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Sleep and ageing: from human studies to rodent models
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Sleep duration and lifespan vary greatly across Animalia.
Human studies have demonstrated that ageing reduces the
ability to obtain deep restorative sleep, and this may play a
causative role in the development of age-related
neurodegenerative disorders. Animal models are widely
used in sleep and ageing studies. Importantly, in contrast to
human studies, evidence from laboratory rodents suggests
that sleep duration is increased with ageing, while evidence
for reduced sleep intensity and consolidation is
inconsistent. Here we discuss two possible explanations for
these species differences. First, methodological differences
between studies in humans and laboratory rodents may
prevent straightforward comparison. Second, the role of
ecological factors, which have a profound influence on both
ageing and sleep, must be taken into account. We propose
that the dynamics of sleep across the lifespan reflect both
age-dependent changes in the neurobiological substrates
of sleep as well as the capacity to adapt to the environment.
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Why and how do we age?

Ageing refers to a progressive deterioration of a
broad range of physiological processes arising from
structural and functional changes at the molecular,
cellular and system levels. Some of these processes
are physiological, while others reflect a progressive
accumulation of unwanted consequences of various
stressors. Many of the age-related changes are sub-
tle and have little bearing on normal functioning,
while others may have catastrophic consequences
for physiology and behaviour, and may result in the
development of disease and in some cases death. It
is widely appreciated that animal models have
important commonalities to humans, and therefore

have been instrumental in investigating the mecha-
nisms underlying ageing [1,2,3°].

There are a number of widely accepted hallmarks of
ageing that can be subdivided into three categories
[4,5°°]. Firstly, primary hallmarks that are the causes of
damage and include genomic instability [6], telomere
shortening [7,8], epigenetic alterations [9,10] and cellular
stress and altered proteostasis [11,12]. Secondly, antago-
nistic hallmarks of ageing that are the responses to dam-
age and include de-regulated nutrient sensing via path-
ways such as IGF-1 signalling [13,14°], mitochondrial
dysfunction (mitochondrial free radical theory of ageing)
[15] and cellular senescence that is the arrest of the cell-
cycle [16%17]. Finally, integrative hallmarks of ageing
that are the culprits of the phenotype of ageing (such as
loss of organ function) and include stem cell exhaustion
[5°°] and altered intercellular communication (endocrine,
neuroendocrine and neuronal) [18-22]. The neural mech-
anisms of ageing (both anatomical and functional) include
a loss of synaptic connectivity and a decline in the
function of specific brain circuits [19,23,24,25°]. These
changes can have important consequences on overall
behaviour and cognitive function [26].

Lifespan varies considerably among animal species and
mammals in particular [27,28,29°°]. Although it is still
debated whether there is an upper limit of longevity, it is
generally agreed that the probability of survival decreases
with age in most species, indicating an existence of
natural constrains on the life span [30,31]. It is thought
that approximately 25% of the variation in longevity is
due to genetic factors [32]. A number of evolutionarily
conserved genetic pathways have been found to be
involved in ageing (including genes related to endocrine
signalling, stress responses, metabolism and telomeres)
[14°,33], which allows the adaptability and plasticity of
longevity to be investigated. However, it is also now
widely accepted that extrinsic factors such as disease,
predation, the timing of the activity period, the ability to
fly and the foraging environment, can have significant
influences on longevity, suggesting a remarkable plastic-
ity of the ageing process [28,34].

Together these studies suggest that ageing is determined
not only by genetic makeup, but also by environmental
factors [32]. Furthering our understanding of the mecha-
nisms underlying ageing has led to the development of a
number of interventions that have successfully increased
survival to old age in various species, including genetic
and pharmacological manipulations [31,33,35], as well as
caloric restriction [35-38].
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Why and how do we sleep?

