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Dysfunction in circadian rhythms is a common occurrence in patients with Alzheimer’s disease. A
predominant function of the retina is circadian synchronization, carrying information to the brain
through the retinohypothalamic tract, which projects to the suprachiasmatic nucleus. Notably,
Alzheimer’s disease hallmarks, including amyloid-B, are present in the retinas of Alzheimer’s disease
patients, followed/associated by structural and functional disturbances. However, the mechanistic
link between circadian dysfunction and the pathological changes affecting the retina in Alzheimer’s

disease is not fully understood, although some studies point to the possibility that retinal dysfunction
could be considered an early pathological process that directly modulates the circadian rhythm.
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Introduction

Alzheimer’s disease (AD), the most frequent age-related neurodegenerative
disorder is characterized by neurocognitive symptoms that progress with age,
including progressive loss of memory and, finally, dementia (Ballard et al.,
2011; Barnes and Yaffe, 2011; Masters et al., 2015; Scheltens et al., 2016).
Although the etiology of AD remains largely unknown, the deposition of
amyloid-B (AB) and the formation of neurofibrillary tangles of tau protein in
the central nervous system (CNS) constitute the main features of the disease.
AD is also characterized by the common event of sleep and circadian rhythm
disturbance (Holth et al., 2017; Musiek et al., 2018). Currently, it is discussed
that these sleep and circadian alterations can be both a consequence and
a cause of neurodegeneration, inducing disease onset or exacerbating its
progression (Leng et al., 2019).

Circadian rhythms are led by oscillations of circadian clock genes in the
suprachiasmatic nucleus (SCN), but also by propagation of light information
from the retina. The SCN receives and encodes light information, projecting
circadian oscillations and signals to other brain regions. Recent findings have
helped to understand and clarify the role of the eye in regulating circadian
rhythms, mainly new data on retinal ganglion cells (RGCs) that project to
the SCN of the hypothalamus synchronizing circadian rhythms to the light-
dark cycle (Kim et al., 2019; Leng et al., 2019; Zhang et al., 2021; Brock et
al., 2022). Whether AD-related circadian rhythm abnormalities are an effect
of the altered clock gene expression, retinal degeneration, or a mixture of
both pathological processes, is still unknown. A deeper understanding of this
complex system is essential for the management of AD.

In a transgenic amyloid precursor protein (APP)/PS1 mouse model of AD,
we recently described changes in circadian clock gene expression in several
brain regions: hypothalamus, cerebral cortex, and hippocampus. In addition,
alterations of hypothalamic GABAergic response were observed in APP/PS1

mice, correlating with a decrease in RHT projections in the SCN. Additionally,
we detected in the retina of APP/PS1 mice AB deposits, loss of melanopsin
RGCs (mMRGCs), decrease of choline acetyltransferase levels together with
functional integrity, leading to retinal degeneration in contrast with age-
matched WT mice (Carrero et al., 2023). Considering our findings in addition
to other author contributions (Kim et al., 2019; Leng et al., 2019; La Morgia
et al., 2021; Zhang et al., 2021; Brock et al., 2022), the theory that AD retinal
degeneration plays an important role in affecting circadian rhythm control
from early stages of the disease before clinical symptoms appear, gains
importance. Then, here we propose to review and discuss the association
between brain and retinal AR accumulation and the control of circadian
rhythm.

Search Strategy

We conducted an exhaustive search within the PubMed database for articles
published in English up to 2018 with the terms “Alzheimer’s disease”,
“circadian rhythm”, “retinal degeneration”, “sleep deprivation”, “circadian
clock genes”, “retinal amyloid”, “brain amyloid”, among others. We focused
on references published within the past 5 years, except for key or landmark
studies in the field. The final reference list was made on the basis of relevance
to the theme of this Review.

Alzheimer’s Disease Pathology

AD, the most common degenerative CNS disease in the elderly, is a
progressive and lastly fatal neurodegenerative disorder. According to the
Alzheimer’s Association, AD accounts for approximately 60-80% of dementia
cases (No authors listed, 2022). Faced an increasingly aging society, the
number of AD patients and socioeconomic problems will increase severely. The
central clinical features are cognitive dysfunction, memory loss, and abnormal
behavior changes. The neuropathological hallmarks for AD are extracellular
deposition of AR peptides, known as amyloid plaques, intracellular
neurofibrillary tangles comprised of accumulated hyperphosphorylated tau
(pTau) protein in neurons, neuroinflammation, synaptic alterations, and
neuronal loss (Guo et al., 2020).

Many theories try to explain the pathogenesis of AD; however, the primary
causes and ideal treatments are still undeciphered. Most of the proposed
pathogenic mechanisms are based on two fundamental hypotheses:
the amyloid cascade hypothesis and the tau hyperphosphorylation
hypothesis. One of them, the amyloidogenic pathway, may be involved
in the pathogenesis of AD. The AB cascade hypothesis has been the most
dominant theory explaining the pathogenesis of AD. This hypothesis suggests
that the extracellular deposition of AB is the initial pathological episode in
AD, followed by the intracellular accumulation of abnormal tau proteins in
neurofibrillary tangles. These pathological alterations, directly or indirectly,
induce synaptic and neuronal dysfunction, and finally, the clinical symptoms
of dementia (Hardy and Selkoe, 2002). Currently, the goals of therapeutic
strategies based on the AB hypothesis are to reduce AB formation and
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aggregation and increase AP clearance. Based on the amyloid cascade
hypothesis, it is believed that the clearance of brain AR deposition may treat
AD reducing its progression. This hypothesis promoted the development of
new anti-AB drugs to prevent AB aggregation in the brain in the last decades.
Although they were able to reduce AR deposition (Klein et al., 2019) they did
not reach the primary endpoint because they cannot delay the progression
of the disease (Honig et al., 2018; Alexander et al., 2021; Knopman et al.,
2021). It was highlighted that the pathogenesis of AD is more complex and
multifactorial, and the underlying cause of pathological changes in AD is still
unknown.

It is time to explore other processes and new pathogenic mechanisms. In AD,
neurons undergo genomic destabilization, DNA damage/oxidation, epigenetic
alterations, telomere shortening, reductions and alterations in metabolic
pathways, and mitochondria dysfunctions (Guo et al., 2020; Song et al.,
2021). Glial activation also contributes to AD pathogenesis through oxidative
stress, inflammation, and immunomodulation (Zhao et al., 2020; Singh, 2022).
AD is clinically heterogeneous, with numerous risk factors that affect its
clinical and neuropathologic progression. Most AD patients experience some
form of sleep disruption that is highly disruptive to quality of life (Petrovsky
et al., 2018). It is hypothesized that sleep disturbances might appear prior
to other clinical symptoms and contribute to the preclinical cascade of
neuropathological events. Recent efforts have elucidated overlapping
mechanisms underlying sleep disturbances and AD pathophysiology, reviewed
by Kent et al., 2021. The pre-mild cognitive impairment (MCI) stage is a slow
and asymptomatic phase characterized by its duration in time, up to 20 years
prior to the first cognitive symptoms and diagnosis of AD. In this pre-clinical
stage, besides amyloid and tau hallmarks, disturbances of sleep, vision,
hearing, and olfaction occur (Figure 1).
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Figure 1 | Hypothesis of markers and symptoms progression in Alzheimer’s disease.
Created with canva.com. MCl: Mild cognitive impairment; Y: years.

Many authors support the role of alterations in the visual (Asanad et al., 2021;
Jafiez-Garcia et al., 2021; Snyder et al., 2021; Koronyo et al., 2023) or the
olfactory system (Brai et al., 2020) in preclinical stages as reliable biomarkers
for early detection and progression of the disease. Bearing in mind these
altered mechanisms in the preclinical phases, new horizons for the detection
of biomarkers in organic fluids such as saliva or tears, and new therapeutic
applications in AD, are presented.

