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During our life span, a great amount of time is spent in sleep. Although not fully con-
ceived why, sleep is unambiguously an important process for the brain and the whole
organism. In aging, in congruence with general health deterioration, rendering the organ-
ism more vulnerable to disease, sleep is also altered. Several environmental factors, to
whom we are daily exposed, affect the sleep behavior from adulthood to aging. In this
thesis, an attempt has been made in order to elucidate the way sleep and subsequently
general health can be enhanced in the course of aging.

10.1 Sleep characteristics in the course of aging
In accordance with numerous alterations, beginning with biochemical changes at the
molecular level, that eventually expand to encompass the cellular, tissue, and organ sys-
tem level, aging is associated with sleep and circadian changes in humans and animals.
Chapter 5 is the first of the series of chapters in the current thesis which follows a ba-
sic but detailed approach on sleep effects in the course of aging in the mouse model
C57BL/6J. In Chapter 5 it is demonstrated that older mice displayed different sleep
characteristics regarding sleep architecture and the sleep electroencephalogram (EEG)
as compared to young mice. In particular, the older mice showed more non-rapid eye
movement (NREM) sleep and less waking especially during the dark period, emerging
from an increase in the number of long NREM sleep episodes and a decrease in the num-
ber of long waking episodes respectively, as well as less REM sleep at the end of the
light period. Although the sleep features of older mice depicted in Chapter 5 are in line
with earlier studies on the same and other mouse strains, the associated mechanisms un-
derlying the changes remain uncharted [1, 2, 3, 4, 5, 6]. As shown in Figure 2 of the
introduction of this thesis (Chapter 1), sleep and wakefulness are regulated by different
brain circuits in which monoaminergic neurons are the protagonists. Since alterations in
neurotransmitters such as adenosine, hypocretin (orexin), glutamate, GABA and others
or their receptor balance are likely to induce changes in the sleep-wake circuit, they have
been proposed to play an important role in sleep changes seen in aging [7, 8].
A significant result obtained in Chapter 5 is that sleep in older mice is characterized
by increased EEG slow-wave activity (SWA, EEG power in 0.5-4.0 Hz) in NREM sleep
and altered slow-wave morphology compared to young mice. This suggests that older
mice possibly live under higher sleep pressure conditions. In addition to that, the slower
decay rate in SWA in the first three hours after sleep deprivation in the older mice sug-
gests a decreased efficiency in dissipating sleep pressure with age. The morphological
slow-wave findings in the old mice including the altered slow-wave slopes, the decreased
sigma activity (activity between 9-13 Hz) during the down state, and the decrease in the
number of multipeak waves, point towards altered brain network properties, suggesting
increased neuronal coupling at the local level between cortical neurons, at the expense of
the global connectivity. Although increased slow-waves in NREM sleep were also found
in older mice in a more recent study, validating our data, it was demonstrated that the lo-
cal cortical neural dynamics and local sleep homeostatic mechanisms were not impaired
during healthy senescence in mice [6].
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Fragmented behavioral rest-activity patterns, as well as reduced amplitude of electrical
activity rhythms in the suprachiasmatic nucleus (SCN) characterize old mice, indicating
that aging substantially affects the circadian clock [9, 1]. Interestingly, behavioral activ-
ity alterations in mice arise at the age of 12 months [1] (Figure 10.1 A). Sleep alterations
in the course of aging seem to follow a similar path (Figure 10.1 B,C). Characteristically,
in figure 10.1, sleep parameters are compared between 6, 12, 18 and 24 months old mice
that were sedentary their whole life: 12 months old mice show circadian period and lo-
comotor activity levels similar to older mice, intermediate vigilance state characteristics
between young and older mice and EEG SWA in NREM sleep similar to older mice,
which significantly differs from young mice (unpublished data). Therefore, we can con-
clude that an aging phenotype in sleep and circadian rhythms is apparent relatively early
in a mouse life, considering that 12 months corresponds to earlier than middle age in the
mouse life span.

Figure 10.1: Sleep and behavioral alterations in the course of aging. A: Period and activity levels
of mice at the age of 100, 300, 500, 700 and 900 days (Adapted from Farajnia et al., 2012 [1]), B:
Time course of vigilance states for 48-h continuous sleep recordings in 6, 12, 18 and 24 months
old mice without any environmental intervention, along with C: their EEG slow-wave activity in
NREM sleep (see text for more details)

Interestingly, in contrast to the circadian clock changes, humans show different sleep pat-
terns from mice as they grow older. In elderly humans, problems falling asleep, increased
sleep fragmentation, decreased total sleep time and sleep efficiency, as well as attenuated
slow-wave activity in NREM sleep (EEG SWA, power density between 0.5-4.0 Hz) are
noted [10, 11, 12, 13]. The complete spectrum of age-related sleep alterations in aging
was only recently fully documented, showing in most cases results in the opposite direc-
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tion in laboratory mice as compared to humans. Nevertheless, these findings, including
findings presented in Chapter 5, do not invalidate the mouse model as an important lab-
oratory tool in sleep research. At the local cortical network level, there is a similarity
between humans and laboratory animals since no evident alterations are apparent in the
course of aging [6]. Markedly, disparities should be always taken into account when
comparing between species, since considerable insights can be obtained. Animal models
signify a necessity for the scientific world, however, it is shallow to consider that equal
results will be obtained in humans in comparison to other animals. Through Chapter 5,
therefore, it is established that in laboratory animals, in addition to attenuated behavioral
activity, and altered amplitude and timing of circadian rhythms, sleep parameters are also
affected as a function of age, albeit the mechanisms underlying these age-associated sleep
changes remain elusive [2, 3, 1, 4, 5, 6].
The aging process, following the path from birth to the end of life, lasts for approximately
two years in a mouse model, such as the C57BL/6J mouse strain. However, recent ad-
vances in technology and science warrant for successful shorter time-span studies. Thus,
in addition to naturally aged mice, sleep parameters were investigated in a genetic mouse
model of accelerated aging, portrayed in Chapter 9. In this chapter, we aimed at inves-
tigating a premature aging mouse model in order to assess its validity as a mouse model
appropriate for sleep research. As detailed reported in Chapter 1, there are aging theo-
ries supporting the idea that active free radicals, normally produced in the organism, may
induce aging by damaging the cellular components, ultimately leading to cell death and
tissue dysfunction [14]. Since DNA comprises a major target for oxidants, DNA damage
has to be restored through associated repair mechanisms. The latter are important mecha-
nisms in the aging process, that, if overruled, could lead to premature aging and mortality
[15]. An animal model based on the complete deficiency of DNA repair protein is the
xeroderma pigmentosum Group G protein (XPG) knockout model [16]. Animals with
complete deficiency of the XPG protein have a very short life span and progeria [17, 18].
Taking into account the significant properties of this mouse model for aging research, in
Chapter 9 we initially studied the sleep characteristics and subsequently compared them
with data obtained in naturally aged mice.
Aged mutant mice shared similar sleep architectural characteristics to naturally aged
mice, that differed from young mutants and age-matched wild type littermates (Chapter
9). These consist of less waking and more NREM sleep in the first half of the dark period
and attenuated REM sleep during the light period. Despite these similarities with natural
aging, the decreased amplitude of the 24-h vigilance state rhythm of the aged Xpg-/- mice
led to more waking at the end of the light period and a lower overall REM sleep amount
in the 12-h light period compared to 24 months old C57BL/6J mice, likely showing an
exacerbated aging phenotype. In contrast to sleep architecture, EEG power density in all
vigilance states across a wide frequency spectrum was found to be profoundly attenu-
ated in young and aged Xpg mutant mice deviating from patterns seen in naturally aged
mice. Since this was evident in all vigilance states, it can be suggested that sleep quality
and brain integrity are likely compromised in the Xpg-/- mouse model even at the corre-
sponding young adult age.
Notably, during the recordings, a torpor-like state was observed in the aged mutant mice,
particularly at the end of the dark period, in which hypothermia was evident. The animals
had low skin temperature and the EEG amplitude was markedly reduced. It is likely that
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Xpg-/- mice show metabolic changes which may result in decreased body temperature
and the subsequent occurrence of torpor bouts, in accordance with mice which are at the
very end of their natural life [19, 20, 21, 22]. Concluding, although some similar sleep
characteristics to naturally aged mice are apparent, XPG deficiency possibly alters phys-
iological aging beyond what is usually found and therefore this premature aging mouse
strain denotes a more extreme aging condition, not occurring under natural conditions.
Conversely to the first ideas in the neuroscience field developed some centuries ago, that
the adult nervous system is rather hard-wired and non-resilient, the last decades it is es-
tablished through laboratory animal and human studies, that the adult mammalian brain
obtains plastic properties which can be continuously reformed by environmental input
[23, 24]. In the two following sections we are discussing environmental inputs, com-
monplace in everyday life, that positively or negatively affect sleep and subsequently
brain function during aging.