In all animal species waking and sleep alternate regularly,
and in most cases spontancous wakefulness never lasts for
more than several hours continuously. It is believed that
maintenance of waking and sleep states is regulated by
the activity arising from several subcortical structures in
the brainstem, hypothalamus and basal forebrain, which
provide neuromodulatory (such as monoaminergic, glu-
tamatergic, GABAergic and cholinergic) action on the
forebrain [39-43]. Furthermore, sleep is regulated home-
ostatically [44,45], that is sleep loss is compensated by a
subsequent increase in sleep duration and intensity. The
best characterised physiological indicator of sleep-wake
history is the level of cortical electroencephalogramm
(EEG) slow-wave activity (SWA, 0.5-4.0 Hz) in non-rapid
eye movement (NREM) sleep, which is high in early
sleep and after sleep deprivation and decreases progres-
sively to reach low levels in late sleep. The fundamental
cellular phenomenon underlying sleep EEG slow waves
is the slow oscillation, which is comprised of a depolarised
UP state and a hyperpolarised DOWN state, during
which the cortical cells cease firing [46].

Sleep characteristics (particularly sleep duration) vary
greatly among the animal kingdom [47,48]. This may
be the result of genetic variation, as it is widely accepted
that sleep is under genetic control [49-51], and even
within a species sleep can vary greatly depending on
their genetic background [52]. For example, studies
investigating sleep, circadian and light sensitivity have
identified a number of important strain differences in
mice [53-55]. Differences in sleep-wake characteristics
are generally more stable within a species under con-
trolled conditions, such as in the laboratory environment.
However, notable differences may still remain. For exam-
ple, under laboratory conditions factors such as food
timing and availability, ambient temperature, lighting
conditions or conditions favouring specific types of wak-
ing behaviours have a profound influence on various
aspects of physiology, including sleep [56-61]. Studies
in animals in the wild have also revealed the importance
of environmental variables, such as light, temperature and
food availability on sleep [62°,63]. Perhaps not surpris-
ingly, animals show pronounced differences in the
amount or timing of sleep between captivity and the wild
[64,65], and food availability or predation risk affect daily
architecture of the rest-activity cycle [66].

Thus, sleep characteristics reflect an interaction between
genetic factors and an individual’s experience that is their
environment. Interindividual variation between animals
provides an opportunity to investigate the function of
sleep and the evolution of sleep strategies [62°]. It is
possible that the differences in the amount of sleep and
daily sleep-wake patterns observed across species (and
often interpreted as differences in ‘sleep need’) may
rather reflect adaptations to the environment.

Sleep in ageing

It is well established that sleep undergoes fundamental
and systematic changes across the lifespan, even in the
absence of diagnostically identifiable pathology. In
‘healthy’ humans, sleep is deepest up until adolescence,
after which it becomes progressively more fragmented
and superficial, with sleep disorders becoming a growing
issue in older individuals [67,68,69°°]. The most notable
effect of ageing is a decrease of EEG spectral power,
particularly in the slow wave frequency range, and an
attenuation of the homeostatic response to sleep depri-
vation observed as smaller rebounds in SWA after
extended wakefulness [69°°,70,71]. Several factors have
been proposed to account for age-related sleep alterations
in humans, including a reduced homeostatic sleep need, a
reduced circadian drive, and/or a decreased capacity to
generate and sustain consolidated sleep and the associ-
ated network oscillations [69°°,72,73]. While the under-
lying mechanisms remain under investigated, the changes
in sleep with ageing may be related to localised and
diffuse structural brain changes, including cortical thin-
ning of the prefrontal cortex and a degeneration of hypo-
thalamic brain regions [67]. Interestingly, a recent study
found an attenuation of transcriptome changes between
sleep and sleep deprivation in the medial prefrontal
cortex of old mice, and that sleep-active pathways such
as DNA repair and synaptogenesis were particularly sen-
sitive to the effects of ageing [74°].