Circadian Clock

The circadian clock is a 24-hour-endogenous biological clock that control
physiological and behavioral functions such as cognition, sleep, immune
response, or metabolism (Figure 2). The circadian clock can be modulated
by external clues, being sunlight the most potent factor (Herzog, 2007;
Nassan and Videnovic, 2022). Beginning on the retina, the environmental
light is transmitted to the SCN, mainly via the RHT. In addition to the photic
stimulus and to a lesser extent, there are no photic components, which
also have a role in regulating the circadian cycle through the SCN. For
example, physical activity, feeding schedules, or temperature are exogenous
factors that contribute to regulating circadian rhythms along with light
stimuli. Furthermore, there are peripheral clocks distributed in all tissues,
synchronized with SCN via neural and/or humoral pathways (Nassan and
Videnovic, 2022; Figure 2).

Circadian rhythms are generated in highly specialized cells of specific
structures that control a complex network of coupled self-sustained clocks in
the brain and the peripheral organs. In mammals, the central or master clock
of the circadian network is located in the SCN in the anterior hypothalamus
and is responsible for coordinating rhythms throughout the body and in
different regions of the brain. Specialized neurons of the SCN receive direct
synaptic input from the retina, synchronizing activity to the external light-
dark cycle. Light input serves to synchronize the core cellular clock machinery
in SCN neurons, which keeps 24-hour time and in turn synchronizes cellular
clocks throughout the body. The molecular clock is a cellular transcription-
translation feedback loop that involves the clock gene product BMAL1 that
interacts with its partner CLOCK to drive transcription of their negative
feedback repressors, PER1-3, and CRY1-2, present in nearly all cells of the
body. This transcriptional feedback loop maintains 24-hour rhythms in gene
expression that are required for behavioral and physiologic rhythmicity at
the organismal level (Leng et al., 2019). This circadian system comprised a
central clock in the SCN and subsidiary peripheral clocks in neuronal and non-
neuronal cells and tissues (Dibner et al., 2010; Nassan and Videnovic, 2022).
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Figure 2 | Structure and regulation of circadian rhythm.

Retina-mediated photic information and other exogenous factors transmit signals to the
SCN that synchronizes peripheral clocks. All these circadian clocks control physiological
and behavioral functions. Created with canva.com. RHT: Retino-hypothalamic tract; SCN:
suprachiasmatic nucleus.

New investigations have shown the presence of peripheral clocks in extra-
hypothalamic areas of the CNS (Rath et al., 2014; Lim et al., 2017; Fusilier
et al., 2021). A distributed network of extra SCN brain regions contains
autonomous oscillators, which support circadian function. These secondary
oscillators also rely on feedback loops comprising clock genes and proteins.
However, the role of the clock pathway in the SCN and extra-SCN regions
is thought to be distinct and reflective of the function of each brain region.
Therefore, the disruption to the expression of clock genes in specific areas
of the brain might contribute to the clinical phenomenology of AD although
it cannot address the question as to whether this disruption is a cause or an
effect of the neurodegenerative processes.

Circadian Rhythm Dysfunction in Alzheimer’s
Disease

In the last years, although disruption of circadian rhythm oscillations is
common in older adults, this disturbance is more severe in people with
neurodegenerative disease. Changes in sleep patterns are common in patients
with AD and other dementias. They may wake up often during the night and
find it hard to get back to sleep. Sleep fragmentation is an event of repetitive
awakenings during sleep, in which the duration between each awakening is
shortened, and often indicates a decrease in sleep quality. Enlarged sleep
fragmentation due to intermittent nocturnal activation may lead to reduced
total sleep time and sleep efficiency (Li et al., 2018). This warning sign is more
widespread in MCl and AD patients (Mander et al., 2015; Musiek et al., 2018;
Palmer et al., 2018). Besides sleep disturbance, there is growing interest
in the association between sleep duration and dementia (Fan et al., 2019;
Liang et al., 2019; Kent et al., 2021). Observational studies show both short
and long sleep duration to be associated with an increased risk of cognitive
decline and dementia (Liang et al., 2019). A recent study showed that short
sleep duration in midlife is associated with a higher risk of dementia later in
life, independently of sociodemographic, behavioral, cardio-metabolic, and
mental health factors (Sabia et al., 2021). It has been suggested that sleep
disturbances contribute to cognitive decline and increase the risk of AD by
increasing the brain’s AB burden (Shi et al., 2018; Irwin and Vitiello, 2019).
Experimental studies support the detrimental effect of sleep deprivation
on cognitive performance and AB clearance (Shokri-Kojori et al., 2018). The
glymphatic system, responsible for cleaning waste from components from
the CNS, is deteriorated in AD patients, decreasing brain homeostasis and
the elimination of AB deposits (lliff et al., 2012, 2013; Municio et al., 2023).
Additionally, this waste-removal mechanism is partly regulated by circadian
rhythms and sleep (Shokri-Kojori et al., 2018).

Although disruption of sleep and circadian rhythm are considered
consequences of neurodegenerative diseases, more recently it has been
described the presence of sleep disorders long before the onset of AD (Wang
and Holtzman, 2020). Additionally, increasing evidences show that sleep
and circadian rhythm disruptions may induce neuroinflammation, reduce AB
clearance efficacy, increase reactive oxygen species levels, and disturb blood-
brain-barrier (Musiek and Holtzman, 2016; Cuddapah et al., 2019; Uddin et
al., 2020; Navigatore Fonzo et al., 2021). AB deposits in sleep-wake regulatory
brain regions contribute to sleep deprivation in older adults through severe
impact on circadian rhythm regulation (Musiek et al., 2018).

Sleep deprivation also causes increased pTau accumulation. It has been
reported that tau levels in the brain interstitial fluid in mice and cerebrospinal
fluid in humans are enhanced by sleep deprivation (Holth et al., 2019). In
a triple transgenic AD mouse model, sleep restrictions produced a higher
accumulation of pTau in the cerebral cortex (Rothman et al., 2013). Another
study using the same AD mouse model, reported an increase in pTau
insoluble fraction, associated with lower levels of postsynaptic density protein
95 (Di Meco et al., 2014). These results are consistent with the fact that
circadian rhythms require synaptic coordination at the molecular and cellular
levels for their maintenance. Then, tau-related pathologies may disturb
synaptic plasticity leading to circadian rhythm disruption. In agreement
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with this theory, in a mouse model of tauopathy, the expression of the core
clock protein such as PER2 and BMAL1 was altered in the SCN of these mice
(Stevanovic et al., 2017). On the contrary, the tau protein plays a crucial role
in the regulation of circadian rhythm, based on its properties stability and
dynamic (Tracy and Gan, 2018), and its loss induces dysregulation of circadian
rhythm (Arnes et al., 2019).

In the last five years, new data have reported circadian dysfunction in AD
patients focused on the relation with the disease progression. It is postulated
that alterations in circadian rhythm may be indicative of neurodegeneration
due to AR deposition (Kang et al., 2021). Whereas circadian rhythm
disturbances have been described in symptomatic AD patients with moderate
to severe dementia (Liguori et al., 2014; La Morgia et al., 2016; Weissova
et al., 2016; Pillai et al., 2021; Targa et al., 2021), few studies have reported
in the pre-symptomatic phase of the disease. One study with preclinical
AD patients found disturbances of rest-activity rhythm demonstrating that
circadian fragmentation occurs very early in the course of AD pathogenesis
and precedes cognitive symptom onset (Musiek et al., 2018). More recently,
altered circadian rest/activity rhythms were observed in MCI patients
compared to control subjects (Alfini et al., 2021). It was also reported
association of disrupted sleep with early brain AB accumulation in older
cognitively unimpaired adults, demonstrating a circadian rhythm dependence
of sleep in preventing A neuropathology (Insel et al., 2021).

To research molecular mechanisms involved in circadian rhythm disturbance
and AD, a number of studies have been developed in mice models. A recent
study using APP/PS1 transgenic mice showed that chronic sleep deprivation
abnormal expression of clock genes in the circadian rhythm-related nuclei,
impaired learning and memory, and further exaggerated disease progression
in these AD mice (Niu et al., 2022). Senescence-accelerated mouse prone-8
mice also display sleep-wake and rhythm disturbances similarly than AD
patients (Beuckmann et al., 2021). Moreover, circadian disruption could
promote the development of AD in a mouse model of type 2 diabetes mellitus
(Huang et al., 2021). These findings highlight the potential link between the
disruption of circadian rhythm and the development of AD.