10.2 Factors that impair sleep and behavior
Aging is an unavoidable process that affects the development of organisms throughout
the lifespan. Healthy aging comprises an utmost goal of every individual. However, an
array of debilities emerges not only in pathological but also in healthy aging. As dis-
cussed earlier, sleep alterations are commonly viewed in aging. When the environment
intervenes with aging, detrimental effects arise for general health that could consequently
even accelerate or accentuate aging. Chapters 2, 4, 7 and 8 aim at investigating sleep
and circadian alterations following long-term high-caloric diet consumption and dim-
light-at-night exposure.

10.2.1 High-caloric diet
Diet-induced obesity is a modern disease that affects big parts of the population world-
wide. General health is compromised in people with obesity that can eventually lead
to secondary diseases and ultimately to increased mortality even at a young age [25].
Obesity, in conjuction with physical inactivity, is likely to increase the risk for cardio-
vascular disease, Type 2 diabetes, hypertension, insulin resistance, neurodegeneration,
dyslipidemia and certain cancers [26]. Additionally, obesity and metabolic disorder are
accompanied by chronic low-grade inflammation, linked to alterations in brain function
such as hypothalamic inflammation [27, 28, 29, 30]. One possible factor that may con-
tribute to obesity is sleep behavior, owing to an increase in sleep debt due to modern
lifestyle and working conditions [31, 32]. Concurrently, obesity directly or indirectly
may induce sleep disturbances [33, 34]. Therefore, obesity and sleep are two interre-
lated entities that are investigated in Chapters 2 and 7.
In Chapters 2 and 7 young adult (6 months old) and aged mice (18 months old) were fed
exclusively with high-caloric diet (HCD) for three months, signs of obesity being evident
even after the first week of this diet. An increase of almost 65% of the body weight was
apparent following twelve weeks of treatment. In young HCD fed mice, moderate sleep
architectural alterations were found compared to age-matched control mice, denoted by
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an increased REM sleep amount emerging from an increased probability of consecu-
tive NREM-REM sleep cycles. Instead of sleep fragmentation usually assumed in obese
subjects, increased sleep consolidation was shown in the data, confirming earlier studies
[35, 36, 37, 38]. Due to the increased REM sleep, and the close relationship between
REM sleep and thermoregulation [39], we hypothesized that young mice fed chronically
with high-caloric diet, would probably show an altered thermoregulatory activity along
with modulated metabolic rate. Interestingly, recent findings on young HCD fed mice
indicate that body temperature of obese mice is approximately 1 degree higher compared
to lean mice, validating hence our hypothesis of a reduced thermoregulatory demand in
the HCD fed mice [40].
It is known that aging leads to a redistribution of body fat with similar changes to the
ones seen during HCD consumption [41, 42]. In addition, increased total fat mass and
elevated levels of abdominal adipose tissue are noted at middle age, being characterized
as risk factors for several diseases [41, 43]. Thus, the hypothesis was formed in Chap-
ter 7 that obesity and aging may act synergistically, negatively affecting sleep. The data
demonstrated that sleep architecture was altered in 18-months old HCD treated mice.
They showed increased NREM sleep and decreased waking, compared to age-matched
controls, denoting a potentially enhanced aging phenotype in the sleep architecture.
In Chapter 2 insights regarding the regulation of sleep were investigated, by applying
parameter estimation analysis and mathematical modeling of the observed homeostatic
sleep response. The observed homeostatic sleep response was visible in the EEG SWA,
which is directly associated with the homeostatic sleep process. Young HCD fed mice
in addition to an overall decrease in absolute EEG SWA during NREM sleep, showed
a slower build-up of sleep pressure during waking and REM sleep. The data converge
that HCD alters sleep homeostasis, rendering young mice less susceptible to prolonged
waking. On the contrary, as it is shown in Chapter 7, older HCD fed mice showed in-
creased levels of SWA in NREM sleep particularly in the slow component (0.5-2.5 Hz),
as compared to both young HCD fed, young and aged controls. Although aging is the
prevailing parameter, it seems that regarding SWA, obesity adds further effects in aged
mice.
Besides the finding that functioning of the central clock remains intact following HCD
[44], it seems that HCD, chronically consumed by young mice, provides short-term ben-
efits by attenuating the burden of the sleep debt, since it reduces the effect of prolonged
waking on subsequent EEG SWA in NREM sleep. Although, at first glance, the data
seem to point against adverse effects of HCD on sleep and the circadian clock, particu-
larly during young adulthood, the persistent increased weight, already associated with a
multitude of diseases, along with aging is demonstrated to be remarkably detrimental for
sleep, and general body and brain health in older animals.

10.2.2 Dim light at night
In modern society, in addition to dietary preferences and food availability, including ultra-
processed and junk food that could eventually lead to obesity, there is a widespread use
of artificial light which is also associated with various health disturbances. Although
the invention of electrical light accounts for numerous advantages nowadays, light expo-
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sure particularly at night has been linked with metabolic, immunological, and behavioral
rhythm disturbances across a wide age spectrum [45]. In Chapters 4 and 8, we study
the effects of dim light at night (DLAN) exposure on sleep, the sleep EEG and circadian
behavior in young and aged mice.
The data showed that, following merely one night of DLAN exposure, there are altered
sleep parameters, including a delay of vigilance state rhythms which increases as a func-
tion of DLAN exposure from one day to one month (Chapter 4). This is in accordance
to earlier findings in rats [46] as well as temperature rhythm findings found to be accord-
ingly delayed in lemurs [47]. After three continuous months of DLAN exposure, severe
effects on sleep and rest-activity rhythms were evident in young mice, with the dynamics
of the daily light-dark/dim amplitude being significantly distorted, similarly to aged mice
exposed to DLAN (Chapters 8). Additional analysis on the rest-activity data of young
mice revealed that chronic DLAN attenuates daily fluctuations corresponding to healthy
physiology and negatively affects brain network’s integrity [48].
Interestingly, the most pronounced changes in the sleep EEG were found in young mice,
demonstrating a general power attenuation across all prominent frequencies (Chapters 4
and 8). In accordance with the diminished rhythmicity in rest-activity after three months
of DLAN exposure, the spectral alterations suggested a reduced quality of brain cortical
activity in all three vigilance states. The general decrease in EEG power density may be
caused by a loss of thalamo-cortical synchronization due to prolonged DLAN exposure
[49]. Nevertheless, the cerebral cortex is not just a passive receiver of synchronized delta
potentials of thalamic origin, but these inputs are reorganized by the intrinsic properties
and synaptic events in cortical circuits, therefore, alterations following DLAN exposure
may also take place at the cortical level [49, 50]. After chronic DLAN exposure, EEG
SWA in NREM sleep was differentially affected in 6, 18 and 24 months old mice, show-
ing an attenuation in the young mice, and an increase in the 24 months old mice while no
alteration was found in the 18 months old mice. Therefore, long-term DLAN exposure
induces pernicious sleep and circadian effects in young and aged mice alike, impacting
first the sleep regulatory system and brain integrity in young mice and second accentuat-
ing age-induced sleep characteristics in aged mice.
Aging is an inevitable process which can be accelerated or decelerated depending on
our lifestyle choices. By opting to abstain or lessen exposure to agents detrimental for
general health, the path towards longevity could be ensured. Because what determines
normal longevity, is the temporal aspect and the actual quality of the process of aging.
Diet and light constitute two considerable environmental factors in everyday life. Chap-
ters 2, 4, 7 and 8 discussed in this section are, therefore, dedicated to the investigation
of the effects on behavior & sleep following unhealthy diet, such as HCD consumption,
and light exposure, particularly DLAN. Through these chapters it is indicated that HCD
and DLAN largely impact sleep and circadian behavior, the sleep EEG as well as the
underlying network during adulthood as well as aging.

