clement et 
al. 2003, Canuelo et al. 2007). 

Similarly, the basal ADE level has been reported to increase with aging in the BF (Murillo-Rodriguez 
et al. 2004), probably due to an increased activity of ADE metabolic enzymes (adenosine kinase, 
cytosolic- and ecto-5'-nucleotidase) and the resulting increased production of adenosine (Cunha, 
Almeida & Ribeiro 2001, Mackiewicz et al. 2006). Increased ADE concentrations could lead to a 
chronic inhibition of the cortically projecting wake-active neurons of the basal forebrain and thereby 
to a decrease in cortical arousal. On the other hand, a number of studies have reported a decrease with 
aging in A1 receptor sensitivity (Cheng et al. 2000, Ekonomou, Pagonopoulou & Angelatou 2000, 
Meerlo et al. 2004, Murillo-Rodriguez et al. 2004, Meyer et al. 2007), which would counteract an 
increase in ADE by reducing its effects on the neurons.  

4.4.1.2 Brain-derived neurotrophic factor (IV) 

According to the synaptic function of sleep hypothesis (Tononi and Cirelli 2003, Tononi and Cirelli 
2006), increased cortical plasticity during waking leads to an increased homeostatic sleep response. 
Therefore, the mRNA expression of molecules associated with synaptic plasticity should increase in 
the cortex during waking, a result verified in studies for many plasticity-related molecules, such as the 
BDNF (Taishi et al. 2001, Cirelli, Faraguna & Tononi 2006, Huber, Tononi & Cirelli 2007), Homer1 
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(Maret et al. 2007), Arc (activity-regulated cytoskeletal-associated protein) and Synapsin (Cirelli and 
Tononi 2000, Huber, Tononi & Cirelli 2007). In particular, the activity-dependent brain-derived 
neurotrophic factor  (BDNF) has a causal role in the homeostatic regulation of sleep. The BDNF 
expression increases in positive correlation with active waking (Huber, Tononi & Cirelli 2007), while 
a blocking of the BDNF receptor TrkB decreases SWS (Faraguna et al. 2008). 

BDNF mRNA expression. We found that while BDNF mRNA expression in the frontal cortex 
significantly increased in all age groups in response to both 3 hours and 6 hours of wakefulness (sleep 
deprivation), the increase was less pronounced in the aged animals (study IV, figure 6A). This age-
related reduction in BDNF signalling signifies a reduced cortical synaptic plasticity, which is 
consistent with a number of other studies showing reduced plasticity with aging (Verkhratsky et al. 
1994, Gallagher and Rapp 1997, Pawlyk et al. 2007, Dickstein et al. 2007, Bloss et al. 2010). The 
increase in BDNF mRNA expression during waking also correlated with the recovery sleep slow wave 
activity (SWA), with old animals showing both the lowest SWA and BDNF mRNA expression (study 
IV, figure 7). 

Since BDNF expression is up-regulated in the cortex in response to sensory stimulation (Zafra et al. 
1992, Rocamora et al. 1996), but not in response to increased locomotor activity, even when combined 
with prolonged waking (Guzman-Marin et al. 2006), it is probable that the increase in BDNF 
expression in our study is not due to waking or increased locomotion per se, but rather to the increased 
exploratory behaviour induced by our sleep deprivation paradigm (gentle handling). Thus, waking 
activities which engage the frontal cortex, such as cognitive and memory-related tasks, would  induce 
more pronounced plastic changes in the cortex, leading to higher sleep pressure and to higher SWA 
during sleep. 