In our previous study, we show altered circadian clock gene expression in APP/
PS1 mice in the hypothalamus, and two extra-hypothalamic brain regions,
such as cerebral cortex and hippocampus, although here these alterations
were less severe (Carrero et al., 2023). These transgenic mice already showed
abnormal expression of clock genes at 6 months of age, increasing at 12
months, consistent with more advanced stages of pathology. Indeed, we
proposed a linking between these alterations in the clock pathway with the
brain AB pathology. Notably, it is known that AR could induce degradation
and/or abnormal expression of clock genes, including ARNTL and PER2 (Song
et al, 2015; Wang et al, 2020). Based on the AB accumulation in hypothalamic
neurons, we propose a direct association in this brain region between altered
expression of circadian clock genes and AB accumulation on the control of
circadian rhythm (Carrero et al., 2023). Consequently, our results suggest that
AB-related pathology is related to changes in the expression of circadian clock
genes.

However, we cannot rule out that the changes in clock gene expression respond
to signals that reach the SCN from the retina through the RHT. Since we found
an important deficit of RHT projections connecting in the hypothalamus in APP/
PS1 mice, we propose that this reduced input pathway would result in abnormal
hypothalamic activity. Supporting this hypothesis, we found dysfunction of the
GABAergic pathway in the hypothalamus of these transgenic mice (Carrero et
al., 2023). Notably, reduced SCN content of GABA, a neurotransmitter used by
light signals to reach the SCN from the retina through RHT (Albers et al., 2017),
has been recently associated with dysregulation of the circadian rhythm (Ono et
al., 2018; Sonoda et al., 2020). Therefore, retina-related downregulation could
be directly associated with altered expression of clock genes and consequently
with circadian rhythm disruption.

Retina Pathology in Alzheimer’s Disease

Despite the molecular oscillation in the SCN, the central circadian clock, is
first considered to be involved in circadian disturbances in AD, it does not
completely explain the alterations of circadian behavior. Importantly, the
SCN responds to external environmental cues, such as light/dark cycles, by
specific RGCs. The retina is the light-detective tissue in the eye that forms
our image and non-image vision. The retina is a heterogeneous tissue made
up of a series of stratified cell layers, including photoreceptor cells and glial
cells that capture the light signal, transform photon energy into an electrical
signal, and transports it to the brain through RGCs as electrical and chemical
signals (Wassle, 2004; Palczewski, 2012). Photoreceptors are cells specialized
to sense or receive light and convert light energy into neural impulses (Kefaloy,
2012). More in detail and upon illumination, photon absorption by visual
pigments in the photoreceptors initiates a transduction cascade that results
in membrane hyperpolarization, decreasing glutamate in proportion to
increases in light intensity (Ebrey and Koutalos, 2001; Arshavsky et al., 2002).
Photoreceptors contact by synapse with other retinal cell, including horizontal
cells and bipolar cells that relay photoreceptor signals from the outer retina
to amacrine cells and RGCs in the inner retina. The dendrites of RGCs receive
different combinations of excitatory and inhibitory inputs from bipolar cells
and amacrine cells (Masland, 2012). Briefly, the retina is composed of vertical
and horizontal pathways: photoreceptors transmit light signals to bipolar cells,
which provide excitatory inputs to RGCs. This vertical pathway is modulated
by horizontal inhibition from horizontal cells and amacrine cells.
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However, the retina does not merely respond to ambient light passively, all
of the retinal cells are known to have circadian oscillators, allowing retinal
functions. These functions include the regulation of several behavioral and
physiological functions, such as circadian rhythm. The role of the retina in
regulating circadian rhythm has been clarified with the discovery of these
intrinsically photosensitive mRGCs (Berson et al., 2002; Hattar et al., 2002).
These mRGCs may receive light information from rods and cones but also
in the absence of them, so they were also called intrinsically photosensitive
(ip)RGCs (Berson et al., 2002; Hattar et al., 2002; Panda et al., 2002; Lucas
et al., 2003). These cells constitute a small subset (4-5%) of RGCs giving
rise to the RHT through which they project to the SCN of the hypothalamus
synchronizing circadian rhythms to the light-dark cycle (Schmidt et al., 2011).
In addition to their projections to the SCN, ipRGCs also project to other
rodent brain regions, also involved in the regulation of circadian rhythms and
sleep (Schmidt et al., 2011). Severe optic nerve and RGC degeneration with
altered electroretinography responses are key manifestations associated with
AD pathology (Doustar et al., 2017).

Evidence from histological and imaging examination in patients with MCl and
AD reveals that the retina is vastly affected by AD pathology, showing similar
alterations than those shown in the brain. Optical coherence tomography
measurements have shown that there is a thinning of the retina in AD
patients (Hart et al., 2016; Cunha et al., 2017; Doustar et al., 2017). Although
several studies reported retinal nerve fiber layer (RNFL) thickness reduction
in AD patients (Trebbastoni et al., 2016; Cunha et al., 2017; Jafiez-Escalada
et al.,, 2019), other authors have described no significant differences in RNFL
thickness between MCI or AD patients and control groups (Lad et al., 2018;
den Haan et al., 2019; van de Kreeke et al., 2019). Aiming to clarify these
contradictory findings, mouse models of AD have been used to perform
longitudinal studies that assess retinal pathology. Using 3xTg-AD mice, the
thinning of the innermost retinal layers was detected at 4 months of age
(Chiquita et al., 2019). Moreover, the thinning observed in the inner retina
sub-layers, at earlymonths, seemed to spread to almost every analyzed retinal
layer from 8 months onwards (Chiquita et al., 2019).

However, in other mice models of AD, as App""°" knock-in mouse, which
is characterized by physiological expression of humanized mouse APP in
disease-relevant central nervous system regions and cell types, no differences
in the overall thickness of the retina layers were identified at any age
(Vandenabeele et al., 2021). In double transgenic (APP/PS1) mice, there were
also no significant differences in the thicknesses of the retinal nerve fiber
layers between transgenic and control mice (Chidlow et al., 2017). In our
recent study, we described morphological alterations in the retina of APP/PS1
mice but did not include appreciable changes in the thickness of the layers
(Carrero et al., 2023), accordingly with these last reports (Chidlow et al., 2017;
Vandenabeele et al., 2021).

Many studies have used the detection of retinal neurodegeneration to
monitor the progression of AD. For example, thinner RNFL was associated
with increased risks for dementia including AD (Mutlu et al., 2018). RNFL
consists of axons of the ganglion cells guided to the CNS through the optic
nerve. In addition, the thickness of RNFL and the volume of the macular
ganglion cell layer were significantly decreased in AD patients (Santangelo
et al., 2020). Moreover, a cross-sectional study has validated the association
between structural and functional alterations of the retina and neuroimaging
biomarkers in preclinical AD patients (Byun et al., 2021). This retinal neural
degeneration has also been reported in different AD transgenic mice. RGC
degeneration was described in 12-month-old Tg2576 mice compared with
age-matched littermates and correlated with synaptic dysfunction mediated
by hippocampal dendritic spine loss (Bevan et al., 2020). RGCs are particularly
susceptible to AD-related damage because of their intraocular unmyelinated
axons, high-energy demand, and complex dendritic trees (Inman and Harun-
Or-Rashid, 2017). The loss of these cells may be a consequence of their
increased energy demand and number of excitatory glutamatergic synapses
(Williams et al., 2010). However, the possible mechanisms involved in
the degeneration of cells and the optic nerve involved in the alterations
described in AD are not well understood. It has been described that the
functioning of retinal cells can be altered by defects into neurotransmitter
such as acetylcholine (ACh) (Ngoo et al., 2019). ACh modulates glutamatergic
transmission in retinal axons, being essential in the visual signal pathway
(Mackey et al., 2012). In our previous study, we described lower retinal levels
of ChAT, an enzyme involved in the synthesis of ACh, in APP/PS1 mice (Carrero
et al., 2023). Therefore, we propose that ACh-mediated synaptic transmission
would be compromised in the RGCs projections leading to reduced inputs
that reach the SCN.