Animal studies have been instrumental in investigating
the mechanisms underlying sleep and ageing [2], with
species such as worms and flies often utilised for their
short lifespan and vertebrate models such as mice used for
their genetic proximity to humans and a vast potential for
transgenic engineering [53,55,75]. However, species can
differ considerably with regards to their brain and body
size, metabolic rates, and other aspects of physiology,
which may have an impact on the association between
sleep and ageing [76-78]. In addition, extrinsic factors
such as the environment may also have dramatic effects
on the association between sleep and ageing. For exam-
ple, lighting conditions [79], diet [80] and exercise [81]
have been shown to greatly affect this association in mice.
Studies in rodent models partially replicated some aspects
of human ageing such as an increase in the sleep-wake
fragmentation and changes in the timing of sleep [12,82°
,83°]. However, existing literature in rodent models is
inconsistent, and notable differences between age-
dependent changes in humans and rodents have been
identified. In particular, recent evidence suggests that
ageing in mice is instead associated with increased sleep
duration and higher EEG SWA during NREM sleep
[75,82°,83°,84°]. This has led to suggestions that in mice
ageing may instead be associated with an increased
homeostatic sleep need [82°,84°]. In addition, older mice
may be less able to dissipate the increased sleep pressure,
as shown by a slower decay rate of SWA during recovery
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sleep after sleep deprivation [84°]. These data are in
direct contrast to data obtained from humans. This
may be due to the shorter lifespan of rodents compared
to humans [85], which may not be a realistic representa-
tion of ageing or disease time course. Mammals that are
more closely related to humans may provide more trans-
latable insights as to the effects of ageing on sleep in
humans. Studies in non-human primates (NHP’s) are
highly limited, perhaps due to the increased difficulty
in performing such studies (both from technical and
ethical points of view). Species such as sheep may how-
ever provide an important alternative to NHP’s though as
their long lifespan and larger brains offer a number of
advantages for studying human ageing and disease [86].

Why have rodent and human studies on sleep
led to conflicting results?

Historically sleep was viewed as a global, all-or-none
phenomenon, although the existence of ‘partial sleep’
was postulated as early as the 1960s [87]. Recent studies
in both humans and animals demonstrated that sleep may
be initiated at the level of local cortical networks, with
single neurons and local neuronal populations contribut-
ing to global sleep regulation [57,88-91]. To this end,
cortical regions may show different oscillatory activity
depending on the region being recorded and the sleep-
wake history of the individual, for which the term ‘local
sleep’ was coined [90,92]. Clearly, both the global and
local levels of sleep regulation are likely to be important
for its overall functional role, yet their contributions to the
overall sleep phenotype may be distinct [46].

Methodology for sleep recording and analysis matters in
this regard. Although often considered the gold standard
for sleep studies, conventional EEG recordings in
humans have a poor spatial resolution and so local activi-
ties relevant for sleep regulation may not be easily detect-
able. This is a highly relevant limitation which should be
considered when direct comparisons between humans
and mice are made. Although evidence suggests that
basic characteristics of brain oscillations are conserved
across species [93], the recording technique is an impor-
tant determinant of what exactly is recorded. Arguably, a
single scalp EEG recording electrode conventionally
used in humans, may record from a much larger area
than the entire mouse brain. The discrepancies between
humans and rodents may therefore be related to the level
of organisation under scrutiny [94].

In our recent study we for the first time characterised the
spatio-temporal properties of cortical neural activity
across ageing in mice [82°]. We found that basic proper-
ties of spiking activity of cortical neurons, such as their
average state-dependent firing rates, remain largely stable
across the lifespan. This came as a surprise, given the
pronounced changes in global sleep-wake architecture.
Furthermore, local correlates of sleep homeostasis, such

as characteristics of slow waves or associated neuronal
population ON and OFF periods, were not markedly
different between five-months (early adulthood) and
two-year old (old age) mice. It is therefore unlikely that
the observed changes in global sleep arise from a disrup-
tion occurring at the level of local cortical circuitry, and
thus mechanisms underlying age-dependent changes in
global sleep regulation are likely independent from
mechanisms underpinning local sleep control [82°]. It
remains to be established whether these findings can
be generalised to humans.