10.3 Factors that enhance sleep and behavior
It is widely known that, in the course of aging, several body and brain functions gradually
decline irreversibly. Contrary to environmental factors that impair sleep and its function,
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impeding eventually general health during aging, other factors induce antithetical effects.
In Chapter 6 of the present thesis, the effect of long-term physical activity is investigated
on sleep, the sleep EEG and behavior, through a running-wheel available in the cages of
young and aged mice.

10.3.1 Physical activity
Exercise is generally considered beneficial for health across all ages [51, 53, 54, 55].
During the last decades, a large body of literature has focused on benefits of aerobic
exercise, on cognitive and executive function in children, whose brains are highly plas-
tic [56, 58, 57]. Another sensitive age group that could value from external but not
invasive tools are the elderly. Epidemiological studies have shown the advantageous re-
lationship of physical exercise and cognition in pathological and normal aging, exerting
beneficial effects on memory function as well as protecting from age-related cognitive de-
cline [59, 60, 61, 62, 63]. An abstinence of sedentarism through a more active lifestyle
that includes physical activity, has been demonstrated to improve cardiovascular health,
enhance stress reduction, ameliorate or prevent depression and anxiety [51]. The mecha-
nisms underlying the main effects of physical activity suggest neurogenesis, neurotrophic
factors, angiogenesis and improvement of mood [52]. As far as sleep is concerned, exer-
cise has been proposed as an alternative treatment in order to ameliorate potential sleep
disturbances in both young and aged subjects [64, 65, 62, 66]. In order to assess whether
sleep parameters in aging, elaborately depicted in Chapter 5 can be counteracted, Chap-
ter 6 is dedicated to the long-term effects of exercise on sleep, since analogous studies in
humans and laboratory animals are scarce.
Young and aged mice, used in this study, were provided with a running wheel in their
cages, for voluntary use on a daily basis for one to three months. Since running wheels
were permanently removed two weeks prior to the sleep recordings, the sustained effects
of exercise were studied. Young mice provided with a wheel were more awake and slept
less in the dark period compared to young controls. These effects resembled the results
seen in mice that are concomitantly recorded with a running wheel [67, 68] showing
that a sustained exercise effect exists even after the two weeks of wheel removal. In the
course of aging, this effect was attenuated, mildly affecting the sleep architecture of 18
and 24 months old mice. Equivalently, biomarkers of brain activity and neurogenesis are
altered owing to exercise in mice across all age groups studied, albeit only young animals
are able to maintain a significant increase above baseline levels, after two or four weeks
after the end of exposure to a running wheel [69, 70, 71].
The age-related increase apparent in the course of aging in EEG SWA levels, was found
to be counteracted in Chapter 6. In particular, it was found that long-term physical ac-
tivity diminished the age-associated EEG SWA towards levels similar to young sedentary
mice (Figure 4 of Chapter 6). In contrast to sleep architecture, this effect of long-term
voluntary exercise on EEG SWA was sustained for at least two weeks after removal of
the running wheel across all ages. This shows that introduction of moderate activity even
later in life induces significant changes towards a younger brain phenotype. Due to the
revealing features of EEG SWA in all age groups, we conducted additional analysis us-
ing information-theoretic and machine-learning approaches and found that characteristic
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information regarding age and exercise was enclosed in SWA. Furthermore, with cluster
analysis, we could classify and accurately distinguish the different groups based solely on
their SWA. Taking into account recent findings regarding local cortical neural dynamics
as well as local sleep homeostatic mechanisms which probably remain unaffected in ag-
ing [6], our study suggests that global dynamics associated with age-induced alterations
are mainly affected through regular physical activity leading to a potential ‘younger phe-
notype’ (Chapter 6).
In humans, shrinkage of medial temporal lobe structures has been found in middle-aged
adults and older people [72, 73]. Hippocampal volume loss in particular, seen in aged hu-
mans, was found to be restored following one-year walking training [74]. Additionally,
similar to our study, after short- and long-term exercise, SWA levels and slow-wave-sleep
was altered in old humans, reaching levels closer to younger subjects [75, 76, 77, 64].
Concluding, age-matched, voluntary physical activity can lead to a ‘younger phenotype’,
likely through delaying shrinkage, or even restoring the structure of various brain struc-
tures.
Aging inescapably occurs as a function of time in the organisms, in an asynchronous way
in different brain areas, being characterized by a reduction in the reparative and regen-
erative potential in tissues and organs. The rate of the aging process is modulated by
environmental factors and related to the neuronal-synaptic-molecular substrates of each
area [8]. Henry David Thoreau writes about the time that flows “Time is but the stream
I go a-fishing in. I drink at it; but while I drink I see the sandy bottom and detect how
shallow it is. Its thin current slides away, but eternity remains. I would drink deeper;
fish in the sky, whose bottom is pebbly with stars.” Although we cannot overpass or
overcome time and its outcome, life enrichment in the elderly, similar to environmental
enrichment in animals, may comprise a key towards improvement of the quality of life
sometimes lacking in really advanced age. Enrichment potentiates social interactions as
well as learning, memory, sensory and motor stimulation, promoting plastic changes in
the brain, known to be degraded in the course of aging [78, 79]. Our study in Chapter
6 suggests that voluntary, long-term, age-matched exercise could attenuate the effects of
sedentary behaviors and it could be prescribed as a first-order “medication” for general
body as well as brain health augmentation throughout the whole age spectrum.

10.3.2 Caffeine
Caffeine is a xanthine alkaloid which is found in a variety of foods and beverages, such
as chocolate, coffee, and tea. Coffee is the most commonly consumed drink after water
worldwide [80]. Traditionally, it is believed that short- or long-term caffeine consump-
tion disrupts sleep and may even induce health problems such as anxiety and increased
stress, overwhelming fatigue, digestive disturbances, palpitations, high blood pressure
and depression [81, 82, 83, 84]. Research has shown that caffeine ingested before sleep
time may impact sleep by reducing the total sleep time and prolonging the sleep la-
tency, with effects evident even with caffeine consumed in the morning [93]. Although
a maximum daily intake of caffeine is recommended especially for children, adolescents
and pregnant women, caffeine can have positive effects, increasing alertness and energy,
well-being, relaxation, good mood and improved memory [91, 92, 83]. More particu-
larly, caffeine has been used to treat apnea of prematurity, as a fatigue countermeasure by
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truck drivers, shift workers, airline pilots and it is found in several medications against
headache and appetite suppression [85, 86, 87, 88, 89, 90].
In Chapter 3 we investigated the effects of acute and prolonged caffeine consumption
on sleep and circadian parameters, by introducing caffeinated drinking water in the cages
of the mice for up to two weeks. Validating the common belief that caffeine promotes
arousal, the study confirms earlier findings that acute intake of caffeine increases wak-
ing with the concomitant diminished NREM sleep consolidation during the active phase
[94, 95, 96, 97, 98, 99, 100, 101, 102, 103, 104, 105, 106]. While effects similar to the
acute condition were found during the dark active period, following prolonged caffeine
consumption, additional effects were found during the main sleep period with increased
and deeper sleep. Interestingly, these effects were rather notable since caffeine has gener-
ally been considered to disturb sleep [107, 108]. A recent study supports adaptation fol-
lowing several days of caffeine intake in humans, showing that caffeine does not consid-
erably shift melatonin and cortisol while it does not lead to an increased wake-promotion
in the evening [109]. In accordance with spectral changes seen in mice provided with
a running-wheel showing enhanced alertness, after chronic caffeine ingestion, the activ-
ity in the slow-wave range was markedly reduced while theta activity was accentuated
[110, 111] suggesting that during waking, the animals were more active. Moreover, in-
creased SWA was noted at the beginning of the light period, which together with the
finding that NREM sleep duration was also increased during this period, suggests that
sleep pressure is augmented. Sleep deprivation, additionally performed in this study,
proved to be extremely challenging during chronic caffeine intake validating the notion
of an increased sleep pressure in the first half of the light period.
It has been demonstrated that caffeine not only modulates sleep homeostatic mechanisms,
but it also influences the circadian clock function [112, 113, 114]. Particularly, caffeine
has been shown to increase circadian amplitude in vitro [115], while in addition it in-
creases the influence of light on the SCN [114], which in turn may also lead to an
increased circadian amplitude. Through Chapter 3, it is therefore suggested that an in-
crease in the amplitude of the circadian clock, similar to the wheel access effect on the
clock [116], likely underlies the increase in the 24-hour amplitude of the rest-activity
and sleep-wake behavior, explaining this way the increase in SWA and sleep pressure at
the beginning of the light period.
Chronic caffeine consumption has been linked with cognitive decline prevention, reduced
risk of developing stroke, Parkinson’s and Alzheimer’s disease [117, 118, 119, 120, 121].
Since, in addition, caffeine amplifies cognitive performance, with an improvement in re-
action time, vigilance and logical reasoning during extended periods with restricted op-
portunities for sleep [122], it can be suggested that daily caffeine intake can be part of a
healthy balanced diet and its consumption does not need to be stopped in elderly people.
Thus, in accordance with factors that enhance sleep and behavior such as the aforemen-
tioned effects of exercise, caffeine conversely to the traditional view may actually aid
sensitive groups as for example the elderly by accentuating performance, alertness, in-
creasing circadian amplitude and generally ameliorating sleep health. Future studies are
needed in order to endorse this hypothesis for the elderly.
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10.4 Biomarkers of brain age: inside EEG SWA in NREM
sleep

