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Abstract Sleep maintains the function of the entire
body through homeostasis. Chronic sleep deprivation
(CSD) is a prime health concern in the modern world.
Previous reports have shown that CSD has profound
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negative effects on brain vasculature at both the cellular
and molecular levels, and that this is a major cause of
cognitive dysfunction and early vascular ageing. How-
ever, correlations among sleep deprivation (SD), brain
vascular changes and ageing have barely been looked
into. This review attempts to correlate the alterations in
the levels of major neurotransmitters (acetylcholine,
adrenaline, GABA and glutamate) and signalling mole-
cules (Sirtl, PGCle, FOXO, P66*", PARP1) in SD and
changes in brain vasculature, cognitive dysfunction and
early ageing. It also aims to connect SD-induced loss in
the number of dendritic spines and their effects on
alterations in synaptic plasticity, cognitive disabilities
and early vascular ageing based on data available in
scientific literature. To the best of our knowledge, this
is the first article providing a pathophysiological basis to
link SD to brain vascular ageing.

Keywords Vascular ageing - Sleep deprivation -
Cognition - Synaptic plasticity - Neurochemicals

Sleep in evolution

Sleep is the “reversible behavioural state of perceptual
disengagement from, and unresponsiveness to, the en-
vironment” (Carskadon and Dement 2005). It involves
an interplay of physiological factors and behavioural
processes. Great apes by virtue of their inherent skills
built sleeping platform which not only helped them to
escape from predators (about 18 million years ago) but
also provided deep and long hour of sleep. The
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improved quality of sleep is linked to enhanced cogni-
tion and refined engineering skills of the great apes
(Nunn et al. 2016). In animals, sleep also serves its
functions outside the nervous system, as it can influence
nonneural tissues without the involvement of the cephal-
ic nervous system (Anafi et al. 2019). Sleep has also
been reported as a means of energy conservation,
growth and repair, and increasing efficiency of metabol-
ic processes (Schmidt et al. 2017). Interestingly, humans
are the shortest sleeping primates and show flexibility in
sleep based on behavioural, psychological, social, and
environmental factors (Grandner 2017). For example,
nonindustrial indigenous populations show less vari-
ability in sleep patterns compared with postindustrial
societies (Capellini et al. 2008). Sociocultural, techno-
logical, and lifestyle trends are the major factors con-
tributing to disturbed sleep patterns in postindustrial
societies. These changes in behaviour are the causative
factors leading to an imbalance between the endogenous
circadian rhythms and light/dark cycle, which affects
sleep duration and quality.

Normal human sleep is comprised of two stages/states:
rapid eye movement (REM) sleep and nonrapid eye
movement (NREM) sleep. The regular sleep pattern typ-
ically begins with the first stage of NREM, progressing to
the deeper stages of NREM (stages 2, 3, and 4), followed
by an episode of REM sleep. The cycle of NREM and
REM continues with each cycle lasting for about 90 min.
NREM sleep is characterised by low voltage signals with
high amplitude brain waves, whereas REM sleep exhibits
high voltage but low amplitude brain waves (Edwards
etal. 2010; Siegel 2017). REM sleep is more prone to the
risk of predation, and hence mammals living in danger-
ous environments show less REM sleep (Hartse 2017,
Lesku et al. 2006). The quantitative characteristics of
human sleep, such as the total sleep and the percentage
of REM sleep, have clearly evolved with time along the
human lineage (Nunn et al. 2016).

Sleep deprivation, sleep restriction, and sleep
disruption

Sleep deprivation (SD), which refers to an insufficient
amount of sleep, can be acute or chronic based on the
time interval of sleep elimination. Sleep restriction SR is
a reduction in sleep time below an individual’s baseline
or reduction in the amount of sleep needed (on a regular
basis) to maintain an optimal performance. Sleep
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disruption is the fragmented sleep such as in the case
of sleep disorders like sleep apnoea, where frequent
awakening weakens dynamics of sleep (Chatburn et al.
2017; Reynolds and Banks 2010).

Clinical implications of SD/SR

SR alters the circadian rhythm, resulting in dysregula-
tion of sleep patterns, metabolic, endocrinal, and im-
mune homeostasis. SD results in a number of patho-
physiologic changes, such as reduced glucose intoler-
ance, increased blood pressure, activation of the sympa-
thetic nervous system, reduced leptin levels, increased
inflammatory markers, and changes in body fluids
(Aggarwal et al. 2018; Banks and Dinges 2007; Hagen
etal. 2015; Jha et al. 2016; Priya et al. 2020). Long-term
SD can cause various metabolic and cognitive disorders.

Chronic sleep restriction (CSR) has negative effects
on metabolism-related derangements like central obesi-
ty, hypertension, insulin resistance, increased cortisol
levels, systemic inflammation, decreased immune re-
sponse, and dyslipidaemia (Lam and Ip 2010). Hormon-
al levels during and after sleep depend on the duration
and quality of sleep. Sleep duration and quality regulate
leptin and ghrelin levels that modulate feeding intake
and energy expenditure. Individuals with less than 7 h of
sleep have been shown to have higher body mass indi-
ces and obesity rates (Cooper et al. 2018). CSR in
healthy young adults increases cortisol levels and causes
changes in the secretory profile of growth hormone and
signals for hunger and appetite, which in turn promotes
weight gain and obesity (Banks and Dinges 2007). Less
than 6 h of sleep is reported to increase waist circum-
ference in both men and women associated with meta-
bolic syndrome (Kim et al. 2018). CSR also has detri-
mental effects on immune response. It is reported to
activate the nonspecific host defence mechanisms,
which would increase inflammatory cytokines such as
C-reactive protein (CRP), interleukin-6 (IL-6), and tu-
mour necrosis factor (TNF) (Banks and Dinges 2007
Irwin et al. 2016). Besides, SD affects cognition which
is linked to reduced short-term memory, decreased
learning ability, and decreased motor performance and
motor skills (Adams et al. 2013).

Important cellular pathways like protein synthesis,
stress defence, and autophagy are involved in longevity.
The signalling molecules including nuclear factor
kappa-light-chain-enhancer of activated B cells
(NF-kB), phosphatidylinositol 3-kinase/protein kinase
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B (PI3K/AKT), nuclear factor erythroid 2-related factor
2 (Nrf-2), sirtuin-1 (Sirtl), peroxisome proliferator-
activated receptor y coactivator 1 (PGC1), forkhead
box protein O1 (FOXO), and p66 isoform of SHCI
(p66shc) (de Almeida et al. 2017; Barzilai et al. 2012)
are well studied in ageing. In addition, proteins like
Sirtl, PGCI1, FOXO, p66shc, and poly (ADP-ribose)
polymerase 1 (PARP1) (Eros et al. 2017) are shown to
participate in early vascular ageing (Harvey et al. 2015).
Scientific evidences strongly indicate that SD adversely
affects the above-mentioned signalling molecules
(Chang et al. 2009; Sugiyama et al. 1995; Vecsey
et al. 2012; Wang et al. 2019). This spurt us to propose
and interlink the impact of SD on brain vascular ageing.
We performed an exhaustive literature search using
various abstracting and indexing databases such as
Web of Science, PubMed, and ScienceDirect, and ap-
propriate findings were compiled.

Ageing

The human life expectancy has been increasing due to
better-quality health care, sufficient amounts of food,
and reduced child mortality (Samarakoon et al. 2011).
The World Health Organization (WHO) has projected a
drastic increase from 12 to 22% in the population aged
above 60 years by 2050 across the globe (World Health
Organization 2015). However, the impact of this signif-
icant transform is debatable. The rate of ageing is deter-
mined by biological, social, lifestyle, environmental,
genetic, and psychological conditions. Abnormal con-
ditions lead to accelerated ageing (Fratiglioni et al.
2010). Systematic reviews have discussed the effects
of a sedentary lifestyle, smoking, alcohol, unhealthy
diet, and irregular sleep patterns on ageing
(Daskalopoulou et al. 2018). Individuals with good
lifestyle habits are reported to have less sleep problems
(Monk et al. 2003).