BDNF protein expression. In contrast to the cortical BDNF mRNA expression, the BDNF protein 
expression decreased with 6 hours of prolonged waking (SD) in all age groups (study IV, figure 6B). 
Our results are in contrast to a study that found increased BDNF protein expression following 12 hours 
of SD in mice (Martinowich et al. 2011). This discrepancy could be due to the difference in the 
duration of waking; longer sleep deprivations cause alterations in brain functions not seen with shorter 
deprivations (Cirelli 2006). Also, protein levels do not necessarily correlate with mRNA expression; 
transcriptional changes do not map directly to functional changes, which are determined by 
translational and posttranslational events. In fact, BDNF signalling has the ability to stimulate protein 
modification that functionally alters synapses independent of protein synthesis (Waterhouse and Xu 
2009). Age-related difference in the BDNF signalling pathway might explain why the BDNF mRNA 
expression is reduced in the aged animals compared to the young after sleep deprivation while no such 
difference in BDNF protein levels between the age groups is seen.  

Recent evidence has shown that, in keeping with the energy homeostasis of sleep theory, sleep is 
associated with increased brain protein synthesis (Seibt et al. 2012), while waking and sleep 
deprivation are less conducive to protein synthesis (Naidoo et al. 2005). Thus, the decrease in cortical 
BDNF protein with increased time awake could be due to the limited ability of the wake brain to 
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synthesise BDNF which, together with higher use and degradation, should lead to a decrease in the 
protein levels.  

As sleep loss becomes more pronounced, sleep homeostasis involves progressively more brain 
mechanisms (Porkka-Heiskanen and Kalinchuk 2011). The earliest signs of sleep loss are usually seen 
at brain structures regulating sleep and wakefulness such as the BF. Indeed, the BDNF protein level in 
the BF decreases progressively during prolonged waking and is significantly reduced already after 3 
hours of SD (Savelyev et al. 2012), whereas in the cortex this decrease in seen only after 6 hours of 
SD (study IV, figure 6B). 

4.4.1.3 Decreased cortical excitability 

One possible cause for the reduced homeostatic sleep response is a decrease in cortical excitability, 
which affects both the strengthening of excitatory synapses and the attenuation of inhibitory 
influences. According to the synaptic function of sleep -hypothesis (Tononi and Cirelli 2003, Tononi 
and Cirelli 2006), waking increases cortical excitability, also called the synaptic strength. During 
sleep, synaptic strength decreases from the early to late sleep in parallel with decreases in neural 
recruitment and cortical network synchrony, which results in the disappearance of global SWS and an 
emergence of local SWS (Esser, Hill & Tononi 2007). 

Changes in the quality of wake with aging would result in a less pronounced increase in cortical 
excitability (synaptic strength), which could be comparable to the late sleep phase in young adults with 
reduced synaptic strength, decreased global SWA and increased local sleep. Whether the reduced 
wake quality in the aged animals reflects a decrease in motivation as well as a degeneration of the 
arousal systems cannot be deduced from our experiments. The older animals seemed to lose interest 
for toys faster than the young, suggesting that motivation could play a role in the wakefulness-induced 
plastic changes in the areas underlying cortical sleep homeostasis. More detailed experiments focusing 
on the role of motivation are needed to confirm this. 

We showed that both waking and cortical plasticity, as measured by cortical BDNF mRNA expression 
which correlates with synaptic plasticity (Lu 2003, Waterhouse and Xu 2009), decrease with age 
(studies I and IV, respectively), which according to the hypothesis would lead to decreased global 
SWS. 

4.4.2 Reduced sleepiness with aging (II, IV) 

Sleepiness can be used as a measure of sleep pressure. Sleepiness can be assessed by calculating the 
time it takes to fall asleep, i.e. sleep latency, which was originally defined for human studies 
(Carskadon et al. 1986) but later also adapted for animal experiments (Veasey et al. 2004, McKenna et 
al. 2008). 

Sleep latencies. As expected, an increase of sleep pressure by sleep deprivation reduced the sleep 
latencies in all age groups (see study IV, figure 2). However, the sleep latency in the old group 
returned to baseline level after two hours of recovery sleep (study IV, figure 2C), while it stayed 
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decreased in the young and middle-aged groups (study IV, figures 2A and 2B). This result could 
indicate that the sleep of the aged animals is better for relieving sleep pressure than the sleep of the 
young, which is, though, unlikely since by all indices the SWS in the aged group is worse. More 
probably it suggests that the sleep pressure and the need for sleep do not increase as much in the old as 
they do in the young. The increase in sleep latency in the aged could also indicate a reduced ability to 
fall or stay asleep. However, a human study showed that while old people wake up more frequently 
during the night, they fall back asleep at the same rate as the young (Klerman et al. 2004), suggesting 
that the ability to fall asleep is not compromised in healthy aging. 