Physiological aging is a complicated process whose molecular hallmarks and organ-
specific physiological functions are affected by genetic, epigenetic, as well as environ-
mental factors. In the current thesis, we focus on the environment and its effects on
sleep and show that aging can be accentuated, accelerated or decelerated by the daily and
long-term exposure to agents such as diet, physical activity and light, disentangling con-
sequently the ‘chronological’ from the ‘biological’ age conceptions. Chronological age
provides limited information regarding the complex processes that regulate aging. As a
result, individuals with the same chronological age may vary in health, disease and dis-
ability, and therefore although coeval, they may differ in biological age [123, 124, 125].
Biological age does not perfectly correlate with time, since it is influenced by additional
parameters as for example genetic background, disease, lifestyle. It has been demon-
strated that even subjective perception of aging does not coincide with the chronolog-
ical age and is associated with the process of brain aging and brain health, since feel-
ing subjectively older likely reflects relatively faster aging brain structures [126, 127].
Therefore, the difference between chronological and biological or brain age may show
advanced or delayed brain aging.
Biological information, which can be used to predict the brain age of an individual, has
the potential to offer clinically relevant biomarkers, particularly useful for the elderly
and the diseases associated with advanced age. The large neuroimaging datasets, in con-
junction with newly developed machine learning techniques, have facilitated research
regarding the estimation of brain age and biomarkers [128, 129, 130]. During the last
decade, estimated brain age, primarily with the use of magnetic resonance image data,
has been demonstrated to predict indicators of neurobiological aging, including cognitive
impairment, obesity as well as diabetes [131, 132, 133, 135, 136]. Anatomical charac-
teristics such as cortical thickness have also been used to successfully predict brain age,
with a future application of an early prediction of neurocognitive disorders [137]. In
addition to these features, brain EEG signals have been recently used in brain age predic-
tion, since EEG traits, as for example EEG rhythms, alter as a function of age [138]. Age
prediction from EEG has been studied with increased accuracy, using functional connec-
tivity features from EEG resting-state recordings in order to correctly classify young and
middle-age groups [139].
In addition to the aforementioned EEG attributes, sleep EEG can also provide elaborate
information that could predict brain age, since significant changes are noted in it in the
course of aging. Throughout the chapters of the present thesis, a common conjecture is
the long-term effect of environmental factors on EEG SWA in NREM sleep. Depend-
ing on the positive or negative factor for general and brain health, effects on EEG SWA
follow a specific direction in aged mice. In Chapter 6, we investigate the effect of long-
term physical activity, a well-known advantageous agent that enhances general health,
on sleep and the sleep EEG. We show that EEG SWA increases with age and attenuates
with exercise, effects that are sustained even following some weeks after the cessation of
the activity. Subsequently, taken into account these cross-age outcomes, we examine in
this chapter whether EEG SWA contains information regarding the brain age of the mice.
Thus, using machine learning techniques, we validate the hypothesis that characteristic
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information concerning age and exercise is enclosed in SWA, enabling us to classify as
well as successfully identify the different age groups based merely on their EEG SWA.
Further studies in the present thesis (Chapters 7 and 8), exploring the deleterious effects
of chronic high-caloric diet, including high-fat and high-sugar consumption, as well as
continuous dim-light at night exposure on general and brain health, show that EEG SWA
tends to follow the opposite direction compared to the results found following exercise.
We propose, hence, that information derived from the sleep EEG, and particularly the
EEG SWA, can be used as a biomarker of brain age in an analogous way to the studies
depicted earlier. In accordance, recent studies confirm our considerations in relation to
the biological information that can be obtained through the sleep EEG in general and
the EEG SWA in particular which can be used to predict the brain age of an individual
[140, 141].
EEG SWA is a marker of sleep need and sleep depth, and is profoundly affected by aging
as it is shown in Chapter 5 [142, 143, 6]. From a neuronal point of view, SWA reflects
the dynamics of neuronal firing and more specifically, the ability of cortical neuron pop-
ulations to engage in synchronized activity through synaptic connections [144]. Brain
aging is generally influenced by progressive and regressive neuronal processes due to cell
growth and death [145, 132]. In addition, environmental factors and health conditions
of individuals, are likely to affect structural changes in the brain [146, 147, 148, 137].
Through biomarkers such as the EEG SWA, reflecting not only sleep-related changes but
also functional brain changes, we could predict, identify, and eventually rectify the brain
age so that general health is improved in aged as well as young individuals.

10.5 Concluding Remarks and Future Directions
The present thesis consists of studies dedicated in the investigation of environment and
sleep in young adult and aged mice. The first part, including Chapters 2, 3, 4, delves
into the long-term effects of high-caloric diet, both the acute and long-term effects of
dim-light at night exposure as well as acute and prolonged caffeine intake on sleep and
circadian parameters in young adult mice. The second part, consisting of Chapters 5-9,
explores sleep and behavior in naturally and genetically modified aged mice in normal di-
etary, 12:12h light-dark, sedentary conditions as well as following prolonged high-caloric
diet consumption, dim-light at night exposure and physical activity.
Throughout the results presented in the current thesis, the effects of environmental fac-
tors, aging as well as their combination on sleep, on circadian behavior and particularly
EEG SWA provide contributions to sleep research. Effects are especially pronounced in
young mice, showing that they are more susceptible to environmental changes, whereas,
although present, effects on aged mice are overall more moderate. Long-term DLAN
exposure in young mice is found to profoundly disrupt sleep and circadian behavior with
characteristics similar to the ones found in aged mice (Chapter 4). Notably, a general
EEG power attenuation in the prominent frequencies in all vigilance states likely reflects
a widespread degradation in connectivity in EEG generating brain areas. In addition,
chronic consumption of high-caloric diet led to an altered sleep regulation of young mice,
showing short-term benefits in the case of sleep dept but being markedly detrimental on
the long-term (Chapter 2). Following prolonged caffeine consumption and physical ac-
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tivity, sleep and circadian behavior are positively substantially and similarly affected,
with effects of exercise lasting for at least two weeks after activity cessation (Chapters
3 and 6). Although sleep and circadian behavior is mildly affected in aged mice as por-
trayed in the second part of the present thesis, the effects found particularly on the sleep
EEG and the SWA suggest that aging in combination with chronic negative factors as
dim-light at night and high-caloric diet act synergistically, accentuating age-related sleep
effects with an impact on general and brain health, while physical activity in aged mice,
comprising a positive lifestyle intervention, points towards a younger sleep phenotype
promoting as a result body and brain health (Chapters 6, 7 and 8).
Nowadays, brain age prediction is an active research area, where brain age can be used
in order to identify potential protective or deleterious factors for brain health as people
age. Novel evidence suggests that an ‘older’-appearing brain is linked to advanced phys-
iological but also cognitive aging increasing concomitantly the risk of mortality [129].
According to the results of the present thesis, EEG SWA can be considered as a biomarker
of brain age, marking distinct aging signatures that reflect beneficial or detrimental ef-
fects on body and brain health, due to specific lifestyle choices. Although owing to the
underlying multisystem nature of the aging process, no single biomarker is likely to suf-
fice, future studies should direct their attention towards a more integrative measurement,
incorporating overall molecular biomarkers, physiological functional parameters as well
as brain aging markers such as the one that we propose, the EEG SWA [125]. Longevity
and healthy aging are not apparently synonymous but they should dovetail with each
other. Taking into account the biomarkers that predict biological and brain aging, in-
terventions promoting health even in advanced age can be indicated so that senescent
changes and diseases’ onset can be postponed or reversed and a life including fitness,
vitality and time free of morbidity can be established [149]. In conclusion, although the
discovery of the fountain of youth remains elusive, through the present thesis, specific
lifestyles are recommended for successful aging and enhanced general, brain, body and
sleep health.