Ageing is influenced by several variables, including
genetic, epigenetic, and environmental factors
(Benayoun et al. 2015). Metabolic activities and tissues
functions decline with the progression of ageing. One
key factor that drives cellular function and health is
optimal blood flow (Barzilai et al. 2012). The alterations
in peripheral (Donato et al. 2018; La et al. 2010) and
central blood flow and the consequent vascular dysfunc-
tion that occur in various neurodegenerative diseases
and ageing have been discussed in several isolated

reports (Donato et al. 2018; Morris et al. 2014; Tarumi
and Zhang 2018; Yang et al. 2016). However, reports on
the physiological and functional changes specific to
vascular ageing in the brain are limited. With ageing,
the impaired blood flow to the brain affects region
specific functions and vice versa, the same blood ves-
sels’ health (Shaw et al. 1984). These functional and
anatomical changes require recurrent clinical monitor-
ing (Purkayastha and Sorond 2012). Alterations in
neurovascular coupling (neural activity influencing ce-
rebral blood flow and metabolic needs of surrounding
cells) were shown to play crucial role in vascular cog-
nitive impairment (Lourenco et al. 2018). Chronic SD
causes dilation of brain blood vessels and limits the
blood flow (Phillips et al. 2013), which then creates a
deficiency of metabolites/nutrients in the local endothe-
lial (Chen et al. 2014), glial (Attwell et al. 2010), and
neuronal cells causing decreased neurovascular cou-
pling. This, in turn, becomes one of the risk factors for
vascular dementia (Petzold and Murthy 201 1; Tarantini
et al. 2017). Retinal blood vessels serve as an alternate
model for investigating neurovascular health, as they
share common anatomical and physiological features
with neuronal vessels (Gopinath et al. 2009).
Neurovascular coupling responses were shown to de-
crease with ageing in retinal arterioles (Lipecz et al.
2019). In line with this, various preclinical and clinical
evidences demonstrate that ageing and neurodegenera-
tive diseases impair neurovascular coupling responses
which were also shown to advertently affect healthy
ageing (Lipecz et al. 2019; Lourenco et al. 2018;
Stefanidis et al. 2019; Tarantini et al. 2017). In addition
to structural changes in cells, various biochemical
changes remain plastic with ageing. Such changes may
alter the blood flow and metabolic demands which
could be corroborated for impaired neurovascular cou-
pling responses (Sonntag et al. 2007).

Vascular ageing

Vascular ageing refers to the loss in mechanical and
structural characteristics of the vascular walls. It leads
to a loss in vascular elasticity and reduction in vascular
arterial compliance (Jani and Rajkumar 2006). Periph-
eral vascular resistance and increased arterial stiffening
(arteriosclerosis) are the key hallmarks of “normal”
vascular ageing and are influenced by age-dependent
structural and biochemical changes on elastin and col-
lagen content (Lacolley et al. 2018). These changes are
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further complicated by pathological arterial vascular
ageing that results in characteristic lesions and plaque
formation ending in premature vascular problems
(Turciuc et al. 2017; Nilsson 2008). Increased vascular
calcification is another pathophysiological characteristic
associated with arteriosclerosis. The role of gamma-
carboxyglutamic acid (Gla) proteins in calcification
has been defined in knockout mice (Shanahan et al.
1998). Posttranslational 'y-carboxylation of matrix Gla
proteins requires vitamin K. Thus, vitamin K deficiency
causes the accumulation of impaired y-carboxylation of
matrix Gla proteins, leading to vascular calcification
(Tesfamariam 2019). Dietary intake of vitamin K is
uncommon in adults and older people, and this has been
correlated to vascular calcification and early vascular
ageing (Booth 2007). The progression of vascular cal-
cification is also associated with aberrant regulation of
noncoding RNAs including micro, long noncoding, and
circular RNAs (Kim and Kook 2019). Furthermore,
vascular calcification is influenced by chronic inflam-
mation. TNF-« and monocyte chemotactic protein-1
(MCP-1) levels are elevated in the radial arteries of
subjects with chronic inflammation (Hu et al. 2016).
Substantial increase in the expression of bone morpho-
genic proteins-2 (BMP-2) (Li et al. 2008), osteocalcin
(Millar et al. 2017), and collagen-1 (Watson et al. 1998)
indicates inflammation-triggered osteogenic cell differ-
entiation in vascular tissues, which explains the role of
osteogenic cells in vascular calcification. Fos-related
antigen 1 (Fra-1) promotes vascular ageing by directly
binding and activating p21 and p16. This suggests that
Fra-1 might be a potential target in preventing ageing-
related vascular disorders (Yang et al. 2019). Microvas-
cular endothelial structures are remodelled by reducing
Ca®* influx in severe oxidative stress during ageing
(Socha et al. 2015). Resilience to hydrogen peroxide-
induced oxidative stress is developed by preventing
intracellular calcium overload and triggering apoptosis
in the vascular cells of mouse skeletal muscles (Norton
et al. 2019). The dysregulation of Ca®*-activated K*
channels retards the electrical conductivity in arterial
endothelial cells, leading to vasodilation which causes
hypoperfusion to the organs and tissues in ageing
(Behringer et al. 2013). About a 40% decrease in the
number of holes per square millimetre of internal elastic
lamina (IEL) was observed in aged mice (24—26 months)
in comparison with young mice (3—6 months), suggest-
ing a diminished signalling between endothelial and
smooth muscle cells, which contributes to age related
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dysfunction in resistance arteries (Boerman et al.
2016).0Other major factors like oxidative stress and in-
flammation also influence vascular ageing (Wu et al.
2014). Mice with their superoxide dismutase 2 gene
(SOD2*") knocked out showed decreased elastic lamel-
lae integrity and elastin expressions, and increased col-
lagen-I, and medial smooth muscle cell (SMC) apopto-
sis in aortic walls over a lifetime. This study reveals
altered ROS metabolism in the mitochondria as a caus-
ative factor for the increased collagen secretion, SMC
apoptosis contributing to aortic stiffening in ageing
(Zhou et al. 2012). Increase in DNA damage, premature
senescence, apoptosis, and proinflammatory protein ex-
pression have been reported in transgenic young mice
with high NADPH oxidase 4 (NOX4) expressions.
These are the phenotypic features of vascular ageing.
Since SOD?2 is primarily expressed in mitochondria,
these findings suggest that mitochondrial oxidative
stress plays an important role in aortic stiffness during
ageing (Canugovi et al. 2019). Mitochondrial specific
antioxidants like MitoQ have been shown to decrease
aortic stiffening by reducing aortic elastin degradation in
aged rats, revealing the role of antioxidants on vascular
health (Gioscia-Ryan et al. 2018).

Csipo et al. (Csipo et al. 2019) recorded a spike in
arterial stiffness along with microvascular and
macrovascular endothelial dysfunctions in aged sub-
jects. The study implicated that impaired vascular health
is a predictor for cognitive dysfunction evidenced using
vascular health index and cognitive impairment index
scores (Csipo et al. 2019). Balbi et al. (Balbi et al. 2015)
examined the functional status of microcirculation in
FVB/N mice, wherein vascular dysfunction was report-
ed to precede the changes detected in cerebral blood
flow and this was stated to start in the Pial microvessels.
Furthermore, reduced cerebral blood flow can decrease
arterial dilation (Balint et al. 2019).

Vascular endothelial dysfunction is one of the impor-
tant negative consequences of cellular senescence. Aged
subjects with sedentary lifestyles exhibited increased
expressions of p53, p21, and p16 proteins, indicating
accelerated endothelial senescence (Rossman et al.
2017). Endothelial senescence affects the monolayer
barrier function of nonsenescent endothelial cells, which
is reflected in downregulated protein expressions of
occludin and claudin-5 and resultant disruption in tight
junction morphology with surrounding young cells
(Krouwer et al. 2012). In addition, interleukin-1o (IL-
1), which is one of the biomarkers for endothelial
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senescence, is overexpressed and triggers cytokine
surge during ageing (Mariotti et al. 2006).