Accordingly, with the loss of RGCs projections, we also found a decrease in
the mRGCs account in this mouse model of AD, similar than that reported
in post-mortem AD retinas (La Morgia et al., 2016). More recently, an
increased number of retinal AR plaques was reported in AD patients (Koronyo
et al., 2017). Soluble AB oligomers, which are the main trigger for AD
pathophysiology, have been observed in the retinas of AD transgenic mice
(Habiba et al., 2020; Habiba et al., 2021; Vandenabeele et al., 2021). Several
studies have shown that RGC apoptosis is associated with increased retinal
AB deposits induced by in vivo AB administration (Guo et al., 2007; Mohd
Lazaldin et al., 2020; Lazaldin et al., 2023). We also found AB deposition in the
retina of APP/PS1 mice (Carrero et al., 2023). These findings are in agreement
with those from a human study that reported AB deposits in the retina of AD
patients (den Haan et al., 2018).
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In addition to retinal AR deposition, pTau has also been reported in the retinas
of AD patients (Schon et al., 2012; den Haan et al., 2018), and transgenic
mouse models of AD (Alexandrov et al., 2011). pTau immunoreactivity was
reported in retinal layers, from the ganglion cell layer to the outer nuclear
layer (Liu et al., 2009). Particularly, pTau was detected in the somas and
axons of RGCs (Yang et al., 2013; Chiasseu et al., 2017). Notably, retinal tau
accumulation occurred as an early event, even preceding brain tauophaty and
behavioral impairment (Chiasseu et al., 2017). Moreover, using an anti-tau
therapy approach, pTau-related retinal pathology was diminished, reinforcing
the relevant role of tau modulating retinal degeneration in AD (Latina et al.,
2021).

Furthermore, retinal degeneration can be assessed using in vivo methods,
such as using electroretinography (ERG). ERG assessment is a noninvasive eye
exam that provides the bioelectrical activity of RGCs. Some studies indicate
retinal dysfunction in mouse models of AB deposition using this technical
approach (Gupta et al., 2016; Criscuolo et al., 2018; Georgevsky et al., 2019;
Lim et al., 2020; McAnany et al., 2021; Frame et al., 2022).

Our recent study proposes that APP/PS1 mice show reduced ERG response,
mainly at the inner retinal neurons at younger ages (6 months), but is
enhanced at older ages (12 months) (Carrero et al., 2023). These findings
agree with a longitudinal in vivo study in APP/PS1 mice showing that the
function and structure of the inner retina was impaired with age, and started
earlier than other alterations as cognitive impairment (Georgevsky et al.,
2019). In other AD models such as 5xFAD mice, there are also selective inner
retina deficits associated with age (McAnany et al., 2021). In summary, we,
and others (Frame et al., 2022) consider that a reduction in ERG amplitude
can be indicative of decreased RGC function or loss of RGCs. Notably,
electrophysiological evidence of RGC dysfunction in AD patients, as reflected
by a diminished ERG response, was provided three decades ago. However,
more recently, ERG detected significant RGC dysfunction in pre-symptomatic
AD (Asanad et al., 2021). Thus, all these findings suggest that ERG of the
retina may be used as a screening tool for the detection of AD (Asanad et al.,
2021).

Conclusion

In Figure 3, we represent the main summary points of this review. In AD, brain
AB accumulation could induce altered expression of circadian clock genes,
including degradation of clock genes such as ARNTL and PER2. This data
suggests a direct connection of AB burden affecting the control of circadian
rhythm. Desynchronization of circadian rhythms induces deregulation of sleep
that could be the cause of changes in sleep patterns observed in AD patients.
Sleep disturbance becomes a detrimental circle lowering AB clearance efficacy
that contributes to increasing the brain’s AB burden and neuroinflammation.
Thus, these alterations contribute to exacerbating the neurodegeneration
process that leads to AD pathology.
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Figure 3 | Potential relationship between retina dysfunction and circadian rhythms
in Alzheimer’s disease.
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However, AB deposition was also found in the eyes of patients and mouse
models of AD, associated with RGC degeneration, including synaptic
dysfunction and loss of RGC activity and number. Since RGC projections
connect to the SCN, receiving direct synaptic input from the retina that
contributes to circadian cycle synchronization, we cannot exclude that the
changes in clock gene expression respond to retinal degeneration. Thus,
circadian rhythm dysfunction and sleep abnormalities could be direct
consequences of these retinal pathologies in AD.

Based on our hypothesis, reducing retinal degeneration and restoring
regular circadian rhythms could be used as potential therapeutic strategies
for AD, preventing the progress of the disease as well as mitigating their
related symptoms. For instance, several clinical studies using long-term light
treatment revealed attenuated cognitive decline and depressive symptoms
(Riemersma-van der Lek et al., 2008; Figueiro et al., 2019; Zou et al.,
2022). Neuroprotective molecules were also tested in the retina, including
metformin (Domalpally et al., 2023), or flower extracts with y-secretase
inhibitory activities in the preservation of retinal ganglion cells (Hasegawa et

al., 2020). However, the application of these interventions related to retinal
circadian rhythm dysfunction in AD is a promising but relatively new field.
Many questions remain to be addressed and further studies will be necessary
to answer them.

Author contributions: Conceptualization: CM and EC; investigation: LC, DA,
CM, and EC; resources: LC, DA, CM, and EC; writing-original draft preparation:
CM and EC; writing-review and editing: CM and EC; funding acquisition: EC. All
authors have read and agreed to the published version of the manuscript.
Conflicts of interest: The authors declare no conflicts of interest.

Data availability statement: Not applicable.

Open access statement: This is an open access journal, and

articles are distributed under the terms of the Creative Commons
AttributionNonCommercial-ShareAlike 4.0 License, which allows others

to remix, tweak, and build upon the work non-commercially, as long as
appropriate credit is given and the new creations are licensed under the
identical terms.

References

Albers HE, Walton JC, Gamble KL, McNeill JKt, Hummer DL (2017) The dynamics of GABA
signaling: Revelations from the circadian pacemaker in the suprachiasmatic nucleus.
Front Neuroendocrinol 44:35-82.

Alexander GC, Emerson S, Kesselheim AS (2021) Evaluation of aducanumab for Alzheimer
disease: scientific evidence and regulatory review involving efficacy, safety, and futility.
JAMA 325:1717-1718.

Alexandrov PN, Pogue A, Bhattacharjee S, Lukiw WJ (2011) Retinal amyloid peptides
and complement factor H in transgenic models of Alzheimer’s disease. Neuroreport
22:623-627.

Alfini A, Albert M, Faria AV, Soldan A, Pettigrew C, Wanigatunga S, Zipunnikov V, Spira
AP (2021) Associations of actigraphic sleep and circadian rest/activity rhythms with
cognition in the early phase of Alzheimer’s disease. Sleep Adv 2:2pab007.

Arnes M, Alaniz ME, Karam CS, Cho JD, Lopez G, Javitch JA, Santa-Maria | (2019) Role
of Tau protein in remodeling of circadian neuronal circuits and sleep. Front Aging
Neurosci 11:320.

Arshavsky VY, Lamb TD, Pugh EN, Jr. (2002) G proteins and phototransduction. Annu Rev
Physiol 64:153-187.

Asanad S, Felix CM, Fantini M, Harrington MG, Sadun AA, Karanjia R (2021) Retinal
ganglion cell dysfunction in preclinical Alzheimer’s disease: an electrophysiologic
biomarker signature. Sci Rep 11:6344.

Ballard C, Gauthier S, Corbett A, Brayne C, Aarsland D, Jones E (2011) Alzheimer’s
disease. Lancet 377:1019-1031.