It is possible that different species utilise different com-
pensatory strategies in order to maintain cellular homeo-
stasis and optimal functioning during wakefulness as an
organism ages. For example, while mice increase the
overall amount of sleep, humans may instead show an
increase in the amount local sleep-like activity leaking
into periods of wakefulness. Further studies are also
required in order to determine whether indeed ageing
in mice is associated with an increase in SWA or a
redistribution of spectral power between frequencies
and whether these effects can be generalised across the
cortex. An intriguing possibility is that the progressive
loss of synaptic connectivity or efficacy with ageing
results in a ‘local deafferentation’, not dissimilar from
the occurrence of sleep-like patterns of activity in the
infarct lesion area in stroke patients [95], which allows
cortical networks to remain in a local OFF state for longer
periods. Together these data emphasise the importance
of considering all levels of organisation (from local to
global levels) together in order to understand the associ-
ation between sleep and ageing.

Commonalities between animal models of ageing have
enabled underlying mechanisms of ageing to be trans-
lated across species [3°]. However, the direct comparison
between species may not always be straightforward,
especially with regards to such complex phenotypes as
sleep. For example, animal models of ageing are often
selected based on them having early reproduction and
short life spans, leading to an accelerated senescence and
laboratory species are typically highly inbred [29°°,96].
Ageing studies are now recognising the importance of
characterising biological ageing rather than just capturing
changes with the passage of time [97]. Mice have a much
shorter lifespan compared to humans, with ~70 years of
age in humans corresponding to approximately 2 years of
age in mice [85]. Therefore, species differences between
rodents and humans may be related to differences in their
biological age. Crucially, sleep and ageing are often
studied in laboratory conditions fundamentally different
from naturalistic conditions under which they evolved
and their specific relevant traits (and corresponding
genes) were selected. As previously discussed, sleep
and ageing are under the influence of both genetic and
extrinsic (e.g. environmental) factors. Laboratory
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conditions may present novel challenges (such as chronic
stress induced by animals perceiving the environment as
dangerous) that have not been previously experienced by
species over evolutionary time [62°]. To this end, age-
dependent changes in sleep in laboratory mice may
represent an adaptation to chronic isolation, low and
abnormally stable ambient temperature across 24 hours,
lack of seasonal changes in the environmental variables or
unrestricted food supply [62°,98]. Importantly, lifestyle
and the environment also greatly affect ageing in humans
[32]. For example, epigenetic markers (such as histone
modifications) are well established to vary across the
lifespan reflecting the experiences of individuals
[2,9,10,99]. We therefore suggest (as depicted in Figure 1)
that ageing and sleep reflect a complex interaction
between intrinsic (such as genes) and extrinsic factors
(such as the environment) and so the variation across
species is expected and can only be fully understood
when ecological context is taken into account.

Development of interventions relevant for
healthy and pathological ageing

In humans caloric restriction and exercise remain the
most widely accepted best therapeutic interventions for
improving symptoms of ageing [35]. Dietary components
have been shown to be associated with inflammatory
ageing (inflammageing), and personalised nutrition may
have beneficial health effects potentially through the

Figure 1

Intrinsic
factors

Extrinsic
factors

Global

Current Opinion in Physiology

A schematic to demonstrate the complexity of the interaction between
sleep (orange) and ageing (grey) and the important influences of both
intrinsic factors (blue) such as genes and extrinsic factors (green)
including the environment, specific waking experiences and ecological
factors. Sleep undergoes progressive changes across the lifespan,
which represents a combination of programmed ageing as well as the
accumulation of damage resulting from environmental stressors. In
addition, ageing influences the interaction of the organism with the
environment, and thus it alters the role of ecological factors in sleep
regulation. Sleep is a complex process regulated by local cellular/
synaptic processes and global state control. Likewise, ageing
manifests both at the level of local phenomena such as the
occurrence of cellular stress or loss of synaptic connectivity as well as
global changes in physiological functions and behaviour. Therefore
both sleep and ageing must be considered at the various levels of
organisation, from local to global mechanisms (yellow), as well as their
interaction, in order to be fully understood.