Ageing and brain vascular pathology

Arterial stiffening is one of the major vascular hallmarks
of ageing and a potential target in preventing brain
microvascular diseases and cognitive impairment (van
Sloten et al. 2015). Microvascular endothelial dysfunc-
tion and decreased bioavailability of nitric oxide are
observed in aged cerebral microcirculation. Vascular
endothelial dysfunction with ageing also impairs blood
brain barrier (BBB) integrity and affects cerebral blood
flow and cognition (Peters 2006). Decreased [3-amyloid
clearance by glymphatic system aggravates the devel-
opment of Alzheimer’s disease and is associated with
dementia in aged animals (Deak et al. 2016). Ageing
and acute SD can disturb episodic memory by altering
expression of various genes in young and aged mice
(Vecsey et al. 2015). Lacunar infarcts and brain
microbleeds increase with ageing. Higher cognitive
functions like processing speed and executive functions
are impaired with the progression of lacunar infarcts and
microbleeds in population aged 75-80 years (Nylander
et al. 2018). Young population with long-term preva-
lence of small vessel diseases after stroke shows 10—
20 years of preponement in brain ageing with increased
vulnerability to vascular risks (Arntz et al. 2016).
Under both ageing and SD conditions, the expres-
sions of genes PrKab2 (energy metabolism and regula-
tion of sleep), Arc (synaptic plasticity), Tsc22d3, Hspa5,
and Hspbl (stress response) are increased, and the ex-
pressions of genes Rbm3, Hnrpdl (RNA metabolism
and trafficking), and Usp2 (deubiquitination and control
of circadian rhythms) are decreased (Vecsey et al.
2015). The secretion of complement C1q increases with
age and induces proliferation of vascular smooth muscle
cells leading to arterial stiffness. Serum C1q, TNF«, and
IL-6 and carotid-femoral pulse wave velocity are also
increased in middle and aged population as compared
with young subjects, indicating increased risk of CVS
with age (Hasegawa et al. 2019). PDGF-AB/BB,
VEGF-A, and GDF11 are found to be increased in
plasma of healthy individuals above 45 years of age
compared to healthy individuals below 45 years (Tian
et al. 2019). Small vessel diseases cause an increase of
the perivascular spaces in basal ganglia and
periventricular white matter hypersensitivities, thereby

contributing to cognitive impairment in elderly subjects
(Shibata et al. 2019).

Thorn shaped astrocytes in subpial, subependymal,
and perivascular areas indicate astrocytic tau patholo-
gies in aged human brain (Okamoto et al. 2019). Extra-
vascular fibrinogen in the cerebrospinal fluid of elderly
population is indicative of cerebral atherosclerotic small
vessel diseases (McAleese et al. 2019).

Studies on the vascular changes in the brain are limited
due to complexities of the brain vasculature and interper-
sonal age-related anomalies (Baruah and Vasudevan
2019). Nonetheless, there are several investigations on
the association of functional changes with brain vascular
ageing. Cardiovascular risks like hypertension can cause
cognitive decline and dementia (Iadecola and Gottesman
2019; Tzourio 2007). In summary, the existing data strong-
ly suggest that brain vascular pathologies contribute to
ageing and structural changes in white matter and associ-
ated functional changes in brain contribute to preponement
of biological ageing.

SD and brain vascular ageing

Sleep disorders including difficulty in falling asleep,
sleep fragmentation, and poor sleep quality affects not
only emotional and physical health but also the cogni-
tive performance (Dauvilliers 2007; Moran et al. 2005).
Sleep loss accelerates neurodegeneration in dementia,
affecting neural circuits including suprachiasmatic nu-
cleus (Swaab et al. 1985; Van Erum et al. 2018). Hughes
et al. (Hughes et al. 2014) showed that arterial stiffness
is strongly associated with progressive brain deposition
of amyloid-3 in nondemented aged subjects. A recent
clinical report revealed that overnight SD causes accu-
mulation of amyloid-f3 in hippocampus, which is a
causative factor of impaired brain function (Shokri-
Kojori et al. 2018). These data indicate the effects of
sleep on brain and vascular functions.

Longer sleep duration was reported to decrease the
risk of calcification of coronary arteries (King et al.
2008). This is because SD activates the molecular path-
ogenetic mechanisms of biological ageing and causes an
imbalance of collagen, elastin, MMPs, oxidative stress,
and cytokines. In long-term SD, downregulation of
transcription factors which modulate the expression of
procollagen type I causes dysregulation of collagen, and
thus, collagen serves as an indicator of vascular ageing
(Cirelli et al. 2006).
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Sleep fragmentation increases Ly-6C™€" monocytes,
which induces atherosclerotic lesions and decreases produc-
tion of hypocretin in lateral hypothalamus in mice. On the
other hand, colony stimulating factor 1 (CSF1) deficiency or
hypocretin supplementation is reported to reduce circulating
monocyte numbers and atherosclerotic lesions in sleep
fragmented mice (McAlpine et al. 2019). Inefficient drain-
age from perivascular region leads to enlarged basal ganglia
perivascular spaces (PVS) in subjects having poor sleep
efficiency (Del Brutto et al. 2019). Elevated grey matter
resting cerebral blood flow (rfCBF) was seen in medial,
lateral occipital cortices, in anterior cingulate gyrus and
insula of both the hemispheres in individuals with a day of
wakefulness followed by a night of SD (Elvsashagen et al.
2019). CSR prolongs neural activity and restricts vascular
compliance, promoting vascular deficits and neural trauma
(Schei and Rector 2011). SR decreases survival time and
triggers neurological dysfunctions in rats subjected to cere-
bral hypoperfusion (Kim et al. 2016).

SD of 40 h upregulates the levels of E-selectin, i.e.
CD62 antigen-like family member E (CD62E), intracellu-
lar adhesion molecule-1 (ICAM-1), IL-1b, and IL-1ra, and
downregulates CRP and IL-6. No significant alterations
are observed with vascular adhesion molecule-1 (VCAM-
1). These results indicate that pro- and antiinflammatory
markers and cell adhesion markers are altered in SD (Frey
et al. 2007). Chronic sleep disturbance increases the ex-
pression of vascular endothelial growth factor (VEGF),
which activates ERK1/2 and causes an increase of DII4,
thereby causing an osteoarthritis like condition by promot-
ing angiogenesis (Dong et al. 2017). Participants in mili-
tary missions have shown upregulated VEGF and brain
derived neurotrophic factor (BDNF) under SD and stress
(Suzuki et al. 2014). Results from the above studies indi-
cate that SD alters cellular adhesion molecules, inflamma-
tory mediators, and vascular growth factors, implicating
that pathological vascular changes are characteristic fea-
tures of ageing.

SD and neurotransmitter systems

Glutamatergic system

Glutamate levels increase progressively during waking and
REM sleep and decrease progressively in nonREM sleep
(Dash et al. 2009). The expression of glutamate receptor

(mGLU1) in regions of the hippocampus is increased sig-
nificantly in total SD, REM-SD, and SR (Saygin et al.

@ Springer

2017). The effects of age on acute and chronic SD on the
expression of n-methyl-D-aspartate (NMDA) receptor sub-
units and nitric oxide synthase isoforms were evaluated. It
was shown that ageing decreases expression of NMDA
receptors and downregulates NOS isoforms in some SD
groups. This also corroborates with cognitive decline in the
elderly (Kristofikova et al. 2019). SD activates
oxidoinflammation in the prefrontal cortex, decreasing glu-
tamate receptor subunits and PSD95 in PND33 (postnatal
day 33) in rats. It can cause the disruption of synapse
formation and maturation, leading to the development of
initial anxiety like behaviour leading to depression in the
later stages (Atrooz et al. 2019). REM-SD rats on chronic
caffeine consumption upregulate Grin2a, a subunit of
NMDA receptors, to maintain the arousal time without
altering learning and memory performance (Sahin et al.
2019). Higher levels of glutamate, along with other
metabolomes such as homovanillic acid, lactate, and pyru-
vate are found in awake mice when compared with sleeping
mice. This implies that there is a wake-dependent need to
promote synthesis of essential biochemical components
(Bourdon et al. 2018). Sleep-wake regulation by the basal
forebrain requires a balance between excitatory—wake pro-
moting effects mediated by glutamate receptors and
inhibitory—sleep promoting effects mediated by adenosine
degradation (Yang et al. 2018). Mice with their glutamate
receptors of subtype 5 (mGIuRS5) knocked down exhibit
dysregulated sleep-wake homeostasis, lack of recovery
sleep, and impaired behavioural adjustment to novel tasks
after SD (Holst et al. 2017). The expressions of glutamine
synthetase and innexin2 are increased following SD, indi-
cating that they are dynamically linked to wake state (Farca
Luna et al. 2017).

Glutamate transporter 1 (GLT1) is increased around
melanin-concentrating hormone (MCH) neurons and
almost absent around the somata of orexin neurons
following SD. Both MCH and orexin neurons show
varied forms of synaptic plasticity on SD (Briggs et al.
2018). AMPA receptors (GluA1Rs) are internalized
from the membranes of neurons by endocytosis via
calcium/calmodulin-dependent protein kinase Il upon
waking. They return to the membrane by recycling
endosomes during SR (del Cid-Pellitero et al. 2017).
In contrast to this, the sublaterodorsal tegmental nucleus
(SLD) neurons, which trigger paradoxical (REM) sleep,
are glutamatergic in nature. Nearly 84% of Fos* neurons
are localized in SLD after paradoxical sleep
hypersomnia and express vGLUT2 mRNA, which
strongly suggests that SLD glutamatergic neurons play
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an important role in the generation of paradoxical sleep
(Clément et al. 2011).