Barnes DE, Yaffe K (2011) The projected effect of risk factor reduction on Alzheimer’s
disease prevalence. Lancet Neurol 10:819-828.

Berson DM, Dunn FA, Takao M (2002) Phototransduction by retinal ganglion cells that set
the circadian clock. Science 295:1070-1073.

Beuckmann CT, Suzuki H, Musiek ES, Ueno T, Sato T, Bando M, Osada Y, Moline M (2021)
Evaluation of SAMP8 mice as a model for sleep-wake and rhythm disturbances
associated with Alzheimer’s disease: impact of treatment with the dual orexin
(Hypocretin) receptor antagonist lemborexant. J Alzheimers Dis 81:1151-1167.

Bevan RJ, Hughes TR, Williams PA, Good MA, Morgan BP, Morgan JE (2020) Retinal
ganglion cell degeneration correlates with hippocampal spine loss in experimental
Alzheimer’s disease. Acta Neuropathol Commun 8:216.

Brai E, Hummel T, Alberi L (2020) Smell, an underrated early biomarker for brain aging.
Front Neurosci 14:792.

Brock O, Gelegen C, Sully P, Salgarella |, Jager P, Menage L, Mehta |, Jeczmien-tazur J,
Djama D, Strother L, Coculla A, Vernon AC, Brickley S, Holland P, Cooke SF, Delogu A
(2022) A role for thalamic projection GABAergic neurons in circadian responses to
light. J Neurosci 42:9158-9179.

Byun MS, Park SW, Lee JH, Yi D, Jeon SY, Choi HJ, Joung H, Ghim UH, Park UC, Kim YK,
Shin SA, Yu HG, Lee DY (2021) Association of retinal changes With Alzheimer disease
neuroimaging biomarkers in cognitively normal individuals. JAMA Ophthalmol
139:548-556.

Carrero L, Antequera D, Alcalde |, Megias D, Figueiro-Silva J, Merayo-Lloves J, Municio C,
Carro E (2023) Disturbed circadian rhythm and retinal degeneration in a mouse model
of Alzheimer’s disease. Acta Neuropathol Commun 11:55.

Chiasseu M, Alarcon-Martinez L, Belforte N, Quintero H, Dotigny F, Destroismaisons
L, Vande Velde C, Panayi F, Louis C, Di Polo A (2017) Tau accumulation in the retina
promotes early neuronal dysfunction and precedes brain pathology in a mouse model
of Alzheimer’s disease. Mol Neurodegener 12:58.

Chidlow G, Wood JP, Manavis J, Finnie J, Casson RJ (2017) Investigations into retinal
pathology in the early stages of a mouse model of Alzheimer’s disease. J Alzheimers
Dis 56:655-675.

Chiquita S, Campos EJ, Castelhano J, Ribeiro M, Sereno J, Moreira PI, Castelo-Branco M,
Ambrosio AF (2019) Retinal thinning of inner sub-layers is associated with cortical
atrophy in a mouse model of Alzheimer’s disease: a longitudinal multimodal in vivo
study. Alzheimers Res Ther 11:90.

Criscuolo C, Cerri E, Fabiani C, Capsoni S, Cattaneo A, Domenici L (2018) The retina as a
window to early dysfunctions of Alzheimer’s disease following studies with a 5xFAD
mouse model. Neurobiol Aging 67:181-188.

1970 | NEURAL REGENERATION RESEARCH | Vol 19 | No.9 | September 2024



Review

o
NEURAL REGENERATION RESEARCH ¢
www.nrronline.org MM

INGTSHIBA+ZM8AAAAVO/FIAEIDYIHSALLIAYIPOOAEIEAHION/ADAUMYTXD

MADUOINX YOHISABZIYTCA+erNIOITWNOTZTABN HABSHAQUE AQ SUIJUOLIU/WOD MM|'S[euInol//:dny wouy papeojumod

120¢/8T/€0 uo

Cuddapah VA, Zhang SL, Sehgal A (2019) Regulation of the blood-brain barrier by
circadian rhythms and sleep. Trends Neurosci 42:500-510.

Cunha JP, Proenca R, Dias-Santos A, Melancia D, Almeida R, Aguas H, Santos BO, Alves
M, Ferreira J, Papoila AL, Louro C, Castanheira-Dinis A (2017) Choroidal thinning:
Alzheimer’s disease and aging. Alzheimers Dement (Amst) 8:11-17.

den Haan J, Morrema THJ, Verbraak FD, de Boer JF, Scheltens P, Rozemuller AJ, Bergen
AAB, Bouwman FH, Hoozemans JJ (2018) Amyloid-beta and phosphorylated tau in
post-mortem Alzheimer’s disease retinas. Acta Neuropathol Commun 6:147.

den Haan J, van de Kreeke JA, Konijnenberg E, ten Kate M, den Braber A, Barkhof F, van
Berckel BN, Teunissen CE, Scheltens P, Visser PJ, Verbraak FD, Bouwman FH (2019)
Retinal thickness as a potential biomarker in patients with amyloid-proven early- and
late-onset Alzheimer’s disease. Alzheimers Dement (Amst) 11:463-471.

Di Meco A, Joshi YB, Pratico D (2014) Sleep deprivation impairs memory, tau metabolism,
and synaptic integrity of a mouse model of Alzheimer’s disease with plaques and
tangles. Neurobiol Aging 35:1813-1820.

Dibner C, Schibler U, Albrecht U (2010) The mammalian circadian timing system:
organization and coordination of central and peripheral clocks. Annu Rev Physiol
72:517-549.

Domalpally A, Whittier SA, Pan Q, Dabelea DM, Darwin CH, Knowler WC, Lee CG,
Luchsinger JA, White NH, Chew EY (2023) Association of metformin with the
development of age-related macular degeneration. JAMA Ophthalmol 141:140-147.

Doustar J, Torbati T, Black KL, Koronyo Y, Koronyo-Hamaoui M (2017) Optical coherence
tomography in Alzheimer’s disease and other neurodegenerative diseases. Front
Neurol 8:701.

Ebrey T, Koutalos Y (2001) Vertebrate photoreceptors. Prog Retin Eye Res 20:49-94.

FanL, Xu W, Cai Y, Hu Y, Wu C (2019) Sleep duration and the risk of dementia: a
systematic review and meta-analysis of prospective cohort studies. J Am Med Dir
Assoc 20:1480-1487.

Figueiro MG, Plitnick B, Roohan C, Sahin L, Kalsher M, Rea MS (2019) Effects of a tailored
lighting intervention on sleep quality, rest-activity, mood, and behavior in older adults
with Alzheimer disease and related dementias: a randomized clinical trial. J Clin Sleep
Med 15:1757-1767.

Frame G, Schuller A, Smith MA, Crish SD, Dengler-Crish CM (2022) Alterations in retinal
signaling across age and sex in 3xTg Alzheimer’s disease mice. J Alzheimers Dis
88:471-492.

Georgevsky D, Retsas S, Raoufi N, Shimoni O, Golzan SM (2019) A longitudinal
assessment of retinal function and structure in the APP/PS1 transgenic mouse model
of Alzheimer’s disease. Trans| Neurodegener 8:30.

Guo L, Salt TE, Luong V, Wood N, Cheung W, Maass A, Ferrari G, Russo-Marie F, Sillito
AM, Cheetham ME, Moss SE, Fitzke FW, Cordeiro MF (2007) Targeting amyloid-beta in
glaucoma treatment. Proc Natl Acad Sci U S A 104:13444-13449.

Guo T, Zhang D, Zeng Y, Huang TY, Xu H, Zhao Y (2020) Molecular and cellular mechanisms
underlying the pathogenesis of Alzheimer’s disease. Mol Neurodegener 15:40.

Gupta VK, Chitranshi N, Gupta VB, Golzan M, Dheer Y, Wall RV, Georgevsky D, King AE,
Vickers JC, Chung R, Graham S (2016) Amyloid B accumulation and inner retinal
degenerative changes in Alzheimer’s disease transgenic mouse. Neurosci Lett 623:52-
56.