modulation of genetic and epigenetic factors [20]. The
brain plays a central role in the regulation of ageing [19]
and sleep [39], making it a promising target for interven-
tion. Various pharmacological strategies have shown
promising results in mice, such as epigenetic reprogram-
ming [100], telomerase activators [16°] and the use of anti-
inflammatory drugs [5°°]. The elimination of senescent
cells using senolytic drugs is also a useful target for
diseases of ageing such as cancer and atherosclerosis,
osteoarthritis and glaucoma, with beneficial effects on
models of ageing and age-related disease noted [16°,101].
SASP-suppressing drugs (e.g. rapamycin; an inhibitor of
the mTOR pathway) have also been shown to extend
lifespan in various model organisms [16°,102]. It should
however be noted that much of the success of pharmaco-
logical manipulations is based on studies in mice, and it
remains largely unclear whether and to what extent
cellular senescence contributes to ageing and related
pathology in humans [16°].

Ageing is thought to be the biggest risk factor for neuro-
degenerative disease [19,103], and growing evidence has
shown a high prevalence of sleep disturbances in neuro-
degenerative and psychiatric conditions [104]. This sug-
gests that sleep disturbances may be both causally linked
to, as well as sensitive to, brain pathology [105°]. There
are a number of animal models available for studying
neurodegenerative diseases, with their translatability
reviewed elsewhere [105°%,106,107]. In Alzheimer’s dis-
ease, the most common form of dementia, sleep disrup-
tions are one of the earliest observable symptoms
[70,108,109] but also may potentiate cognitive decline
in such diseases of old age [70,110,111]. There are a
number of theories as to the mechanisms that may under-
lie this association; including ineffective solute clearance
via the glymphatic pathway and a dysfunction of the
unfolded protein response, both of which have links to
sleep regulation. Enhancement of SWA during sleep (for
example using non-invasive stimulation techniques such
as transcranial or acoustic stimulation) has been proposed
as a novel treatment strategy for the renormalisation of
cognitive functions [112-116]. Given the role of both
intrinsic and extrinsic factors in age-related sleep altera-
tions, as well as local and global aspects of sleep regulation
(see Figure 1), it remains to be established what exactly
needs to be enhanced in this context? If, as animal studies
suggest, local mechanisms of slow-wave regulation are
also intact in older humans, then the efforts should be
directed not at enhancing slow waves as such, but at
creating conditions to promote large-scale network syn-
chronisation. To this end, animal studies remain instru-
mental for our understanding of the link between ageing,
sleep and neurodegeneration.

Conclusions
Here we outlined the insights gained from animal models
as to the association between sleep and ageing, and
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highlight potential explanations for the species differ-
ences that have been observed. Firstly, we propose that
only by considering all levels of organisation (i.e. from
local cellular homeostasis to global network dynamics and
peripheral mechanisms) will it be possible to further our
understanding of the association between sleep and age-
ing. Secondly, we highlight the crucial importance of
taking the ecological context into consideration as the
differences in sleep between species may reflect the
complex interaction of their specific evolutionary history
and ecological and physiological demands [62°,102].
Finally, furthering our understanding of the mechanisms
underlying sleep and ageing may allow for the identifica-
tion of novel biomarkers of ageing and for the develop-
ment of new interventions for age-related pathologies
[70]. Given the complex nature of the association
between ageing and neurodegeneration and the interac-
tion with genetic and environmental factors, it is likely
that a combination therapy consisting of both pharmaco-
logical and/or lifestyle modifications may be necessary in
order for treatment strategies to be more successful [103].
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