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Abstract

Tauopathies, a group of neurodegenerative diseases that includes Alzheimer’s disease, commonly lead to distur-
bances in sleep-wake patterns and circadian rhythm disorders. The circadian rhythm, a recurring 24-hour cycle gov-
erning human biological activity, is regulated by the hypothalamic suprachiasmatic nucleus (SCN) and endogenous
transcriptional-translational feedback loops. Surprisingly, little attention has been given to investigating tauopathy-
driven neuropathology in the SCN and the repercussions of SCN and circadian gene dysfunction in the human

brain affected by tauopathies. This review aims to provide an overview of the current literature on the vulnerability
of the SCN in tauopathies in humans. Emphasis is placed on elucidating the neuronal and glial changes contributing
to the widespread disruption of the molecular circadian clock. Furthermore, this review identifies areas of knowledge
requiring further investigation.
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Sleep-wake dyshomeostasis and circadian distur- institutionalization [1, 2]. Therefore, understanding

bances are among the most distressing symptoms
in Alzheimer’s disease (AD) and non-AD tauopa-
thies, often leading to significant medical, health, and
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the neuronal and molecular basis of the association
between tau-driven neurodegeneration and the neu-
ronal system regulating sleep-wake-circadian systems
is critical for developing tailored treatments to mitigate
these symptoms. Over recent years, a handful of studies
have delved into the neural foundations of sleep-wake
dyshomeostasis within specific human tauopathies.
Despite the suprachiasmatic nucleus (SCN) being the
master brain clock, little attention has been given to
investigating tauopathy-related neuropathology in the
SCN and the repercussions of SCN degeneration and
circadian gene dysfunction in the human brains affected
by tauopathies. This review summarizes the existing
literature evidencing the vulnerability of the SCN in
human tauopathies. Given the current understand-
ing of circadian dysfunction within these conditions,
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we offer potential avenues for future research. Empha-
sis is placed on elucidating the neuronal and glial
changes contributing to the widespread disruption of
the molecular circadian clock. Furthermore, this review
explores the reciprocal influences of gliosis and immune
response within the SCN that can concomitantly con-
tribute to exacerbating tauopathies.

For this review, searched the literature for the following
terms: “Alzheimer’s disease’, “Progressive supranuclear
palsy’, “Neurodegenerative disease’, “Sleep-wake distur-
bance’, “Pathology’, “Tau’, “Amyloid’, “Suprachiasmatic
nucleus’, “Circadian rhythm’ “Circadian gene’; “Glia’,
“Astrocyte’, “Microglia’; and “Inflammation” Most of the
papers found have been published in the last 5 years,
underscoring the recent and substantial surge in research
interest within this field.

Tauopathies

Tauopathy is an umbrella term encompassing more than
20 well-defined, progressive neurodegenerative entities
characterized by abnormal accumulation of protein tau
in neurons and glial cells [3, 4]. Sporadic tauopathies are
classified based on the pattern of morphological distri-
bution of the inclusions, what types of cells accumulate
tau, and the biochemical composition of tau inclusions,
namely predominance of three microtubule-binding
repeat (3R) tau, four microtubule-binding repeat (4R)

Predominant 3R
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tau or a combination of both (3R/4R) [3] (Fig. 1). Exam-
ples of 3R/4R tauopathies, include AD, chronic traumatic
encephalopathy (CTE). Due to the absence of a consen-
sus regarding whether primary age-related tauopathy
(PART) should be classified as a subtype of Alzheimer’s
disease (AD) or considered independently, we have incor-
porated PART into our literature search independently
[5, 6]. Pick’s disease (PiD) falls into the 3R category. Pro-
gressive supranuclear palsy (PSP), corticobasal degenera-
tion (CBD), globular glial tauopathy (GGT), argyrophilic
grain disease (AGD), and aging-related tau astrogliopathy
(ARTAG) belong to the 4R category [3]. Familial tauopa-
thies exhibit distinct clinicopathological phenotypes
depending on the specific microtubule-associated pro-
tein tau (MAPT) mutation [4, 7].