Human studies have arrived at mixed results concerning changes in sleep latency with aging: some 
reports found decreased (e.g. Carskadon and Dement 1987, Haimov and Lavie 1997, Munch et al. 
2005) and others increased (e.g. Buysse et al. 2005, Dijk et al. 2010) sleep latencies. These 
discrepancies have largely been attributed to the health status of the persons studied, with concerns 
also being raised about the methods used in measuring sleepiness (Horne 2010). 

Sleep attempts. Another way to assess sleepiness is to calculate the number of unintentional sleep 
episodes and sleep attempts, i.e. the number of times an animal had to be disturbed to prevent it from 
sleeping. Both indices were higher in the aged groups (study II, figure 3A; study IV, figures 3A and 
3B), which is puzzling as it seems to contradict our other findings of an age-related decrease in sleep 
pressure, such as the reduced accumulation of sleep pressure-inducing molecules and the longer sleep 
latency. According to a recent human study (Duffy et al. 2009) older people experienced less frequent 
unintentional sleep episodes than young subjects.  However, the sleep episodes in our old animals 
were relatively short- lasting, and it is questionable whether they should be counted as sleep or merely 
slow wave intrusions into wakefulness or as mixed vigilance states. 

One compelling interpretation of the data is that with aging the ability to consolidate wake and 
postpone the release of the accumulating sleep pressure is challenged. Some sleep pressure could be 
constantly released through the leakage of slow waves into waking (Leemburg et al. 2010). Another 
possibility is that sleep pressure and sleepiness are two distinct but overlapping processes, and that 
with aging these processes become even more separated. In this line, a study by Bachmann et al 
(2012) found that subjects with decreased adenosine deaminase activity, resulting in increased ADE 
levels, were sleepier but also had higher SWS levels.  

Human studies do in general support our results of a decreased sleepiness in the elderly. Healthy older 
subjects are less sleepy during sleep deprivation than young subjects, as indicated by both subjective 
and objective measures of sleepiness such as questionnaires, reaction time tests and sleep latencies 
(MSLT) (Buysse et al. 2005, Duffy et al. 2009, Dijk et al. 2010). 

4.5 Induction and maintenance of sleep with aging (I, II) 

Even if sleep pressure would increase normally in the aged brain, it would not necessarily induce a 
global state of sleep since the relevant mechanisms may be impaired. However, as the sleep regulatory 
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mechanisms are versatile and complementary it is unlikely that the lack of one or more systems would 
lead to a complete inability to induce or maintain sleep.  In fact, fatal familial insomnia (FFI) which is 
caused by mutated prion proteins, is the only known disease condition which leads to complete 
inability to sleep. FFI induces serious brain damage accompanied by hallucinations, dementia-like 
confused states, and finally death (Montagna et al. 2003). 

Induction of sleep. We tested whether an experimental elevation of the sleep pressure-inducing 
molecules glutamate receptor agonist N-Methyl-D-aspartate (NMDA) or nitric oxide (NO) would 
restore the homeostatic slow wave response in the aged basal forebrain (BF). The stimulatory NMDA 
significantly increases BF activity, and thereby the sleep pressure in at least young animals (Wigren et 
al. 2007). However, NMDA failed to increase BF activity in the aged animals (study I, figure 6).  This 
result is in agreement with previous studies which showed age-related alterations in NMDA receptor 
function and also a reduced cortical acetylcholine release in response to BF-stimulation (Gonzales et 
al. 1991, Mitsushima, Mizuno & Kimura 1996, Giovannini et al. 1998, Fadel, Sarter & Bruno 1999, 
Segovia et al. 2001, Herzog et al. 2003, Sarter and Bruno 2004). Similarly, the inhibitory nitric oxide 
(NO), which increases sleep pressure and induces sleep in young animals (Kalinchuk et al. 2006a, 
Kalinchuk et al. 2006b) failed to increase sleep when infused into the aged brain (study II, figure 6). 
Together, these results demonstrate that the sensitivity of the aged basal forebrain to sleep pressure-
inducing molecules is reduced, which fits with the overall age-related reduction in BF function. 