Habiba U, Merlin S, Lim JKH, Wong VHY, Nguyen CTO, Morley JW, Bui BV, Tayebi M
(2020) Age-specific retinal and cerebral immunodetection of amyloid-B plaques and
oligomers in a rodent model of Alzheimer’s disease. J Alzheimers Dis 76:1135-1150.

Habiba U, Descallar J, Kreilaus F, Adhikari UK, Kumar S, Morley JW, Bui BV, Koronyo-
Hamaoui M, Tayebi M (2021) Detection of retinal and blood AR oligomers with
nanobodies. Alzheimers Dement (Amst) 13:e12193.

Hardy J, Selkoe DJ (2002) The amyloid hypothesis of Alzheimer’s disease: progress and
problems on the road to therapeutics. Science 297:353-356.

Hart NJ, Koronyo Y, Black KL, Koronyo-Hamaoui M (2016) Ocular indicators of Alzheimer’s:
exploring disease in the retina. Acta Neuropathol 132:767-787.

Hasegawa T, Ikeda HO, Iwai S, Sasaoka N, Kakizuka A, Tsujikawa A (2020) Hop flower
extracts mitigate retinal ganglion cell degeneration in a glaucoma mouse model. Sci
Rep 10:21653.

Hattar S, Liao HW, Takao M, Berson DM, Yau KW (2002) Melanopsin-containing retinal
ganglion cells: architecture, projections, and intrinsic photosensitivity. Science
295:1065-1070.

Herzog ED (2007) Neurons and networks in daily rhythms. Nat Rev Neurosci 8:790-802.

Holth J, Patel T, Holtzman DM (2017) Sleep in Alzheimer’s disease- beyond amyloid.
Neurobiol Sleep Circadian Rhythms 2:4-14.

Holth JK, Fritschi SK, Wang C, Pedersen NP, Cirrito JR, Mahan TE, Finn MB, Manis M,
Geerling JC, Fuller PM, Lucey BP, Holtzman DM (2019) The sleep-wake cycle regulates
brain interstitial fluid tau in mice and CSF tau in humans. Science 363:880-884.

Honig LS, Vellas B, Woodward M, Boada M, Bullock R, Borrie M, Hager K, Andreasen
N, Scarpini E, Liu-Seifert H, Case M, Dean RA, Hake A, Sundell K, Poole Hoffmann
V, Carlson C, Khanna R, Mintun M, DeMattos R, Selzler KJ, et al. (2018) Trial of
solanezumab for mild dementia due to Alzheimer’s disease. N Engl J Med 378:321-
330.

Huang J, Peng X, Fan R, Dong K, Shi X, Zhang S, Yu X, Yang Y (2021) Disruption of circadian
clocks promotes progression of Alzheimer’s disease in diabetic mice. Mol Neurobiol
58:4404-4412.

1liff JJ, Wang M, Liao Y, Plogg BA, Peng W, Gundersen GA, Benveniste H, Vates GE, Deane
R, Goldman SA, Nagelhus EA, Nedergaard M (2012) A paravascular pathway facilitates
CSF flow through the brain parenchyma and the clearance of interstitial solutes,
including amyloid B. Sci Transl Med 4:147ral111.

liff JJ, Lee H, Yu M, Feng T, Logan J, Nedergaard M, Benveniste H (2013) Brain-wide
pathway for waste clearance captured by contrast-enhanced MRI. J Clin Invest
123:1299-1309.

Inman DM, Harun-Or-Rashid M (2017) Metabolic vulnerability in the neurodegenerative
disease glaucoma. Front Neurosci 11:146.

Insel PS, Mohlenhoff BS, Neylan TC, Krystal AD, Mackin RS (2021) Association of sleep
and B-amyloid pathology among older cognitively unimpaired adults. JAMA Netw
Open 4:e2117573.

Irwin MR, Vitiello MV (2019) Implications of sleep disturbance and inflammation for
Alzheimer’s disease dementia. Lancet Neurol 18:296-306.

Jafiez-Escalada L, Jafiez-Garcia L, Salobrar-Garcia E, Santos-Mayo A, de Hoz R, Yubero R,
Gil P, Ramirez JM (2019) Spatial analysis of thickness changes in ten retinal layers of
Alzheimer’s disease patients based on optical coherence tomography. Sci Rep 9:13000.

Jafiez-Garcia L, Bachtoula O, Salobrar-Garcia E, de Hoz R, Ramirez Al, Gil P, Ramirez JM,
Janez-Escalada L (2021) Roughness of retinal layers in Alzheimer’s disease. Sci Rep
11:11804.

Kang J, Choi HJ, Isaacs GD, Sung W, Kim HJ (2021) Amyloid burden in Alzheimer’s disease
patients is associated with alterations in circadian rhythm. Dement Neurocogn Disord
20:99-107.

Kefalov VJ (2012) Rod and cone visual pigments and phototransduction through
pharmacological, genetic, and physiological approaches. J Biol Chem 287:1635-1641.

Kent BA, Feldman HH, Nygaard HB (2021) Sleep and its regulation: an emerging
pathogenic and treatment frontier in Alzheimer’s disease. Prog Neurobiol 197:101902.

Kim KY, Rios LC, Le H, Perez AJ, Phan S, Bushong EA, Deerinck TJ, Liu YH, Ellisman MA, Lev-
RamV, JuS, Panda SA, Yoon S, Hirayama M, Mure LS, Hatori M, Ellisman MH, Panda S
(2019) Synaptic specializations of melanopsin-retinal ganglion cells in multiple brain
regions revealed by genetic label for light and electron microscopy. Cell Rep 29:628-
644.

Klein G, Delmar P, Voyle N, Rehal S, Hofmann C, Abi-Saab D, Andjelkovic M, Ristic S, Wang
G, Bateman R, Kerchner GA, Baudler M, Fontoura P, Doody R (2019) Gantenerumab
reduces amyloid-f plaques in patients with prodromal to moderate Alzheimer’s
disease: a PET substudy interim analysis. Alzheimers Res Ther 11:101.

Knopman DS, Jones DT, Greicius MD (2021) Failure to demonstrate efficacy of
aducanumab: an analysis of the EMERGE and ENGAGE trials as reported by Biogen,
December 2019. Alzheimers Dement 17:696-701.

Koronyo Y, Biggs D, Barron E, Boyer DS, Pearlman JA, Au WJ, Kile SJ, Blanco A, Fuchs
DT, Ashfag A, Frautschy S, Cole GM, Miller CA, Hinton DR, Verdooner SR, Black KL,
Koronyo-Hamaoui M (2017) Retinal amyloid pathology and proof-of-concept imaging
trial in Alzheimer’s disease. JCl Insight 2:93621.

Koronyo Y, Rentsendorj A, Mirzaei N, Regis GC, Sheyn J, Shi H, Barron E, Cook-Wiens
G, Rodriguez AR, Medeiros R, Paulo JA, Gupta VB, Kramerov AA, Ljubimov AV, Van
Eyk JE, Graham SL, Gupta VK, Ringman JM, Hinton DR, Miller CA, et al. (2023)

Retinal pathological features and proteome signatures of Alzheimer’s disease. Acta
Neuropathol 145:409-438.

La Morgia C, Ross-Cisneros FN, Koronyo Y, Hannibal J, Gallassi R, Cantalupo G, Sambati L,
Pan BX, Tozer KR, Barboni P, Provini F, Avanzini P, Carbonelli M, Pelosi A, Chui H, Liguori
R, Baruzzi A, Koronyo-Hamaoui M, Sadun AA, Carelli V (2016) Melanopsin retinal
ganglion cell loss in Alzheimer disease. Ann Neurol 79:90-109.

La Morgia C, Carelli V, Sadun AA (2021) Retina and melanopsin neurons. Handb Clin
Neurol 179:315-329.

Lad EM, Mukherjee D, Stinnett SS, Cousins SW, Potter GG, Burke JR, Farsiu S, Whitson HE
(2018) Evaluation of inner retinal layers as biomarkers in mild cognitive impairment to
moderate Alzheimer’s disease. PLoS One 13:20192646.