Chapter 10

256

Bibliography

[1] Farajnia, S., Michel, S., Deboer, T., vanderLeest, H.T., Houben, T., Rohling, J.H. et
al. (2012). Evidence for neuronal desynchrony in the aged suprachiasmatic nucleus
clock. J. Neurosci. 32, 5891-5899.

[2] Welsh, D.K., Richardson, G.S. & Dement, W.C. (1986). Effect of age on the circa-
dian pattern of sleep and wakefulness in the mouse. J Gerontol. 41, 579-586.

[3] Colas, D., Cespuglio, R. & Sarda, N. (2005). Sleep wake profile and EEG spectral
power in young or old senescence accelerated mice. Neurobiol. Aging 26, 265-273.

[4] Hasan, S., Dauvilliers, Y., Mongrain, V., Franken, P. & Tafti, M. (2012). Age-related
changes in sleep in inbred mice are genotype dependent. Neurobiol Aging 33, 195-
e13.

[5] Banks, G., Heise, I., Starbuck, B., Osborne, T., Wisby, L., Potter, P. et al. (2015).
Genetic background influences age-related decline in visual and nonvisual retinal
responses, circadian rhythms, and sleep. Neurobiol. Aging 36, 380-393.

[6] McKillop LE, Fisher SP, Cui N, Peirson SN, Foster RG, Wafford KA, Vyazovskiy
VV. Effects of Aging on Cortical Neural Dynamics and Local Sleep Homeostasis
in Mice. J Neurosci., 38, 3911-3928.

[7] Saper CB, Fuller PM. Wake-sleep circuitry: an overview. Curr Opin Neurobiol.
2017 Jun;44:186-192.

[8] Mora F, Segovia G, del Arco A. Aging, plasticity and environmental enrichment:
structural changes and neurotransmitter dynamics in several areas of the brain. Brain
Res Rev. 2007 Aug;55(1):78-88.

[9] Nakamura TJ, Nakamura W, Yamazaki S, Kudo T, Cutler T, Colwell CS, Block GD
(2011) Age-related decline in circadian output. J Neurosci 31: 10201-10205.

[10] Crowley, K. (2011). Sleep and sleep disorders in older adults. Neuropsychol Rev.
21, 41-53.

[11] Landolt, H.P., Dijk, D.J., Achermann, P. & Borbély, A.A. (1996). Effect of age
on the sleep EEG: slow-wave activity and spindle frequency activity in young and
middle-aged men. Brain Res. 738, 205-212.



General Discussion

Ch
ap

te
r 

10

257

[12] Carrier, J., Land, S., Buysse, D.J., Kupfer, D.J. & Monk, T.H. (2001). The effects
of age and gender on sleep EEG power spectral density in the middle years of life
(ages 20-60 years old). Psychophysiology 38, 232-242.

[13] Luca, G. et al. Age and gender variations of sleep in subjects without sleep disor-
ders. Ann Med. 47, 482-491 (2015).

[14] Forman HJ. Redox signaling: An evolution from free radicals to aging. Free Radic
Biol Med. 2016 Aug;97:398-407.

[15] Valko M, Leibfritz D, Moncol J, Cronin MT, Mazur M, Telser J. Free radicals and
antioxidants in normal physiological functions and human disease. Int J Biochem
Cell Biol. 2007;39(1):44-84.

[16] Vermeij WP, Hoeijmakers JH, Pothof J. Genome Integrity in Aging: Human Syn-
dromes, Mouse Models, and Therapeutic Options. Annu Rev Pharmacol Toxicol.
2016;56:427-45.

[17] Harada YN, Shiomi N, Koike M, Ikawa M, Okabe M, et al. (1999) Postnatal growth
failure, short life span, and early onset of cellular senescence and subsequent im-
mortalization in mice lacking the xeroderma pigmentosum group G gene. Mol Cell
Biol 19: 2366-2372.

[18] Barnhoorn S, et al. Cell-autonomous progeroid changes in conditional mouse mod-
els for repair endonuclease XPG deficiency. PLoS Genet. 2014; 10(10):e1004686.

[19] Deboer T, Tobler I. (1994) Sleep EEG after daily torpor in the Djungarian hamster:
similarity to the effect of sleep deprivation. Neurosci Lett. 166, 35-38.

[20] Deboer T, Tobler I. (1995) Temperature dependence of EEG frequencies during
natural hypothermia. Brain Res, 670, 153-156.

[21] Deboer T, Tobler I. (1996) Natural hypothermia and sleep deprivation: common
effects on recovery sleep in the Djungarian hamster. Am J Physiol., 271, R1364-71.

[22] Weinert, H., Weinert, D., & Waterhouse, J. (2002). The circadian activity and body
temperature rhythms of mice during their last days of life. Biological rhythm re-
search, 33, 199-212.

[23] Gage, F. H. (2002). Neurogenesis in the adult brain. Journal of Neuroscience, 22(3),
612-613.

[24] Ming, G. L., & Song, H. (2005). Adult neurogenesis in the mammalian central
nervous system. Annu. Rev. Neurosci., 28, 223-250.

[25] Whitlock G, Lewington S, Sherliker P et al. Body-mass index and cause-specific
mortality I 900,000 adults: collaborative analyses of 57 prospective studies. Lancet
2009; 373: 1083-1096.



Chapter 10

258

[26] Mokdad AH, Serdula MK, Dietz WH, Bowman BA, Marks JS, Koplan JP. The
spread of the obesity epidemic in the United States, 1991-1998. JAMA. 1999 Oct
27;282(16):1519-22.

[27] Hotamisligil GS. Inflammation and metabolic disorders. Nature.
2006;444(7121):860-867.

[28] Lackey DE, Olefsky JM. Regulation of metabolism by the innate immune system.
Nat Rev Endocrinol. 2016;12(1):15-28.

[29] Jais A, Brüning JC. Hypothalamic inflammation in obesity and metabolic disease.
J Clin Invest. 2017;127(1):24-32.

[30] Saltiel AR, Olefsky JM. Inflammatory mechanisms linking obesity and metabolic
disease. J Clin Invest. 2017 Jan 3;127(1):1-4. doi: 10.1172/JCI92035. Epub 2017
Jan 3. Review.

[31] Bonnet MH, Arand DL. We are chronically sleep deprived. Sleep. 1995
Dec;18(10):908-11. Review.

[32] Spiegel K, Leproult R, Van Cauter E. Impact of sleep debt on metabolic and en-
docrine function. Lancet. 1999 Oct 23;354(9188):1435-9.

[33] Vgontzas AN, Tan TL, Bixler EO, Martin LF, Shubert D, Kales A. Sleep apnea and
sleep disruption in obese patients. Arch Intern Med. 1994 Aug 8;154(15):1705-11.

[34] Sharma N, Lee J, Youssef I, Salifu MO, McFarlane SI. Obesity, Cardiovascular
Disease and Sleep Disorders: Insights into the Rising Epidemic. J Sleep Disord
Ther. 2017;6(1):260.

[35] Danguir, J. (1987) Cafeteria diet promotes sleep in rats. Appetite, 8, 49-53.

[36] Hansen, M.K., Kapas, L., Fang, J. & Krueger, J.M. (1998) Cafeteria diet-induced
sleep is blocked by subdiaphragmatic vagotomy in rats. Am. J. Physiol., 274, R168-
R174.

[37] Jenkins, J.B., Omori, T., Guan, Z., Vgontzas, A.N., Bixler, E.O. & Fang, J. (2006)
Sleep is increased in mice with obesity induced by high-fat food. Physiol. Behav.,
87, 255-262.

[38] Guan, Z., Vgontzas, A.N., Bixler, E.O. & Fang, J. (2008) Sleep is increased by
weight gain and decreased by weight loss in mice. Sleep, 31, 627-633.

[39] Kräuchi, K., Deboer, T. (2010) The interrelationship between sleep regulation and
thermoregulation. Front. Biosci., 15, 604-625.

[40] Fleury Curado T, Pho H, Berger S, Caballero-Eraso C, Shin MK, Sennes LU, Pham
L, Schwartz AR, Polotsky VY. Sleep-disordered breathing in C57BL/6J mice with
diet-induced obesity. Sleep. 2018 Aug 1;41(8).