GABAergic system

SD increases the expression of GABA-B and mGlul o«
receptors in the Cornu Ammonis 1 (CAl) region of
hippocampus. GABA-B and mGlul « receptors are im-
plicated in pathogenesis of psychiatric disorders.
Colocalization and heterodimerization of these receptors
are also increased in SD rats (Tadavarty et al. 2011).
Rats exposed to total SD for 5 days and treated with
carbamazepine and fluoxetine show significantly in-
creased levels of GABA in both prefrontal cortex and
thalamus. However, rats treated with desipramine show
no alteration in GABA levels. These results suggest the
role of GABA in SD and beneficial effects of carbamaz-
epine and fluoxetine in total SD (Kamal 2010). A sig-
nificant decrease in GABA level was recorded in locus
coeruleus (LC), dorsal raphe, pedunculopontine teg-
mentum (PPT), frontal lobe, cortex, and hippocampus
of rats subjected to REM SD after 96 h. However, most
of these altered neurotransmitter levels return to normal
in postREM SD recovery rats (Mehta et al. 2017).

In 0xGKO mice (mice lacking the GABAB1 gene in
orexin neurons), the absence of GABAB receptors de-
creases the sensitivity of orexin neurons. This suggests
that GABAB receptors in orexin neurons are important
in the control of orexinergic tone through sleep-wake
states, as they stabilize the state switching mechanisms
(Matsuki et al. 2009). The frequency and amplitude of
mEPSCs, NMDAR, GluR1, and pCaMKII («, (3) in-
crease and CREB levels decrease in APP/PS1 mice
subjected to SD, indicating the adverse effects of SD
in young APP/PSI1 transgenic mice through the en-
hancement of neuronal excitation. Jujuboside A en-
hances GABAergic inhibition and reduces SD-
enhanced excitatory transmission in APP/PS1 mice
(Tabassum et al. 2019). Early life sleep disruption
(ELSD) for a week increases GABAergic activity in
primary somatosensory cortex in adulthood in prairie
voles (Microtus ochrogaster), suggesting that sleep is
required to tune inhibitory neural circuits and develop
species-typical affiliative social behaviour like so-
cial bonding (Jones et al. 2019). Tryptic hydroly-
sate of «Sl-casein (xS1-CH), a milk protein, in-
creases hypothalamic GABA, expression in total
SD rats, suggesting the beneficial role of «S1-CH
in sleep disorders (Yayeh et al. 2018).

Mutations in the Rodgi locus lead to a genetic disor-
der namely Kohlschutter-Tonz syndrome (KTS). The
Rogdi mutant Drosophila exhibits insomnia-like behav-
iour, sleep fragmentation, and delay in sleep initiation
due to suppression in a specific subset of GABA trans-
mission (Kim et al. 2017). Melatonin prevents anxiety-
like behaviour induced by SD via establishing a balance
between GABAergic and glutamatergic transmissions
and reducing oxidative stress (Zhang et al. 2017).
Orexin neurons in the mice brain show increased im-
munostaining of the alpha 1 subunit of the GABA A
receptor and neuroligin 2, which are involved in inhib-
itory synapse specialization on 6 h of SD (Matsuki et al.
2015). This implicates the GABAergic property of
orexin neurons. Thus, the data proves that the
GABAergic system and its modulators play a crucial
role in SD.

Cholinergic system

The cholinergic system is one of the major neurochem-
ical players in sleep, specifically in REM sleep along
with its role in learning and memory. SD inhibits cho-
linergic nuclei, leading to reduced cortical acetylcholine
levels (Brown et al. 2012). SD for 96 h showed de-
creased acetylcholine content in the telencephalon
(Tsuchiya et al. 1969). Amnesia is observed in both total
and REM-SD rats treated with cholinesterase inhibitor
physostigmine and muscarinic receptor antagonist sco-
polamine through CA1 cholinergic muscarinic recep-
tors, hinting at the important role of acetylcholine in
sleep and learning (Javad-Moosavi et al. 2017).
Enforced wakening via prolonged activity results in a
homeostatic downscaling in the excitability of MoS5
trigeminal motor neurons (Toossi et al. 2017). Optical
stimulation of cholinergic neurons (locally) increases
both acetylcholine and wakefulness in mice. The pro-
cess is reversed by simultaneous reverse microdialysis
of cholinergic receptor antagonists, suggesting that the
wake-promoting effect of cholinergic stimulation re-
quires the local release of acetylcholine in the basal
forebrain (Zant et al. 2016). Basal forebrain cholinergic
neurons enhance adenosine and nitric oxide levels along
with increase in low frequency theta waves in EEG upon
SD. Activation of iNOS with SD in forebrain choliner-
gic neurons appears to be the key mechanism driving
both biochemical and EEG changes (Kalinchuk et al.
2015). CSR in NMDA intoxicated animals causes a
substantial loss of cholinergic nucleus basalis
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magnocellularis (NBM) cells and cortical fibres. This
indicates that SR makes cells more sensitive to subse-
quent excitotoxic insult (Novati et al. 2012). Neural
serine metabolism regulates sleep during starvation via
cholinergic signalling (Sonn et al. 2018). Slight increase
in kynurenic acid (nicotinic receptor antagonist) level
formed by tryptophan metabolism induced wakefulness
and reduced REM duration, thereby disrupting sleep
(Pocivavsek et al. 2017). Redeye (rye), one of the pro-
teins which encodes nicotinic acetylcholine receptors, is
involved in sleep regulation in Drosophila. The upreg-
ulation of rye is seen with homeostatic drive to sleep
(Shi et al. 2014). Sleep fragmentation and cognitive
impairment are observed in vesicular acetylcholine
transporter (VACT) deficient mice, suggesting the
key role of cholinergic plasticity in sleep homeostasis
(Queiroz et al. 2013). Type 2- and type 4-muscarinic
receptor knockout mice show differential response in
the modulation of sleep-wake cycle under different ho-
meostatic insults like influenza and candida infection
(Turner et al. 2010). c-Fos activation is shown to in-
crease in basal forebrain cholinergic neurons after SD
(McKenna et al. 2009).

In an experiment to explore the role of nucleus accum-
bens in flavour neophobia and its attenuation during age-
ing, adult rats exhibited a delayed attenuation of flavour,
neophobia, and increased nucleus accumbens shell
(NAcbSh) c-Fos activity (Grau-Perales et al. 2019). Dif-
ferences in the gene expressions of cholinergic basal fore-
brain cells between sleeping and SD mice were assessed.
The SD group showed the upregulation of 55 transcripts,
including 25 from protein folding pathways such as chap-
erones (Nikonova et al. 2017). Thus, SD significantly
alters the protein folding pathways.

Adrenergic system

Chronic REM-SR animals exhibit impaired physical devel-
opment and higher corticosterone levels along with in-
creased noradrenaline and serotonin levels in the amygdala
and ventral hippocampus regions, without changes in the 31
adrenergic receptors (da Silva et al. 2018). o2 receptors in
the CA1 region of the hippocampus play an important role
in regulating sleep and memory retention processes. The
activation and deactivation of CA1 &2 adrenergic receptors
by clonidine and yohimbine, respectively, followed by total
SD, shows that total SD and reversal of circadian rhythm
impair memory functions (Norozpour et al. 2016). This
suggests the important role of the adrenergic system in sleep
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and memory. SD reduces adenosine A2a receptor density in
olfactory tubercle and decreases (3-adrenergic receptor den-
sity in substantia innominata and ventral pallidum. The
condition is retained even at the end of recovery sleep for
3 days (Kim et al. 2015). SD also leads to stress and
increases the level of adrenaline, which regulates the innate
immune systems, like the natural killer cells and natural
killer T cells. Alterations in the brain’s norepinephrine con-
tent in the basal forebrain and cingulate cortex mediate the
allosteric changes in sleep time and intensity in CSR (Kim
et al. 2013). The infusion of dexmedetomidine, an «2-
adrenergic agonist, in critically ill patients improves sleep
through increasing stage 2 sleep and sleep efficiency. It also
modifies the 24-h sleep pattern by shifting sleep to the night
(Alexopoulou et al. 2014). Anaesthesia and the abolition of
adrenergic signals activate the glymphatic system. The rate
of clearance is increased by twofold during sleep, suggesting
decreased adrenergic content (Mendelsohn and Larrick
2013). SD disrupts the consolidation of fearful memories
through facilitation of interactions between glucocorticoid
and adrenergic systems (Cohen et al. 2012). Following 2 h
of SD, clonidine, an «2-adrenergic receptor agonist, hyper-
polarizes the hypocretin/orexin neurons by activating G
protein gated inwardly rectifying potassium (GIRK) chan-
nels (Uschakov et al. 2011). Thus, the adrenergic system
plays an essential role in regulating memory consolidation
and activation of the glymphatic system during sleep.