Latina V, Giacovazzo G, Cordella F, Balzamino BO, Micera A, Varano M, Marchetti C,
Malerba F, Florio R, Ercole BB, La Regina F, Atlante A, Coccurello R, Di Angelantonio
S, Calissano P, Amadoro G (2021) Systemic delivery of a specific antibody targeting
the pathological N-terminal truncated tau peptide reduces retinal degeneration in a
mouse model of Alzheimer’s Disease. Acta Neuropathol Commun 9:38.

Lazaldin MAM, lezhitsa |, Agarwal R, Agarwal P, Ismail NM (2023) Neuroprotective effects
of exogenous brain-derived neurotrophic factor on amyloid-beta 1-40-induced retinal
degeneration. Neural Regen Res 18:382-388.

Leng Y, Musiek ES, Hu K, Cappuccio FP, Yaffe K (2019) Association between circadian
rhythms and neurodegenerative diseases. Lancet Neurol 18:307-318.

Li J, Vitiello MV, Gooneratne NS (2018) Sleep in normal aging. Sleep Med Clin 13:1-11.

Liang Y, Qu LB, Liu H (2019) Non-linear associations between sleep duration and the risks
of mild cognitive impairment/dementia and cognitive decline: a dose-response meta-
analysis of observational studies. Aging Clin Exp Res 31:309-320.

Liguori C, Romigi A, Nuccetelli M, Zannino S, Sancesario G, Martorana A, Albanese M,
Mercuri NB, 1zzi F, Bernardini S, Nitti A, Sancesario GM, Sica F, Marciani MG, Placidi F
(2014) Orexinergic system dysregulation, sleep impairment, and cognitive decline in
Alzheimer disease. JAMA Neurol 71:1498-1505.

Lim JKH, Li QX, He Z, Vingrys AJ, Chinnery HR, Mullen J, Bui BV, Nguyen CTO (2020)
Retinal functional and structural changes in the 5xFAD mouse model of Alzheimer’s
disease. Front Neurosci 14:862.

Liu B, Rasool S, Yang Z, Glabe CG, Schreiber SS, Ge J, Tan Z (2009) Amyloid-peptide
vaccinations reduce {beta}-amyloid plaques but exacerbate vascular deposition and
inflammation in the retina of Alzheimer’s transgenic mice. Am J Pathol 175:2099-
2110.

NEURAL REGENERATION RESEARCH | Vol 19 | No. 9 | September 2024 | 1971



INGTSHIBA+ZM8AAAAVO/FIAEIDYIHSALLIAYIPOOAEIEAHION/ADAUMYTXD

MADUOINX YOHISABZIYTCA+erNIOITWNOTZTABN HABSHAQUE AQ SUIJUOLIU/WOD MM|'S[euInol//:dny wouy papeojumod

120¢/8T/€0 uo

NEURAL REGENERATION RESEARCH

o
i :
“«5 - Www.nrronllne.org

Review

Lucas RJ, Hattar S, Takao M, Berson DM, Foster RG, Yau KW (2003) Diminished pupillary
light reflex at high irradiances in melanopsin-knockout mice. Science 299:245-247.

Mackey ED, Engle SE, Kim MR, O’Neill HC, Wageman CR, Patzlaff NE, Wang Y, Grady SR,
MclIntosh JM, Marks MJ, Lester HA, Drenan RM (2012) a6* nicotinic acetylcholine
receptor expression and function in a visual salience circuit. J Neurosci 32:10226-
10237.

Mander BA, Marks SM, Vogel JW, Rao V, Lu B, Saletin JM, Ancoli-Israel S, Jagust WJ,
Walker MP (2015) B-amyloid disrupts human NREM slow waves and related
hippocampus-dependent memory consolidation. Nat Neurosci 18:1051-1057.

Masland RH (2012) The neuronal organization of the retina. Neuron 76:266-280.

Masters CL, Bateman R, Blennow K, Rowe CC, Sperling RA, Cummings JL (2015)
Alzheimer’s disease. Nat Rev Dis Primers 1:15056.

McAnany JJ, Matei N, Chen YF, Liu K, Park JC, Shahidi M (2021) Rod pathway and cone
pathway retinal dysfunction in the 5xFAD mouse model of Alzheimer’s disease. Sci
Rep 11:4824.

Mohd Lazaldin MA, lezhitsa |, Agarwal R, Bakar NS, Agarwal P, Mohd Ismail N (2020)
Neuroprotective effects of brain-derived neurotrophic factor against amyloid beta
1-40-induced retinal and optic nerve damage. Eur J Neurosci 51:2394-2411.

Municio C, Carrero L, Antequera D, Carro E (2023) Choroid plexus aquaporins in CSF
homeostasis and the glymphatic system: their relevance for Alzheimer’s disease. Int J
Mol Sci 24:878.

Musiek ES, Holtzman DM (2016) Mechanisms linking circadian clocks, sleep, and
neurodegeneration. Science 354:1004-1008.

Musiek ES, Bhimasani M, Zangrilli MA, Morris JC, Holtzman DM, Ju YS (2018) Circadian
rest-activity pattern changes in aging and preclinical Alzheimer disease. JAMA Neurol
75:582-590.

Mutlu U, Colijn JM, Ikram MA, Bonnemaijer PWM, Licher S, Wolters FJ, Tiemeier H,
Koudstaal PJ, Klaver CCW, Ikram MK (2018) Association of retinal neurodegeneration
on optical coherence tomography with dementia: a population-based study. JAMA
Neurol 75:1256-1263.

Nassan M, Videnovic A (2022) Circadian rhythms in neurodegenerative disorders. Nat
Rev Neurol 18:7-24.

Navigatore Fonzo L, Alfaro M, Mazaferro P, Golini R, Jorge L, Cecilia Della Vedova M,
Ramirez D, Delsouc B, Casais M, Anzulovich AC (2021) An intracerebroventricular
injection of amyloid-beta peptide (1-42) aggregates modifies daily temporal
organization of clock factors expression, protein carbonyls and antioxidant enzymes in
the rat hippocampus. Brain Res 1767:147449.

Ngoo QZ, Wan Hitam WH, Ab Razak A (2019) Evaluation of retinal nerve fiber layer
thickness, electroretinogram and visual evoked potential in patients with Alzheimer’s
disease. J Ophthalmol 2019:6248185.

Niu L, Zhang F, Xu X, Yang Y, Li S, Liu H, Le W (2022) Chronic sleep deprivation altered
the expression of circadian clock genes and aggravated Alzheimer’s disease
neuropathology. Brain Pathol 32:e13028.

No authors listed (2022) 2022 Alzheimer’s disease facts and figures. Alzheimers Dement
18:700-789.

Ono D, Honma K, Yanagawa Y, Yamanaka A, Honma S (2018) Role of GABA in the
regulation of the central circadian clock of the suprachiasmatic nucleus. J Physiol Sci
68:333-343.

Palczewski K (2012) Chemistry and biology of vision. J Biol Chem 287:1612-1619.

Palmer K, Mitolo M, Burgio F, Meneghello F, Venneri A (2018) Sleep disturbance in mild
cognitive impairment and association with cognitive functioning. a case-control study.
Front Aging Neurosci 10:360.

Panda S, Sato TK, Castrucci AM, Rollag MD, DeGrip WJ, Hogenesch JB, Provencio |, Kay
SA (2002) Melanopsin (Opn4) requirement for normal light-induced circadian phase
shifting. Science 298:2213-2216.

Petrovsky DV, McPhillips MV, Li J, Brody A, Caffeé L, Hodgson NA (2018) Sleep disruption
and quality of life in persons with dementia: a state-of-the-art review. Geriatr Nurs
39:640-645.

Pillai JA, Bena J, Bekris LM, Foldvary-Schaefer N, Heinzinger C, Rao S, Rao SM,

Leverenz JB, Mehra R (2021) Unique sleep and circadian rhythm dysfunction
neuroinflammatory and immune profiles in Alzheimer’s disease with mild cognitive
impairment. J Alzheimers Dis 81:487-492.