General Discussion

Ch
ap

te
r 

10

259

[41] Uranga RM, Bruce-Keller AJ, Morrison CD, Fernandez-Kim SO, Ebenezer PJ,
Zhang L, Dasuri K & Keller JN. (2010) Intersection between metabolic dysfunc-
tion, high fat diet consumption, and brain aging. J. Neurochem., 114, 344-361.

[42] Park S, Kim YW, Kim JY, Jang EC, Doh KO & Lee SK. (2001) Effect of high fat
diet on insulin resistance: dietary fat versus visceral fat mass. J. Korean Med. Sci.,
16, 386-390.

[43] Fujimoto WY, Bergstrom RW, Boyko EJ, Chen KW, Leonetti DL, Newell-Morris
L, Shofer JB & Wahl PW. (1999) Visceral adiposity and incident coronary heart
disease in Japanese-American men. The 10-year follow-up results of the Seattle
Japanese-American Community Diabetes Study. Diabetes Care, 22, 1808-1812.

[44] Blancas-Velazquez, A., Mendoza, J., Garcia, A.N. & La Fleur, S.E. (2017) Diet-
induced obesity and circadian disruption of feeding behavior. Front. Neurosci., 11,
23.

[45] Navara KJ, Nelson RJ (2007) The dark side of light at night: physiological, epi-
demiological, and ecological consequences. J Pineal Res 43: 215-224.

[46] Stenvers DJ et al. (2016) Dim light at night disturbs the daily sleep-wake cycle in
the rat. Sci Rep 6:35662.

[47] Le Tallec T, Perret M, Théry M. (2013) Light pollution modifies the expres-
sion of daily rhythms and behavior patterns in a nocturnal primate. PLoS One
8(11):e79250.

[48] Pittman-Polletta BR, Scheer FA, Butler MP, Shea SA, Hu K. (2013) The role of the
circadian system in fractal neurophysiological control. Biol Rev Camb Philos Soc
88(4):873-894.

[49] Steriade M, Dossi RC, Nuñez A. (1991) Network modulation of a slow intrinsic
oscillation of cat thalamocortical neurons implicated in sleep delta waves: corti-
cally induced synchronization and brainstem cholinergic suppression. J Neurosci
11(10):3200-3217.

[50] Steriade M, Nuñez A, Amzica F. (1993) Intracellular analysis of relations between
the slow (< 1 Hz) neocortical oscillation and other sleep rhythms of the electroen-
cephalogram. J Neurosci 13(8):3266-3283.

[51] Kaliman, P., Párrizas, M., Lalanza, J. F., Camins, A., Escorihuela, R. M., & Pallas,
M. (2011). Neurophysiological and epigenetic effects of physical exercise on the
aging process. Ageing Res. Rev., 10, 475-486.

[52] Archer, T. (2011). Physical exercise alleviates debilities of normal aging and
Alzheimer’s disease. Acta Neurol. Scand., 123, 221-238.

[53] Booth, F. W., Roberts, C. K., & Laye, M. J. (2012). Lack of exercise is a major
cause of chronic diseases. Compr. Physiol., 2, 1143-1211.



Chapter 10

260

[54] Hillman, C. H., Erickson, K. I., & Kramer, A. F. (2008). Be smart, exercise your
heart: exercise effects on brain and cognition. Nat. Rev. Neurosci., 9, 58-65.

[55] Hotting, K., & Röder, B. (2013). Beneficial effects of physical exercise on neuro-
plasticity and cognition. Neurosci. Biobehav. Rev., 37, 2243-2257.

[56] Best, J.R., 2010. Effects of physical activity on children’s executive function:
contrib-utions of experimental research on aerobic exercise. Dev. Rev. 30, 331-551.

[57] Singh, A., Uijtdewilligen, L., Twisk, J.W., van Mechelen, W., Chinapaw, M.J.,
2012.Physical activity and performance at school: a systematic review of the liter-
atureincluding a methodological quality assessment. Arch. Pediatr. Adolesc. Med.
166,49-55.

[58] Barenberg, J., Berse, T., Dutke, S., 2011. Executive functions in learning pro-
cesses:do they benefit from physical activity? Educ. Psychol. Rev. 6, 208-222.

[59] Eggermont L, Swaab D, Luiten P, Scherder E. Exercise, cognition and Alzheimer’s
disease: more is not necessarily better. Neurosci Biobehav Rev. 2006;30(4):562-75.
Epub 2005 Dec 13. Review.

[60] Flöel A, Ruscheweyh R, Krüger K, Willemer C, Winter B, Völker K, Lohmann H,
Zitzmann M, Mooren F, Breitenstein C, Knecht S. Physical activity and memory
functions: are neurotrophins and cerebral gray matter volume the missing link?
Neuroimage. 2010 Feb 1;49(3):2756-2763.

[61] Bixby WR, Spalding TW, Haufler AJ, Deeny SP, Mahlow PT, Zimmerman JB, Hat-
field BD. The unique relation of physical activity to executive function in older men
and women. Med Sci Sports Exerc. 2007 Aug;39(8):1408-16. Erratum in: Med Sci
Sports Exerc. 2007 Nov;39(11):2093.

[62] Yang, P. Y., Ho, K. H., Chen, H. C., & Chien, M. Y. (2012). Exercise training
improves sleep quality in middle-aged and older adults with sleep problems: a sys-
tematic review. J. Physiother., 58, 157-163.

[63] Voss, M. W., Vivar, C., Kramer, A. F., & van Praag, H. (2013). Bridging animal and
human models of exercise-induced brain plasticity. Trends Cogn Sci, 17, 525-544.

[64] Chennaoui, M., Arnal, P. J., Sauvet, F., & Léger, D. (2015). Sleep and exercise: a
reciprocal issue? Sleep Med. Rev., 20, 59-72.

[65] Kredlow, M. A., Capozzoli, M. C., Hearon, B. A., Calkins, A. W., & Otto, M. W.
(2015). The effects of physical activity on sleep: a meta-analytic review. J. Behav.
Med., 38, 427-449.

[66] Dolezal, B. A., Neufeld, E. V., Boland, D. M., Martin, J. L., & Cooper, C. B. (2017).
Interrelationship between sleep and exercise: a systematic review. Adv. Prev. Med.,
2017, 1364387.



General Discussion

Ch
ap

te
r 

10

261

[67] Lancel, M., Droste, S. K., Sommer, S., & Reul, J. M. (2003). Influence of regular
voluntary exercise on spontaneous and social stress-affected sleep in mice. Eur. J.
Neurosci., 17, 2171-2179.

[68] Vyazovskiy, V.V., Ruijgrok, G., Deboer, T. and Tobler, I. (2005). Running wheel
accessibility affects the regional electroencephalogram during sleep in mice. Cereb.
Cortex, 16, 328-336.

[69] Adlard, P. A., Perreau, V. M., & Cotman, C. W. (2005). The exercise-induced ex-
pression of BDNF within the hippocampus varies across life-span. Neurobiol. Ag-
ing, 26, 511-520. Andersen P., Morris R., Amaral D., Bliss T., O’Keefe J. (2007)
(Eds.), The Hippocampus Book, Oxford University Press.

[70] Fischer, A., Sananbenesi, F., Wang, X., Dobbin, M., & Tsai, L. H. (2007). Recovery
of learning and memory is associated with chromatin remodelling. Nature, 447,
178-182.

[71] Van Praag, H. (2008). Neurogenesis and exercise: past and future directions. Neu-
romolecular Med., 10, 128-140.

[72] Raz, N., Ghisletta, P., Rodrigue, K.M., Kennedy, K.M., Lindenberger, U., 2010.
Trajectories of brain aging in middle-aged and older adults: regional and individual
differences. Neuroimage 51, 501-511.

[73] Scahill, R.I., Frost, C., Jenkins, R., Whitwell, J.L., Rossor, M.N., Fox, N.C., 2003.
A longitudinal study of brain volume changes in normal aging using serial regis-
tered magnetic resonance imaging. Arch. Neurol. 60, 989-994.

[74] Erickson, K.I., et al. (2011) Exercise training increases size of hippocampus and
improves memory. Proc. Natl. Acad. Sci.U.S.A. 108, 3017-3022.

[75] Edinger, J. D., Morey, M. C., Sullivan, R. J., Higginbotham, M. B., Marsh, G. R.,
Dailey, D. S. et al. (1993). Aerobic fitness, acute exercise and sleep in older men.
Sleep, 16, 351-351.