Vascular ageing is a biological process which starts
early in life (Nilsson 2015). The associated structural
and functional changes in vasculature are wide. Several
studies have reported the association of neurochemicals
to peripheral vascular changes (Alborch et al. 1984;
Connelly et al. 2019). However, the profound effects
of SR leading to major modulations in neurochemicals
and vascular ageing are not elucidated.

Molecular basis of vascular homeostasis in ageing
and SD

Sirtuins

Seven sirtuin family proteins, Sirtl, Sirt2, Sirt3, Sirt4,
Sirt5, Sirt6, and Sirt7, are present in mammals. They are
nicotinamide adenine dinucleotide (NAD)-dependent
deacetylases. Sirt3, Sirt4, and Sirt5 are localized within
mitochondria, whereas Sirt1, Sirt6, and Sirt7 are nuclear
proteins. Sirtl is specific to cytosol, and Sirt2 is
expressed in both nucleus and cytosol. Initial studies
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on sirtuins were mainly on longevity of mammals.
However, divergent functions of sirtuins have emerged,
ranging from metabolic sensing properties to mitochon-
drial biogenesis (Sack and Finkel 2012).

Sleep loss causes injury to Locus coeruleus neurons
(LCns) and accelerates neurodegeneration in individuals
experiencing AD and PD. Sirtl shows a neuroprotective
role in young animals, which is lost upon ageing. This
implicates that the neurons are exposed to metabolic
insults. Sirtl-deficient mice and aged mice have shown
similar patterns of sleep/wake cycles. This suggests that
wake impairments in ageing may occur partially due to
age-related Sirtl loss (Panossian et al. 2011). Upon SD,
Sirt3 pathway gets impaired through ROS or NAD*
biosynthesis as a result of DNA damage (Nogueiras
et al. 2012). SD mice treated with melatonin preserve
the number of Sox2/BrdU™ cells in the dentate gyrus,
promoting the overexpression of Let-7b, mir-124-2 tran-
scripts. Sirtl level is reduced while MECP2 expression
increases (Hinojosa-Godinez et al. 2019). In addition,
treatment with melatonin increases COX and Sirtl ac-
tivities in SD rats along with improved behavioural
function (Chang et al. 2009). Sirt3 is localized in the
inner mitochondrial membrane and regulates cellular
energy homeostasis (Fifel 2014). SD is also shown to
alter mitochondrial specific proteins expression (Ren
et al. 2016) (Fig. 1). However, the link between Sirtl
and these protein changes need to be studied.

Mitochondrial energy production and redox homeo-
stasis are integral functions of Sirt3. LCns are active and
show increased rates of firing during sustained wakeful-
ness. Wakefulness, as a metabolic stressor, causes mi-
tochondria to undergo adaptive metabolic responses,
which may fail and result in injury. Brief wakefulness
activates Sirt3 and antioxidant systems in LCns, which
plays a protective role. However, brief wakefulness in
mice lacking Sirt3 shows no adaptive antioxidant re-
sponse, resulting in oxidative injury in LCns. Extended
wakefulness reduces Sirt3 activity, causing degenera-
tion of LCns (Zhang et al. 2014).

Sirtl regulates proteins and genes involved in anti-
oxidant response (FOXO3), antiinflammatory response
(NF-kB), antiapoptotic response (p53 and FOXO3),
insulin response (IGF-1), and gene transcription
(PGC-1). Sirtl also regulates mitochondrial bio-
genesis and structural integrity, as well as synaptic
plasticity, learning, and memory. SD alters mito-
chondrial structure (Fig. 2) through downregulation
of Sirtl (Somarajan et al. 2016).

The sirtuin pathway is thus important in cell survival
under stressful conditions such as calorie restriction.
Laboratory investigations support the role of sirtuinl
in the proliferative, antiageing effects of calorie restric-
tion in mammals. Loss of Sirtl is also linked to
preponement of ageing.

PGClx

Vascular ageing and atherosclerosis with telomere
shortening and DNA damage are preponed in the ab-
sence or removal of PGCla. A decreased expression of
telomerase reverse transcriptase (TERT) and amplified
p53 level are observed upon the deletion of PGC1x-
lipoic acid upregulates PGC1x-dependent TERT and
Nrf-2-mediated antioxidant-responsive element signal-
ling cascades, offsetting high-fat-diet induced age-
dependent arteriopathy. This confirms the role of
PGCl« in ameliorating senescence, ageing, and age-
associated chronic diseases (Xiong et al. 2015).

PGCla-knockout mice have shown decreased ex-
pression of autophagy adaptor p62 and reduced conver-
sion of LC3-I to LC3-II, which, in turn, causes reduced
autophagosome numbers. PGClx deficiency induces
P62 downregulation, and siRNA-induced p62 downreg-
ulation induces senescence and inhibits autophagy in
vascular endothelial and smooth muscle cells (VSMCs).
The expression of p62 is upregulated by PGCl«,
resulting in the clearance of the damaged mitochondria
(mitophagy) and the prevention of vascular senescence
(Salazar et al. 2016). SD rats treated with functional
food chitooligosaccharides (COS) show a remarkable
increase in the expression of PGClo and cytochrome
c¢cmRNA and an improvement in mitochondrial biogen-
esis (Cho et al. 2010). This suggests that the decrease in
PGCla in SD may have adverse effects on vascular
ageing including brain vascular structures.

FOXO transcription factors

FOXO transcription factor has FOXO 1, 3,4, and 6 in its
family with nearly similar anatomy and physiology
between each variant (Tia et al. 2018). In C. elegans
DAF-16, the FOXO transcription factor plays a key role
in providing homeostatic response to SD. The study also
showed a reduced rate of survival when sleep bout
deprivation is combined with stress (Bennett et al.
2018). The downregulation of nutrient and stress sens-
ing insulin, i.e. IIS/TOR, showed dFOXO-mediated
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Fig. 1 Sleep deprivation causes cellular respiration proteins up-
regulation (Ren et al. 2016) (reused as per the PLOS ONE
journal’s copyright permission policy). Proteins belonging to
TCA cycle and mitochondrial complexes are upregulated in sleep
deprived C57BL/6 N mice brain. CG represents sleep deprivation
induced by gentle handling; CL represents locomotion induced
sleep deprivation. a Venn diagram showing distribution of 66
upregulated proteins in the CG group and 46 upregulated proteins
in CL groups. Twenty-two shared proteins are common in both
CG and CL groups. b Influence of sleep deprivation on complexes
of the electron transport chain, where in complexes I-III had
upregulated subunits while complexes IV and V had both up-
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and downregulated subunits. Upregulated proteins are shown in
red boxes and downregulated proteins are shown in green. ¢
Proteins involved in small molecule metabolism. The proteins
upregulated in CG and CL groups are shown in parentheses and
square brackets, respectively and presented in bold text if upreg-
ulated in both the CG and CL groups. d Preproteins synthesized in
the cytosol enter mitochondria via translocases of outer membrane
(TOM) and translocase of the inner membrane (TIM). Chaperones
upregulated in CG or CL groups are presented in parentheses and
square brackets, respectively. Chaperones upregulated in both the
groups are shown in bold
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Fig. 2 Representative electron
microscopy images show
structural changes in
mitochondria in locus coeruleus
(Somarajan et al. 2016) (reused as
per the Frontiers in Neurology
journal’s copyright permission
policy). One-millimetre thick
brain tissue blocks of Locus
Coeruleus were prepared after in-
tracardial perfusion of rats for
transmission electron microscopy
to observe structural changes in
mitochondria in free moving
control (FMC), large platform
control (LPC), REM sleep depri-
vation (REMSD), recovery
(REC), and Prazosin treated
(PRZ) groups. Control groups re-
tain normal dumbbell-shaped mi-
tochondria with intact cristae.
Swollen mitochondria with
disintegrated cristae appear in
REMSD, and the REC group
shows less distorted cristaec. PRZ
group shows marginal swelling in
mitochondria with intact cristae