Riemersma-van der Lek RF, Swaab DF, Twisk J, Hol EM, Hoogendijk WJ, Van Someren EJ
(2008) Effect of bright light and melatonin on cognitive and noncognitive function
in elderly residents of group care facilities: a randomized controlled trial. JAMA
299:2642-2655.

Rothman SM, Herdener N, Frankola KA, Mughal MR, Mattson MP (2013) Chronic mild
sleep restriction accentuates contextual memory impairments, and accumulations of
cortical AB and pTau in a mouse model of Alzheimer’s disease. Brain Res 1529:200-
208.

Sabia S, Fayosse A, Dumurgier J, van Hees VT, Paquet C, Sommerlad A, Kivimaki M,
Dugravot A, Singh-Manoux A (2021) Association of sleep duration in middle and old
age with incidence of dementia. Nat Commun 12:2289.

Santangelo R, Huang SC, Bernasconi MP, Falautano M, Comi G, Magnani G, Leocani L
(2020) Neuro-retina might reflect Alzheimer’s disease stage. J Alzheimers Dis 77:1455-
1468.

Scheltens P, Blennow K, Breteler MM, de Strooper B, Frisoni GB, Salloway S, Van der Flier
WM (2016) Alzheimer’s disease. Lancet 388:505-517.

Schmidt TM, Do MT, Dacey D, Lucas R, Hattar S, Matynia A (2011) Melanopsin-positive
intrinsically photosensitive retinal ganglion cells: from form to function. J Neurosci
31:16094-16101.

Schon C, Hoffmann NA, Ochs SM, Burgold S, Filser S, Steinbach S, Seeliger MW, Arzberger
T, Goedert M, Kretzschmar HA, Schmidt B, Herms J (2012) Long-term in vivo imaging
of fibrillar tau in the retina of P301S transgenic mice. PLoS One 7:€53547.

Shi L, Chen SJ, Ma MY, Bao YP, Han Y, Wang YM, Shi J, Vitiello MV, Lu L (2018) Sleep
disturbances increase the risk of dementia: a systematic review and meta-analysis.
Sleep Med Rev 40:4-16.

Shokri-Kojori E, Wang GJ, Wiers CE, Demiral SB, Guo M, Kim SW, Lindgren E, Ramirez V,
Zehra A, Freeman C, Miller G, Manza P, Srivastava T, De Santi S, Tomasi D, Benveniste
H, Volkow ND (2018) B-Amyloid accumulation in the human brain after one night of
sleep deprivation. Proc Natl Acad Sci U S A 115:4483-4488.

Singh D (2022) Astrocytic and microglial cells as the modulators of neuroinflammation in
Alzheimer’s disease. J Neuroinflammation 19:206.

Snyder PJ, Alber J, Alt C, Bain LJ, Bouma BE, Bouwman FH, DeBuc DC, Campbell MCW,
Carrillo MC, Chew EY, Cordeiro MF, Duefias MR, Fernandez BM, Koronyo-Hamaoui
M, La Morgia C, Carare RO, Sadda SR, van Wijngaarden P, Snyder HM (2021) Retinal
imaging in Alzheimer’s and neurodegenerative diseases. Alzheimers Dement 17:103-
111

Song T, Song X, Zhu C, Patrick R, Skurla M, Santangelo |, Green M, Harper D, Ren B,
Forester BP, Ongiir D, Du F (2021) Mitochondrial dysfunction, oxidative stress,
neuroinflammation, and metabolic alterations in the progression of Alzheimer’s
disease: a meta-analysis of in vivo magnetic resonance spectroscopy studies. Ageing
Res Rev 72:101503.

Sonoda T, Li JY, Hayes NW, Chan JC, Okabe Y, Belin S, Nawabi H, Schmidt TM (2020)

A noncanonical inhibitory circuit dampens behavioral sensitivity to light. Science
368:527-531.

Stevanovic K, Yunus A, Joly-Amado A, Gordon M, Morgan D, Gulick D, Gamsby J (2017)
Disruption of normal circadian clock function in a mouse model of tauopathy. Exp
Neurol 294:58-67.

Targa ADS, Benitez ID, Dakterzada F, Fontenele-Araujo J, Minguez O, Zetterberg H,
Blennow K, Barbé F, Pifiol-Ripoll G (2021) The circadian rest-activity pattern predicts
cognitive decline among mild-moderate Alzheimer’s disease patients. Alzheimers Res
Ther 13:161.

Tracy TE, Gan L (2018) Tau-mediated synaptic and neuronal dysfunction in
neurodegenerative disease. Curr Opin Neurobiol 51:134-138.

Trebbastoni A, D’Antonio F, Bruscolini A, Marcelli M, Cecere M, Campanelli A, Imbriano
L, de Lena C, Gharbiya M (2016) Retinal nerve fibre layer thickness changes in
Alzheimer’s disease: results from a 12-month prospective case series. Neurosci Lett
629:165-170.

Uddin MS, Tewari D, Mamun AA, Kabir MT, Niaz K, Wahed MII, Barreto GE, Ashraf
GM (2020) Circadian and sleep dysfunction in Alzheimer’s disease. Ageing Res Rev
60:101046.

van de Kreeke JA, Nguyen HT, den Haan J, Konijnenberg E, Tomassen J, den Braber A,
Ten Kate M, Collij L, Yagub M, van Berckel B, Lammertsma AA, Boomsma DI, Tan HS,
Verbraak FD, Visser PJ (2019) Retinal layer thickness in preclinical Alzheimer’s disease.
Acta Ophthalmol 97:798-804.

Vandenabeele M, Veys L, Lemmens S, Hadoux X, Gelders G, Masin L, Serneels L, Theunis J,
Saito T, Saido TC, Jayapala M, De Boever P, De Strooper B, Stalmans I, van Wijngaarden
P, Moons L, De Groef L (2021) The App(NL-G-F) mouse retina is a site for preclinical
Alzheimer’s disease diagnosis and research. Acta Neuropathol Commun 9:6.

Wang C, Holtzman DM (2020) Bidirectional relationship between sleep and Alzheimer’s
disease: role of amyloid, tau, and other factors. Neuropsychopharmacology 45:104-
120.

Wassle H (2004) Parallel processing in the mammalian retina. Nat Rev Neurosci 5:747-757.

Weissova K, Bartos A, Sladek M, Novakové M, Sumova A (2016) Moderate changes in the
circadian system of Alzheimer’s disease patients detected in their home environment.
PLoS One 11:e0146200.

Williams PA, Morgan JE, Votruba M (2010) Opa1l deficiency in a mouse model of
dominant optic atrophy leads to retinal ganglion cell dendropathy. Brain 133:2942-
2951.

Yang Y, Shiao C, Hemingway JF, Jorstad NL, Shalloway BR, Chang R, Keene CD (2013)
Suppressed retinal degeneration in aged wild type and APPswe/PS1AE9 mice by bone
marrow transplantation. PLoS One 8:e64246.

Zhang Z, Beier C, Weil T, Hattar S (2021) The retinal ipRGC-preoptic circuit mediates the
acute effect of light on sleep. Nat Commun 12:5115.

Zhao N, Ren'Y, Yamazaki Y, Qiao W, Li F, Felton LM, Mahmoudiandehkordi S, Kueider-
Paisley A, Sonoustoun B, Arnold M, Shue F, Zheng J, Attrebi ON, Martens YA, Li
Z, Bastea L, Meneses AD, Chen K, Thompson JW, St John-Williams L, et al. (2020)
Alzheimer’s risk factors age, APOE genotype, and sex drive distinct molecular
pathways. Neuron 106:727-742.

Zou C, Mei X, Li X, Hu J, Xu T, Zheng C (2022) Effect of light therapy on delirium in older
patients with Alzheimer’s disease-related dementia. J Psychiatr Res 149:124-127.

C-Editors: Zhao M, Liu WJ, Qiu Y; T-Editor: Jia Y

1972 | NEURAL REGENERATION RESEARCH | Vol 19 | No. 9 | September 2024