Brain arousal during sleep increases with aging (Dijk et al. 2010) and leads, together with increased 
sleep-wake fragmentation, to involuntary awakenings and increased wake during the sleep period 
(Miles and Dement 1980, Bliwise 1993, Haimov and Lavie 1997, Dijk and Duffy 1999, Dijk, Duffy & 
Czeisler 2001). We observed increases in high frequency activity in the middle-aged and old animals 
during recovery sleep (see study I, figure 7), which could imply increases in brain arousal as high EEG 
activity during sleep has been shown to be related to arousal (Miles and Dement 1980, Bliwise 1993, 
Haimov and Lavie 1997, Dijk and Duffy 1999, Dijk, Duffy & Czeisler 2001). We also observed 
increased sleep-wake fragmentation with aging, as demonstrated by increased vigilance state 
transitions during the baseline day (study I, supplemental material, Table 1; study IV, figure 1A). 
Increased fragmentation with aging is likely due to age-related alterations in the hypocretine system, 
but may also reflect a decrease in SWS, which could be associated with protection against involuntary 
awakenings (Franken, Tobler & Borbely 1993, Dijk et al. 2010). 

4.6 Limitations of the study 

While sleep is regulated by both the homeostatic and the circadian processes, this study focused on the 
age-related alterations in the homeostatic regulation of SWS while excluding the circadian regulation. 
This was both because of the complexity of the multiple overlapping regulatory systems and because, 
unlike homeostatic regulation, the circadian regulation of sleep with aging has been extensively 
studied. 
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The study would have benefited from a more detailed analysis of the behavior of the animals during 
waking, in particular from testing the cognitive abilities and the motivation of the animals in order to 
see whether variation in these parameters affects wake quality, accumulation of sleep pressure, and the 
consequent slow wave sleep response, as could be expected. Since the effect of aging on sleep can 
been seen already in the middle years, it would have been interesting to see whether mild changes in 
the cognitive abilities of the middle-aged groups could be used to predict the later changes in sleep. 

4.7 Summary 

The main results of the original publications are summarized and shown in the following two figures. 

 

Figure 4.1 Increased BF neuronal activity during prolonged waking (SD) leads to increased 
energy expenditure, as measured by the BF LAC level, and to increased cortical arousal, as 
measured by cortical HF theta (study I). Consequently, the sleep pressure-inducing molecules 
NO and ADE increase in the BF. ADE inhibits cortically projecting BF neurons, thereby 
reducing cortical arousal and enabling the CX to enter global SWS (study II). Active wake 
(cortical arousal) promotes plastic changes in the CX, leading to a net increase in synaptic 
strength, as measured by increased expression of BDNF mRNA. Increased BDNF increases 
SWS, presumably locally, and the local increase in SWS enhances global SWS (study IV). 
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Figure 4.2 In aging the BF neuronal activity decreases, leading to reduced energy expenditure as 
measured by the BF LAC level, and reduced cortical arousal as measured by cortical HF theta 
(study I). Consequently, there is a less pronounced increase in the sleep pressure-inducing 
molecules NO and ADE in the aged BF. Since ADE is decreased, the cortically projecting BF 
neurons are presumably only partially inhibited, leading to reduced SWS and poor sleep quality 
(study II). Decrease in cortical arousal during waking due to insufficient activation by the BF 
leads to reduced plastic changes, as measured by less pronounced expression of the BDNF 
mRNA . This reduction in BDNF expression correlates with the reduction in SWS with aging 
(study IV). 
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5. Conclusions 

The results of the present studies are in agreement with the widely-held view that the homeostatic 
mechanisms which regulate sleep slow wave activity undergo progressive changes with age, leading to 
decreased slow wave sleep. 