amelioration of daytime sleep fragmentation in Dro-
sophila. As 1IS/TOR also plays an important role in
delaying ageing, it could be of therapeutic interest to
treat fragmented sleep during ageing (Metaxakis et al.
2014). Flies lacking FOXO genes exhibited sensitivity
to the circadian clock. Increased oxidative stress along
with significant alterations in circadian rhythms was
observed in FOXO mutant flies, indicating the impor-
tance of FOXO in circadian rhythm (Zheng et al. 2007).
A 2-3-h quiescence period in C. elegans lethargus is
considered as sleep-like behaviour. Activation of a
stress marker DAF-16/ FOXO, a transcription factor,
was observed upon deprivation of lethargus quiescence.
In addition, the formation of dauer larvae, which re-
quires DAF-16 as promoter, confirms the role of FOXO
in sleep homeostasis (Driver et al. 2013). Ageing is
affected by genetic alterations. FOXO-signalling path-
way and other pathways such as the peroxisome,

mTOR, and AGE-RAGE-signalling pathway are key
players in longevity (Li et al. 2019). The antiageing
property of Glochidion zeylanicum, an antioxidant-rich
plant found in Thailand, is attributed to DAF-16/FOXO
and SKN-1/Nrf-2 transcription factors (Duangjan et al.
2019). The livers of aged rats and obese mice with
insulin resistance showed elevated FOXO 6 levels
(Kim et al. 2019). Ginkgo biloba extract has shown a
preservative effect on mesenteric arterioles of old rats
through vascular elasticity and AKt/FOXO3a signalling
pathway (Chen et al. 2019). Angiogenesis in the fracture
repair process is regulated by chondrocytes through
FOXO 1-dependent upregulation of VEGFA mRNA,
while silencing FOXO 1 reduces angiogenesis (Zhang
et al. 2019). Thus, a close relation between FOXO and
ageing process is a key factor in maintaining vascular
properties. However, the direct role of FOXO in SD is
still not understood.
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PARPI1

PARP-1 catalyses the covalent attachment of polymers
of ADP-ribose moieties to its target proteins (Ray
Chaudhuri and Nussenzweig 2017). PARP-1 activation
promotes DNA repair. However, high levels of PARP-1
cause cell death. Increased protein levels of orexin-A,
OXI1R, OX2R and PARP-1 and decreased protein level
of ERK1/2 are observed in the hippocampus of SD rats
(Wang et al. 2019). PARP1-1, the sensor of DNA dam-
age, is a new melatonin-dependent regulator of
senescence-associated secretory phenotype (SASP)
gene induction on oncogene-induced senescence
(OIS). Melatonin, a novel anti-SASP molecule, regu-
lates SASP through PARP1 and interrupts the interac-
tion of PARP-1 with telomeric long noncoding RNA
(IncRNA) or chromatin (Yu et al. 2017).

Reductions in lifespan and the acceleration of biological
ageing in PARP-1 deficient mice have been reported by
Piskunova et al. (2008). Acceleration in biological ageing
was measured using characteristics like body weight gain,
body temperature, oestrous cycle, behaviour, and other
biochemical indices. While the incidence of tumours was
similar in both PARP-1 deficient and wild type groups, the
inactivation of PARP-1 accelerates ageing, shortens
lifespan and increases spontaneous carcinogenesis in mice
(Piskunova et al. 2008). DNA strand breaks (DSB) in flies
and mice showed delayed DNA repair on extended awake.
In both species, the repair of DNA strands was faster in
sleep. In addition, genes responsible for DNA repair such
as PARP-1, chek2, Bree3 and Tipin were upregulated
during sleep. Cognitive performance is affected by acute
SD radiation induced DNA strand breaks (Bellesi et al.
2016). Carotid artery remodelling and damage to neuronal
tissue are studied in spontaneous hypertensive and normo-
tensive rats with and without the inhibition of PARP-1 by
L-2286, a poly (ADP-ribose) polymerase inhibitor. In-
creased oxidative stress, thickening of vascular walls with
fibrotic tissue and increased blood pressure are observed.
The inhibition of PARP-1 interrupts these processes, re-
duces apoptosis and cell death, and produces an improve-
ment in the structural and functional features of carotid
arteries. An assessment of dorsal hippocampus using
nitrotyrosine, 4-hydroxinonenal and 8-oxoguanosine im-
munohistochemistry in Cornu Ammonis 1 (CAl) of hy-
pertensive rats (Eros et al. 2017) shows that chronic inhi-
bition of PARP-1 protects neuronal tissue against oxidative
damage, suggesting that PARP-1 is involved in ageing and
blood vessel functions.
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p66Shc

p66°' is present in Xenophus, Botia Dario and
mammals but absent in Drosophila and
Caenorhabditis. The SHC1 gene is located on
chromosome 1 and encodes 3 main protein iso-
forms, p66°™, p525"° and p465™, differing in their
molecular weight. p665"™ is a longevity protein
with functions including nutrient metabolism via
tyrosine kinase signal transduction (Martins
2016). It is the first protein identified whose dele-
tion in mice prolongs life span and protects from a
variety of ageing-associated diseases without ap-
parent negative effects (Trinei et al. 2009).

Being an adaptor protein, p665"° plays a vital
role as a redox enzyme involved in mitochondrial
reactive oxygen species generation and translates
oxidative signals to apoptosis. Mice lacking p66
gene reduce the production of intracellular oxidants
and have a 30% prolonged life span. p66-deficient
mice exhibit protection against age-dependent en-
dothelial dysfunction along with age-related risk
factors such as diabetes and hypercholesterolemia
(Camici et al. 2008). p665"™ phosphorylation at
Ser36 occurs through the JNK/ERK or PKC path-
way and Racl binding to non-phosphorylated
p66°™ in endothelial cells is promoted by VEGF.
Reduction in endogenous p66°™ inhibits VEGF-
induced Racl activity and ROS production, which
in turn stimulates VEGF-induced EC migration,
proliferation and capillary-tube formation. Thus,
p665"° acts as a positive regulator of ROS-
dependent VEGFR?2 signalling in endothelial cells,
suggesting a potential role of p66Shc in
angiogenesis-dependent diseases (Oshikawa et al.
2011). Deletion of p66°™ has protective effects in
mice from ischemia/reperfusion brain injury caused
by reduction in the activation of pro-oxidant en-
zyme NADPH oxidase, a downstream target of
p66°"°, thus reducing the production of free radi-
cals (Spescha et al. 2013). p66°" deficient mice
show reduced oxidative stress and longer life span.
Increased levels of brain-derived neurotrophic fac-
tor (BDNF) and oxidative markers are observed in
hippocampus of p665™-negative adult mice (Berry
et al. 2008). From the above reports, it is clear that
p66°™ has a role in vascular health during ageing.
However, its role in sleep deprived status is yet to
be established.
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SD and learning and memory
Vascular dementia

The risk of dementia in sleep disturbances was assessed
in a multicentric longitudinal study. Midlife insomnia or
long sleep duration (> 9 h per night) were revealed to be
associated with higher late-life dementia risks (Sindi
et al. 2018). A study on the influence of lifestyle factors
on cognitive functions in an elderly community revealed
that sleep is the most closely associated with cognitive
functions. This links the importance of sleep to vascular
dementia (Kimura et al. 2019). The relation between
daily sleep duration and risk of dementia and death
was investigated in Japanese elderly population aged
60 and older. The study revealed that changes in daily
sleep duration and hypnotic use are the key risk factors
for dementia and death in Japanese elderly population
(Ohara et al. 2018). A systematic review and meta-
analysis of predictive roles of overall sleep disturbances
and their subtypes in dementia, Alzheimer’s disease and
vascular dementia subtypes showed that sleep distur-
bances may help predict the incidence of dementia (Shi
et al. 2018).