[76] Horne, J. (2013). Exercise benefits for the aging brain depend on the accompanying
cognitive load: insights from sleep electroencephalogram. Sleep Med., 14, 1208-
1213.

[77] Melancon, M. O., Lorrain, D., & Dionne, I. J. (2015). Sleep depth and continu-
ity before and after chronic exercise in older men: Electrophysiological evidence.
Physiol. Behav., 140, 203-208.

[78] Burke SN, Barnes CA. Neural plasticity in the ageing brain. Nat Rev Neurosci.
2006 Jan;7(1):30-40. Review.

[79] Segovia, G., Yagüe, A.G., García-Verdugo, J.M., Mora, F., 2006. Environmental
enrichment promotes neurogenesis and changes the extracellular concentrations of
glutamate and GABA in the hippocampus of aged rats. Brain Res. Bull. 70, 8-14.



Chapter 10

262

[80] Fredholm BB, Battig K, Holmen J, Nehlig A, Zvartau EE. Actions of caffeine in
the brain with special reference to factors that contribute to its widespread use.
Pharmacol Rev. 1999;51(1):83-133.

[81] Chou, T. (1992). Wake up and smell the coffee. Caffeine, coffee and the medical
consequences. West. J. Med. 157, 544-553.

[82] Riksen, N. P., Rongen, G. A., and Smits, P. (2009). Acute and long-term cardiovas-
cular effects of coffee: implications for coronary heart disease. Pharmacol. Ther.
121, 185-191.

[83] Smith, A. (2002). Effects of caffeine on human behaviour. Food Chem. Toxicol. 40,
1243-1255.

[84] Jones, S., and Fernyhough, C. (2009). High caffeine intake lead to hallucination
proneness. Pers. Individ. Dif.

[85] L.K. Calhoun. Pharmacologic management of apnea of prematurity J Perinat
Neonatal Nurs, 9 (4) (1996), pp. 56-62.

[86] A. Nehlig, J.L. Daval, G. Debry Caffeine and the central nervous system: mech-
anisms of action, biochemical, metabolic and psychostimulant effects Brain Res
Brain Res Rev, 17 (2) (1992), pp. 139-170

[87] C. Rosenbloom. Energy drinks, caffeine, and athletes Nutr Today, 49 (2) (2014),
pp. 49-54.

[88] A. Ronen, T. Oron-Gilad, P. Gershon. The combination of short rest and energy
drink consumption as fatigue countermeasures during a prolonged drive of profes-
sional truck drivers J Saf Res, 49 (2014), pp. 39-43.

[89] D.K. Dekker, M.J. Paley, S.M. Popkin, D.I. Tepas. Locomotive engineers and their
spouses: coffee consumption, mood, and sleep reports Ergonomics, 36 (1-3) (1993),
pp. 233-238

[90] K.J. Petrie, D. Powell, E. Broadbent. Fatigue self-management strategies and re-
ported fatigue in international pilots Ergonomics, 47 (5) (2004), pp. 461-468

[91] Nehlig A. Is caffeine a cognitive enhancer? J Alzheimers Dis 2010;20(Suppl
1):S85-94.

[92] Horne J, Reyner L. Vehicle accidents related to sleep: a review. Occup Environ Med
1999;56:289-94.

[93] Porkka-Heiskanen T. Methylxanthines and sleep. Handb Exp Pharmacol
2011;200:331-48.

[94] Bonnet MH and Arand DL (1992) Caffeine use as a model of acute and chronic
insomnia. Sleep 15: 526-538.



General Discussion

Ch
ap

te
r 

10

263

[95] Carrier J, Paquet J, Fernandez-Bolanos M, et al. (2009) Effects of caffeine on day-
time recovery sleep: A double challenge to the sleep-wake cycle in aging. Sleep
Med 10: 1016-1024.

[96] Deboer T, Van Diepen HC, Ferrari MD, et al. (2013) Reduced sleep and low
adenosinergic sensitivity in Cacna1a R192Q mutant mice. Sleep 36: 127-136.

[97] Drapeau C, Hamel-Hébert I, Robillard R, et al. (2006) Challenging sleep in aging:
The effects of 200 mg of caffeine during the evening in young and middle-aged
moderate caffeine consumers. J Sleep Res 15: 133-141.

[98] Hindmarch I, Rigney U, Stanley N, et al. (2000) A naturalistic investigation of the
effects of day-long consumption of tea, coffee and water on alertness, sleep onset
and sleep quality. Psychopharmacology (Berl) 149: 203-216.

[99] Karacan I, Thornby JI, Anch M, et al. (1976) Dose-related sleep disturbances in-
duced by coffee and caffeine. Clin Pharmacol Ther 20: 682-689.

[100] Landolt HP, Dijk DJ, Gaus SE, et al. (1995a) Caffeine reduces low frequency delta
activity in the human sleep EEG. Neuropsychopharmacology 12: 229-238.

[101] Landolt HP, Werth E, Borbély AA, et al. (1995b) Caffeine intake (200 mg) in
the morning affects human sleep and EEG power spectra at night. Brain Res 675:
67-74.

[102] Landolt HP, Retey JV, Tönz K, et al. (2004) Caffeine attenuates waking and
sleep electroencephalographic markers of sleep homeostasis in humans. Neuropsy-
chopharmacology 29: 1933-1939.

[103] Rosenthal L, Roehrs T, Zwyghuizen-Doorenbos A, et al. (1991) Alerting effects of
caffeine after normal and restricted sleep. Neuropsychopharmacology 4: 103-108.

[104] Schwierin B, Borbély AA and Tobler I (1996) Effects of N6-cyclopentyladenosine
and caffeine on sleep regulation in the rat. Eur J Pharmacol 300: 163-171.

[105] Sinton CM and Petitjean T (1989) The influence of chronic caffeine administration
on sleep parameters in the cat. Pharmacol Biochem Behav 32: 459-462.

[106] Yanik G, Glaum S and Radulavacki M (1987) The dose-response effects of caf-
feine on sleep in rats. Brain Res 403: 177-180.

[107] Roehrs T and Roth T (2008) Caffeine: Sleep and daytime sleepiness. Sleep Med
Rev 12: 153-162.

[108] Clark I and Landolt HP (2017) Coffee, caffeine, and sleep: A systematic review
of epidemiological studies and randomized controlled trials. Sleep Med Rev 31:
70-78.



Chapter 10

264

[109] Janine Weibel, Yu-Shiuan Lin, Hans-Peter Landolt, Corrado Garbazza, Vitaliy
Kolodyazhniy, Joshua Kistler, Sophia Rehm, Katharina Rentsch, Stefan Borgwardt,
Christian Cajochen, Carolin Reichert (2019) Caffeine-dependent changes of sleep-
wake regulation: evidence for adaptation after repeated intake. Cold Spring Harbor
Laboratory. https://doi.org/10.1101/641480.

[110] Vyazovskiy VV, Ruijgrok G, Deboer T, et al. (2006) Running wheel accessibility
affects the regional electroencephalogram during sleep in mice. Cerebral Cortex 16:
328-336.

[111] Fisher SP, Cui N, McKillop LE, et al. (2016) Stereotypic wheel running decreases
cortical activity in mice. Nature Commun 7: 13138.

[112] Burke TM, Markwald RR, McHill AW, Chinoy ED, Snider JA, Bessman SC, et
al. Effects of caffeine on the human circadian clock in vivo and in vitro. Sci Transl
Med. 2015;7(305).

[113] Oike H, Kobori M, Suzuki T, Ishida N. Caffeine lengthens circadian rhythms in
mice. Biochem Biophys Res Commun. 2011;410(3):654-8.

[114] van Diepen HC, Lucassen EA, Yasenkov R, Groenen I, Ijzerman AP, Meijer JH, et
al. Caffeine increases light responsiveness of the mouse circadian pacemaker. Eur J
Neurosci. 2014;40(10):3504-11.

[115] Narishige S, Kuwahara M, Shinozaki A, Okada S, Ikeda Y, Kamagata M, et al.
Effects of caffeine on circadian phase, amplitude and period evaluated in cells in
vitro and peripheral organs in vivo in PER2::LUCIFERASE mice. Br J Pharmacol.
2014;171(24):5858-69.

[116] Van Diepen HC (2015) Retinal and Neuronal Mechanisms of Circadian Photore-
ception. PhD thesis. Leiden University, Leiden, The Netherlands.