The quality of waking decreases with the reduction of sleep pressure by aging. The increase in sleep 
pressure-inducing molecules during waking is also less pronounced with age, while experimentally 
increasing their level does not increase slow wave sleep, demonstrating both reduced sleep pressure 
and age-related changes in the cellular functions of the brain. Finally, the measurements of sleep 
latency, which correlate with the level of sleep pressure, indicate a reduced drive for sleep in the aged. 
Taken together, the results establish an age-related decrease in the wake-produced homeostatic 
increase in sleep pressure. 

Importantly, these studies provide direct evidence in support of the hypothesis that the decrease in 
slow wave sleep in healthy aging is due to a reduced sleep need. 

 

Figure 5.1 Working model: Cellular and metabolic changes in the aged basal forebrain (BF) and 
reduced cortical plasticity reduce the build-up of sleep pressure-inducing molecules, leading to 
decreased slow wave sleep (SWS). Poor sleep results in reduced active wake and arousal. 
Reduced waking in turn leads to both reduced energy demand in the BF and reduced synaptic 
strengthening in the cortex (cortical plasticity), both of which further decrease sleep pressure 
and thereby SWS.  
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6. Future perspectives 

In the future it would be important to study how the cortical and the subcortical regulation of sleep 
interact to produce the global sleep state. In particular, to study in more detail the age-related 
alterations in local cortical synaptic functions and their role in the overall reduction of the SWS 
response. 

The gradual decrease in SWS with aging, even in the absence of age-related diseases, suggests that it 
is a part of the normal aging process. However, an increasing number of studies relate poor sleep to a 
decline in cognitive abilities with aging (for review see Pace-Schott and Spencer 2011), and especially 
to a decline in slow wave sleep (Buechel et al. 2011). Is reduced SWS detrimental to the cognitive 
processes in the elderly? If so, is it possible to interfere with the processes which lead to the reduced 
SWS, such as the reduction in basal forebrain activity and cortical synaptic function, and thereby 
improve the sleep quality? 

In recent years it has become clear that not only the quality of sleep affects the daily functions but that, 
vice versa, also the waking activity affects the quality of sleep (Meerlo et al. 2004, Vyazovskiy and 
Tobler 2005, Franken et al. 2006, Huber et al. 2006, Huber, Tononi & Cirelli 2007, Wigren et al. 
2007, Massimini et al. 2007, Hanlon et al. 2011). There is evidence that daily activity and 
environmental enrichment are beneficial for the cognitive functions, such as memory (Freret et al. 
2012), and also reduce the risk of neurodegenerative diseases, such as Alzheimer’s disease (Buchman 
et al. 2012). Thus, elderly people with sleep problems could benefit from a stimulating environment 
(Cirelli 2012). 

As discussed in this thesis, both the basal forebrain functions and the cortical plasticity undergo major 
changes with age. Since the quality of wake and SWS are tightly linked to activity in the arousal 
systems and to cortical plasticity, paradigms where these systems could be experimentally 
manipulated in animal models of aging should prove useful in studies aiming at prevention of the 
decrease in SWS. One such paradigm is the environmental enrichment, where animals are exposed to 
a stimulating environment throughout their lives, while the changes in cellular events are measured 
and compared to those of animals reared under less stimulating conditions. Senescence-accelerated 
and transgenic animals with different expressions of the molecules which are involved in cortical 
plasticity and calcium homeostasis could be potentially interesting models for these studies. 

Sleep problems are common even in the healthy elderly and will become increasingly prevalent in the 
modern society with the aging of the population. Thus, there is a need for studies which try to 
understand the various aspects of sleep and wake regulation and how they change during aging. 
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