SD and dendritic spine

Dendritic spines are prominent sites for synaptic trans-
mission. Any change in the strength of synaptic connec-
tions directly alters the neuronal communications re-
quired for information storage and processing (Raven
etal. 2018). Aslittle as 5 h of SD is shown to profoundly
affect the dendritic structure in dentate gyrus of dorsal
hippocampus. The inferior blade of the dentate gyrus is
more vulnerable to spine loss than superior blade,
explaining the cognitive deficits on SD. The results
suggest the requirement for structural reorganization of
the synaptic networks for cognition (Raven et al. 2019).
Parallelly, an increase in cortical spines on waking and
spine loss during sleep were observed through two-
photon microscopy in adolescent mice (Maret et al.
2011). Formation and elimination of spines or filopodia
of layer 5 pyramidal neurons in the barrel cortex of mice
was performed in sleep and wake states. The initial
2 hours of sleep and wake had a significant impact on
the formation of spines. It was observed that the rate of
elimination was more in wakefulness than during sleep.
The observations are consistent with dendritic protru-
sion dynamics and confirm the role of sleep in

establishing plasticity of synaptic connections in the
mouse cortex (Yang and Gan 2012). The induction of
Long-term depression (LTD) through low frequency
stimulation causes shrinkage of spines (Fig. 3), which
is inverse of Long-term potentiation (LTP). Both spine
shrinkage and LTD require NMDA receptor activation
and calcineurin. Spine shrinkage is mediated through
cofilin, but not protein phosphatase 1 (PP1), which is
required for LTD (Chidambaram et al. 2019; Zhou et al.
2004). In line with this, several studies have revealed the
induction of LTD on sleep loss, which in turn may cause
loss of spines (Fig. 4) (de Vivo et al. 2019).

It is hypothesised that the cognitive benefits of sleep
include renormalization of the total synaptic strength,
after disruption caused by ongoing learning during
wake, lead to net synaptic potentiation. This was con-
firmed in cerebral cortex where cortical synapses are
found to be larger in size and length after wake and
smaller after sleep (de Vivo et al. 2019). Similarly, CA1
of the hippocampus also shows sleep/wake synaptic
changes, which is consistent with sleep-dependent
renormalization (Spano et al. 2019). Differences in tran-
scription and translation of various genes between wake
and sleep were evidenced in the cortex and hippocam-
pus of the brain (Fig. 5) (Seibt and Frank 2019).

SD, LTD, and LTP

SD is reported to inhibit spatial learning and LTP
(Nasehi et al. 2018). The ability to modulate either the
strength of neural connections or synaptic plasticity is
called metaplasticity. Five hours of SD in mice impairs
hippocampal synaptic tagging and capture (STC). Fol-
lowing SD, STC in the stratum radiatum of CA1 area is
impaired in controlling a mouse which is normal prior to
SD. Potentiation decays to baseline at the weakly stim-
ulated synapses. Thus, it is clear that SD disrupts
metaplasticity, where two independent inputs interact
to generate long-lasting LTP (Vecsey et al. 2018). Fur-
thermore, maternal SD (MSD) is associated with in-
creased neurodevelopmental disorders in the offspring.
MSD at various stages of pregnancy suppresses CAl
LTP of hippocampus, which in turn causes an increase
in LTD. MSD also reduces the expression of postsyn-
aptic GluA2-containing alpha-amino-3-hydroxy-5-
methyl-isoxazole-4-propionicacid receptors
(AMPARS). The inhibition of AMPAR endocytosis by
a synthetic peptide Tat-GluA2 (3Y) upregulates the
expression of AMPARs, reduces LTD, and restores
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Fig. 3 Effect of SD on structural
changes in spines during LTP and
LTD (Adopted with minor
modifications from Chidambaram
et al. 2019). SD attenuates LTP
and enhances LTD, while LTP
causes spine enlargement and
LTD causes spine shrinkage

spine
enlargement

mm

spine
shrinkage

e, 222

LTP (Yu et al. 2018). MSD at different stages of preg-
nancy leads to suppression of hippocampal LTP and
basal synaptic transmission. Electrophysiological re-
cordings show impaired hippocampal CA1 LTP, sup-
plemented by a decrease in the miniature excitatory
postsynaptic current in the hippocampal CA1 pyramidal
neurons (Peng et al. 2016). Another interesting study
shows that regular exercise can prevent SD-induced

HHOH
SIS RIS ¥LLS: g{

{3 ﬁi}%
ki
B

Fig. 4 Reconstruction of dendritic segments during forced wake
(EW) and sleep (S). Each row depicts the spines of a single animal
from each group (de Vivo et al. 2019) (reused as per the Sleep
journal’s copyright permission policy). Blocks of 1 mm? brain
tissue encompassing the primary motor cortex were prepared from
mice pups. Serial images were obtained through XIGMA VP field
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inhibition of late phase LTP and downregulation of
phosphorylated cAMP response element-binding pro-
tein (P-CREB) and BDNF (Zagaar et al. 2018). Sleep
reverses the increased synaptic strength and decreased
LTP-like plasticity induced by SD (Kuhn et al. 2016).
Acute REM SD for 4 h disturbs the contextual fear
conditioning and LTP and causes a reduction in the
density of Egrl/Zif268-expressing neurons in the CAl
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emission scanning electron microscope. Spiny dendritic segments
between the diameter range of 0.47-1.01 um were selected. The
results of enforced wakefulness group showed induction of shrink-
age in dendritic spines compared to sleep group. Note: The red
spines depict enforced wakefulness while the blue spines depict
sleep state
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Fig. 5 Alteration in transcription and translation of various genes
and proteins in sleep and wakefulness in the cortex and hippocam-
pus of mammals (Seibt and Frank 2019) (Reused as per the
Frontiers in System Neuroscience journal’s copyright permission
policy). Waking data includes periods of sleep deprivation <8 h.
wakefulness upregulates transcription of c-fos, Egrl, p-CREB,
Arc, and BDNF while sleep deprivation has shown decreased

SLEEP

translation of elF2a, elF4e2, elF5, Rbm3, Denr, p-mtorcl, and p-
4EBP2. The methodologies employed include microarray, quan-
titative PCR, immunohistochemistry, Western blot, in-situ-
hybridization and Rnase protection assay. The genes highlighted
in black colour are active during transcription, while those
highlighted in red are active during the translational phase
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region of dorsal hippocampus. Restoration of REM
sleep facilitates induction of both CFC consolidation
and LTP (Ravassard et al. 2016).

SD causes an increased expression of transcription
factors Zif268, c-Fos, Arc, and BDNF in the CA1 region
of the hippocampus. These factors are involved in den-
dritic protein synthesis and long-term structural changes
of synapses, leading to long lasting LTP (Ravassard
et al. 2015). Another study elucidated the effects of
SD on long-term memory consolidation and synaptic
plasticity. Impaired LTP is observed in 3 h SD mice 1 h
after training. However, SD immediately after training
does not impair spatial memory and does not affect LTP.
This suggests that 3 h is the critical window period after
training during which SD impairs hippocampal func-
tions (Prince et al. 2014).

Synaptic plasticity in sleep-deprived dendritic spines

Memory consolidation and storage is related to structur-
al changes in synaptic connectivity. Decrease in the
dendritic spine number in the CA1 region of the hippo-
campus is observed following 5 h of SD. Cofilin activity
is upregulated due to CAMP-PKA-LIMK signalling
affected by cAMP-degrading phosphodiesterase-4AS5
(PDE4AS5) during SD. However, recovery in sleep sup-
presses cofilin functions, normalizing structural alter-
ations in spines, spine loss, and deficits in hippocampal
synaptic plasticity. cAMP-PDE4-PKA-LIMK-cofilin
activation signalling pathway plays a cardinal role in
restoring SD-induced memory disruption (Havekes
et al. 2016). In the rat cortex and hippocampus,
GluR 1-containing AMPA receptors (AMPAR) levels
are found to be high during wake and low during sleep.
Modifications in the phosphorylation states of
AMPARs, CamKII, and GSK3f3 were reported, which
is in line with synaptic potentiation on wake and depres-
sion on sleep and explains the preservation of overall
balance of synaptic strength (Vyazovskiy et al. 2008).