[117] Arab L, Khan F, Lam H. Epidemiologic evidence of a relationship between tea,
coffee, or caffeine consumption and cognitive decline. Adv Nutr 2013;4:115-22.

[118] Barranco Quintana JL, Allam MF, Serrano Del Castillo A, et al. Alzheimer’s dis-
ease and coffee: a quantitative review. Neurol Res 2007;29:91-5.

[119] Santos C, Costa J, Santos J, et al. Caffeine intake and dementia: systematic review
and meta-analysis. J Alzheimers Dis 2010;20(Suppl 1):S187-204.

[120] Costa J, Lunet N, Santos C, et al. Caffeine exposure and the risk of Parkinson’s dis-
ease: a systematic review and meta-analysis of observational studies. J Alzheimers
Dis 2010;20(Suppl 1):S221-38.

[121] Larsson SC, Orsini N. Coffee consumption and risk of stroke: a dose-response
meta-analysis of prospective studies. Am J Epidemiol 2011;174:993-1001.



General Discussion

Ch
ap

te
r 

10

265

[122] Kamimori GH, McLellan TM, Tate CM, Voss DM, Niro P, Lieberman HR. Caf-
feine improves reaction time, vigilance and logical reasoning during extended pe-
riods with restricted opportunities for sleep. Psychopharmacology (Berl). 2015
Jun;232(12):2031-42.

[123] Marioni RE, Shah S, McRae AF, Chen BH, Colicino E, Harris SE, Gibson J,
Henders AK, Redmond P, Cox SR, Pattie A, Corley J, Murphy L, Martin NG,
Montgomery GW, Feinberg AP, Fallin MD, Multhaup ML, Jaffe AE, Joehanes R,
Schwartz J, Just AC, Lunetta KL, Murabito JM, Starr JM, Horvath S, Baccarelli
AA, Levy D, Visscher PM, Wray NR, Deary IJ. DNA methylation age of blood
predicts all-cause mortality in later life. Genome Biol. 2015 Jan 30;16:25.

[124] Weidner CI, Lin Q, Koch CM, Eisele L, Beier F, Ziegler P, Bauerschlag DO, Jöckel
KH, Erbel R, Mühleisen TW, Zenke M, Brümmendorf TH, Wagner W. Aging of
blood can be tracked by DNA methylation changes at just three CpG sites. Genome
Biol. 2014 Feb 3;15(2):R24.

[125] Khan SS, Singer BD, Vaughan DE. Molecular and physiological manifestations
and measurement of aging in humans. Aging Cell. 2017 Aug;16(4):624-633.

[126] Rubin D. C., Berntsen D. (2006). People over forty feel 20% younger than their
age: subjective age across the lifespan. Psychon. Bull. Rev. 13, 776-780.

[127] Kwak S, Kim H, Chey J, Youm Y. Feeling How Old I Am: Subjective Age Is
Associated With Estimated Brain Age. Front Aging Neurosci. 2018 Jun 7;10:168.

[128] Gabrieli, J. D. E., Ghosh, S. S., and Whitfield-Gabrieli, S. (2015). Prediction as a
humanitarian and pragmatic contribution from human cognitive neuroscience. Neu-
ron 85, 11-26.

[129] Cole, J. H., and Franke, K. (2017). Predicting age using neuroimaging: innovative
brain ageing biomarkers. Trends Neurosci. 40, 681-690.

[130] Woo, C.-W., Chang, L. J., Lindquist, M. A., and Wager, T. D. (2017). Building
better biomarkers: brain models in translational neuroimaging. Nat. Neurosci. 20,
365-377.

[131] Franke, K., Ziegler, G., Klöppel, S., Gaser, C., and Alzheimer’s Disease Neu-
roimaging Initiative. (2010). Estimating the age of healthy subjects from T1-
weighted MRI scans using kernel methods: exploring the influence of various pa-
rameters. Neuroimage 50, 883-892.

[132] Franke, K., and Gaser, C. (2012). Longitudinal changes in individual BrainAGE in
healthy aging, mild cognitive impairment and Alzheimer’s disease. GeroPsych 25,
235-245.

[133] Löwe, L. C., Gaser, C., and Franke, K. (2016). The effect of the APOE genotype on
individual BrainAGE in normal aging, Mild cognitive impairment, and Alzheimer’s
disease. PLoS One 11:e0157514.



Chapter 10

266

[134] Liem F, Varoquaux G, Kynast J, Beyer F, Kharabian Masouleh S, Huntenburg JM,
Lampe L, Rahim M, Abraham A, Craddock RC, Riedel-Heller S, Luck T, Loeffler
M, Schroeter ML, Witte AV, Villringer A, Margulies DS. Predicting brain-age from
multimodal imaging data captures cognitive impairment. Neuroimage. 2017 Mar
1;148:179-188.

[135] Ronan, L., Alexander-Bloch, A. F., Wagstyl, K., Farooqi, S., Brayne, C., Tyler, L.
K., et al. (2016). Obesity associated with increased brain age from midlife. Neuro-
biol. Aging 47, 63-70.

[136] Franke, K., Gaser, C., Manor, B., and Novak, V. (2013). Advanced BrainAGE in
older adults with type 2 diabetes mellitus. Front. Aging Neurosci. 5:90.

[137] Aycheh HM, Seong JK, Shin JH, Na DL, Kang B, Seo SW, Sohn KA. Biological
Brain Age Prediction Using Cortical Thickness Data: A Large Scale Cohort Study.
Front Aging Neurosci. 2018 Aug 22;10:252.

[138] Al Zoubi O, Ki Wong C, Kuplicki RT, Yeh HW, Mayeli A, Refai H, Paulus M, Bo-
durka J. Predicting Age From Brain EEG Signals-A Machine Learning Approach.
Front Aging Neurosci. 2018 Jul 2;10:184.

[139] Dimitriadis, S. I., and Salis, C. I. (2017). Mining time-resolved functional brain
graphs to an EEG-based chronnectomic brain aged index (CBAI). Front. Hum. Neu-
rosci. 11:423. doi: 10.3389/fnhum.2017.00423

[140] Sun H, Paixao L, Oliva JT, Goparaju B, Carvalho DZ, van Leeuwen KG, Akeju
O, Thomas RJ, Cash SS, Bianchi MT, Westover MB. Brain age from the electroen-
cephalogram of sleep. Neurobiol Aging. 2019 Feb;74:112-120.

[141] Ujma PP, Simor P, Steiger A, Dresler M, Bódizs R. Individual slow-wave mor-
phology is a marker of aging. Neurobiol Aging. 2019 Apr 16;80:71-82.

[142] Borbély AA, Daan S, Wirz-Justice A & Deboer T. (2016) The two-process model
of sleep regulation: a reappraisal. J. Sleep. Res., 25, 131-143.

[143] Achermann P & Borbély AA. (2017) Sleep homeostasis and models of sleep reg-
ulation. In Kryger MH, Roth T, Dement WC (eds). Principles and Practice of Sleep
Med., Elsevier, pp. 377-387.

[144] Nir, Yuval, et al. Regional slow waves and spindles in human sleep. Neuron 70.1
(2011): 153-169.

[145] Silk, T. J., Wood, A. G. (2011). Lessons about neurodevelopment from anatomical
magnetic resonance imaging. Journal of Developmental and Behavioral Pediatrics,
32, 158-168.

[146] Pannacciulli, N., Del Parigi, A., Chen, K., Le, D. S. N., Reiman, E. M., &
Tataranni, P. A. (2006). Brain abnormalities in human obesity: a voxel-based mor-
phometric study. Neuroimage, 31(4), 1419-1425.



General Discussion

Ch
ap

te
r 

10

267

[147] Chee, M. W., Chen, K. H., Zheng, H., Chan, K. P., Isaac, V., Sim, S. K., et al.
(2009). Cognitive function and brain structure correlations in healthy elderly East
Asians. Neuroimage 46, 257–269. doi: 10.1016/j.neuroimage.2009.01.036

[148] Ziegler, G., Dahnke, R., Jäncke, L., Yotter, R. A., May, A., and Gaser, C. (2012).
Brain structural trajectories over the adult lifespan. Hum. Brain Mapp. 33, 2377-
2389. doi: 10.1002/hbm.21374

[149] Partridge L, Deelen J, Slagboom PE. Facing up to the global challenges of ageing.
Nature. 2018 Sep;561(7721):45-56. doi: 10.1038/s41586-018-0457-8. Epub 2018
Sep 5. Review.