Hippocampal neurogenesis

In a recent study by Hinojosa-Godinez. (2019), the
effect of long-term SD on hippocampal neurogenesis
was studied and epigenetic factors were involved in
modulating the responses. After an induction of 96 h,
SD was treated with melatonin and epigenetic factors
were assessed by computational text mining and key-
word clustering. The result shows increased MECP2
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expression and reduced Sirtl expression, specifically
in dentate gyrus. Increased expression of let-7b, mir-
132, and mir-124 was also observed in dentate gyrus
after the administration of melatonin. The treated groups
have more BrdU cells compared with the untreated
group. This suggests that melatonin mediates the ex-
pression of epigenetic factors, which in turn control the
proliferation of neural progenitor cells in adult dentate
gyrus under long-term SD conditions (Hinojosa-
Godinez et al. 2019). SD is associated with increased
production of proinflammatory mediators. Acute REM
SD for 3 days leads to increased IL-17A, IL-17F, and
activation of p38 MAPK in the mouse hippocampus
followed by suppression of cell proliferation in dentate
gyrus. The administration of recombinant IL-17 in mice
without SD activates MAPK and suppresses neural
progenitor cell proliferation in the dentate gyrus (Cui
et al. 2019). An inverse relationship between SD and
neurogenesis was noticed. The aged brain possesses a
lower rate of neurogenesis. Young mice treated with
cytosine-beta-D-arabinofuranoside (AraC), an antimitot-
ic agent, show sleep-wake architecture like that of aged
mice. This suggests that a decrease in hypothalamic cell
proliferation is detrimental to the sleep-wake cycle,
which is also observed in the ageing brain (Kostin
et al. 2019). Mounting evidence proposes that the hip-
pocampus is segregated anatomically and functionally
into two regions, dorsolateral controlling cognitive
functions and ventromedial regulating mood and stress
response. Regional differences in the adverse effects of
SD on hippocampal neurogenesis show a significant
decrease in the densities of Ki-67 and doublecortin
(DCX)—immunopositive cells in both dorsal and ven-
tral hippocampus. The results implicate the negative
effects of SD on hippocampal neurogenesis in both the
dorsal and ventral dentate gyrus (Murata et al. 2018). To
establish the role of sleep in the earliest periods of
nervous system development, a sleep state in Drosophila
larvae that coincides with a major wave of neurogenesis
was identified. Using real-time behavioural monitoring
in a closed loop SD, sleep loss in larvae impairs cell
division of neural progenitors. This suggests that sleep,
in early life, regulates neural stem cell proliferation
(Szuperak et al. 2018). SD also upsurges intracellular
adenosine levels and impairs neural cell proliferation
and cognition. Selective antagonistic effects of adeno-
sine A1R on adult neural cell proliferation were exam-
ined using 8-cyclopentyl-1,3-dimethylxanthine (8-CPT.
The 8-CPT treated group shows an increase in BrdU,
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Fig. 6 Effects of SD on neurogenesis analysed using BrdU stain-
ing. Adult male Sprague Dawley rats subjected to SD by small
platform (SP) method. a, b An initial decrease in BrdU
immunopositive cells in dentate gyrus of hippocampal region of
SD rats. ¢, d Subsequent increase in granular cell proliferation and
neurogenesis after 1 week of unrestricted recovery of sleep. e, f
Immunofluorescence analysis indicating maturation of neuronal

Ki-67, and DCX positive cells. BDNF was decreased in
DG and CALl regions after SD, whereas BDNF level
was increased after 8-CPT treatment (Chauhan et al.
2016). SD induces initial decrease and subsequent in-
crease in adult neurogenesis (Fig. 6) (Mirescu et al.
2006).

Dendritic spine aberrations and learning and memory

Formation of postsynaptic dendritic spines on layer V
neurons of the mouse motor cortex is promoted in sleep
after motor learning. With respect to different learning
tasks, new spines are formed on different sets of

cells after unrestricted sleep recovery. e After 1 week of BrdU
administration, BrdU positive cells showed morphological char-
acteristics of granule cells colabelled with Tujl, a marker for
immature neurons. F indicates the BrdU positive cells colabelled
with NeuN, a marker for mature neurons after 3 weeks of BrdU
administration (Mirescu et al. 2006) (reused as per the “Copyright
(1993-2008) National Academy of Sciences”)

dendritic branches and protected from elimination on
learning new tasks. The activated neurons during the
learning process are reactivated following NREM sleep,
indicating the key role of sleep in ageing and encourag-
ing learning-dependent synapse formation and mainte-
nance that contribute to memory storage (Yang et al.
2014). Memory consolidation involves synaptic consol-
idation and system consolidation. SD attenuates cAMP
signalling, CREB-mediated gene transcription, and
translation process through mTOR signalling, while
structural plasticity is inhibited through PKA-LIMK-
cofilin pathway (Havekes and Abel 2017). CSR of
18 h per day for a period of 21 days causes a decrease
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Fig. 7 Sketch outlining the effects of SD on the proposed accel-
erated brain vascular ageing. We propose that the pathological
alterations in neurochemicals and signalling molecules in SD
might be a risk factor for early brain-vascular ageing. These effects
are not reported in healthy ageing with adequate sleep. Orange

in length of dendritic tree in the CAl region of the
hippocampus. This shortening in the dendritic length is
protected by treatment with curcumin, which also pre-
vents the loss of stubby and mushroom spines
(Noorafshan et al. 2018). The p75 neurotrophin receptor
negatively modulates dendrite complexity and spine
density in hippocampal neurons (Zagrebelsky et al.
2005). Mutant male mice with a deletion of the p75
neurotrophin receptor (p75(NTR)) gene show no loss
in the structural and functional plasticity of the hippo-
campus. The detrimental effects of SD on hippocampal
cAMP-CREB-BDNF, cAMP-PKA-LIMK 1-cofilin, and
RhoA-ROCK2 pathways are also prevented in mice
lacking p75 (NTR). Hence, p75 (NTR) is a potential
novel target to protect from the detrimental effects of SD
(Wong et al. 2019). The negative effects of SD are also
linked to dysregulation in cofilin’s phosphorylation,
which is a downstream signalling pathway in the path-
ogenesis of neurodegenerative disorders such as
Alzheimer’s disease (Shaw and Bamburg 2017).
Synaptic tagging and capture (STC) is a type of
heterosynaptic metaplasticity, where combining strong
stimulation in one synaptic output with weak stimula-
tion at another input leads to long-lasting synaptic
strengthening induced by weak input. SD impairs STC
in stratum radiatum of CA1l area in hippocampus
(Vecsey et al. 2018). Aged mice show increased zinc
levels, tetani-induced late LTP and STC. These changes
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in synaptic plasticity are reversed upon zinc chelation,
which is increased with age (Shetty et al. 2017).
Twenty-four hours of SD in mice reduces the expression
of NMDA receptor subunit NR1 and excitatory post-
synaptic currents mediated by NMDAR in hippocampal
perforate path-dentate granule cell synapses. SD-
induced decrease in hippocampus-dependent contextual
memory and long-term synaptic plasticity is related to
the underlying decrease in the NMDAR expression
(Chen etal. 2006). A blockade of A1 receptor signalling
using an adenosine Al receptor antagonist, 8-
cyclopentyl-1,3-dimethylxanthine (8-CPT), is shown
to prevent SD-induced deficit in late phase LTP. The
results indicate the role of A1R activity in SD-induced
deficits in hippocampal synaptic plasticity and its po-
tential as a novel therapeutic target to reverse SD-
induced impairment in hippocampal synaptic plasticity
(Florian et al. 2011).

Conclusion

Sleep forms an indispensable component of overall
health and well-being. The loss of sleep exerts adverse
effects on not only physical health but also mental
health, particularly the cognitive functions, by triggering
various pathological factors. SD affects neurogenesis,
dendritic spines structure and functions, LTD and LTP,
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synaptic plasticity and produces cognitive decline.
These phenomena are also noted in ageing and vascular
dementia. Alteration in neurotransmitter levels (e.g. glu-
tamate, GABA, acetyl choline, and adrenaline) that
facilitate synaptic communication, is well established
in SD and ageing. Furthermore, a similar alteration in
the levels of various signalling molecules like Sirt-1,
PGCla, FOXO, PARPI, and P66™ was shown to
impose pathologically detrimental roles on vascular
structure and functions as reported in ageing.

Interpreting the data gathered from abstracting and
indexing databases suggest a striking pathological over-
lapping between SD and vascular ageing, which spurts
to propose the possible impact of SD on “early” brain-
vascular ageing (Fig. 7). Clinically, these observations
indicate that optimal sleep is required for the mainte-
nance of vascular structure and functions (including
brain vasculature) and cognitive performance. To the
best of our knowledge, this is the first manuscript pro-
viding a molecular pathological basis that links SD to
brain vascular ageing. However, further direct experi-
ments are warranted to check the validity of our infer-
ences and provide data on the exact pathological mech-
anisms that link SD to preponement of brain-vascular
ageing. One possible limitation of this review is the
limited number of articles in this area, and this may
have affected the scope of our inference.
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