Sleep-wake disorders in tauopathies

The control of sleep and wake behavior involves the inter-
action of two processes, sleep homeostasis and circadian
rhythm (also known as processes S and C, respectively)
[8]. Sleep homeostasis involves the gradual increase
of sleep pressure that develops as a function of succes-
sive hours of being awake. Sleep behavior dissipates the
accrued sleep pressure derived from wakeful activity
and reduces the pathological impact of prolonged wake
on the performance of the neuronal system. The circa-
dian rhythm regulates a biological clock, a daily cycle of

y in 3R, 4R, and 3R/4R tauopathies. Abbreviations: 3R: Three

microtubule-binding repeats, 4R: Four microtubule-binding repeats, 3R/4R: A combination of three and four microtubule-binding repeats, PiD: Pick's
disease, AD: Alzheimer’s disease, PART: Primary age-related tauopathy, CTE: Chronic traumatic encephalopathy, PSP: Progressive supranuclear palsy,
GGT: Globular glial tauopathy, ARTAG: Aging-related tau astrogliopathy, AGD: Argyrophilic grain disease, CBD: Corticobasal degeneration. Scale bar:
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an alerting signal, that maintains wakefulness during the
day while sleep readiness progressively grows, and then
recedes in diurnal species when darkness falls, permitting
sleep to naturally occur at night. Process C is entrained
to the light-dark cycle and other environmental cues
called Zeitgebers. Therefore, a rhythmic balance of two
processes (interaction) results in a regular sleep-wake
cycle entrained in the light-dark cycle. Circadian rhythm
disorders can produce periods of abnormal sleepiness
and wakefulness across the 24-hourday. This review is
particularly focused on the neuronal basis of process C
dysfunction in tauopathies. While sleep-wake homeosta-
sis and circadian functions have been examined only in
a limited number of tauopathies, the studies conducted
have provided evidence of dysfunction, occasionally
manifesting as early-stage symptoms (Table 1) [24-26].
Notably, these disturbances show distinctive phenotypes
in the different tauopathies. For instance, PSP features
short sleep duration, decreased rapid eye movement
(REM) sleep and slow wave sleep (SWS), daytime hyper-
arousal, and reduced sleep drive [24, 27, 28], a unique
pattern among neurodegenerative disorders. Sleep/
wake dyshomeostasis in AD involves increasing noc-
turnal awakenings, normal sleep duration, a prominent
decrease in SWS [29-33], and a propensity for daytime
sleep as measured by the Multiple Sleep Latency Test
[25, 31, 34, 35]. A limited number of studies have delved
into the examination of sleep-wake patterns in corticoba-
sal syndrome, serving as a proxy for CBD. The findings
from these studies have presented conflicting results,
with some indicating only slight distinctions compared
to control groups, while others suggest a pattern resem-
bling what is observed in AD. In certain cases, there have
even been indications of the potential presence of REM

Table 1 Evidence from clinical and neuronal
pathologically confirmed tauopathies
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behavior disorder [20, 36]. Unfortunately, only one-third
of corticobasal syndrome cases exhibit CBD pathology
[37], and the majority of these studies did not involve
cases with postmortem examinations, making it chal-
lenging to arrive at definitive conclusions. A neuropatho-
logical study with autopsy confirmed CBD cases show
preservation of wake-promoting neurons [38]. Although
more systematic studies are needed, CTE is associated
with REM sleep disorder [39]. In recent years, a few stud-
ies have begun to uncover insights into tau-associated
neurodegeneration affecting the brain’s nuclei responsi-
ble for regulating sleep and wake patterns [38, 40]. While
these studies remain relatively scarce and have been lim-
ited in scope due to the complexity of conducting such
research in humans, they have revealed a distinct pattern
of neurodegeneration linked to specific tauopathies that
starts to inform therapeutic strategies [28, 41].

Circadian dysfunction in tauopathies

While it is a challenging task to distinguish circadian
function from sleep-wake homeostasis due to their intri-
cate interconnection, research exploring disruptions in
circadian rhythms, such as alterations in period, phase,
and amplitude of rest/active brain activity as well as
automatic physical responses (e.g., body temperature,
heart rate, and respiratory rate and hormone levels in
plasma/saliva (e.g., melatonin and corticotropin-releasing
hormone), has indicated the existence of circadian dys-
function in the few tauopathies tested (i.e. AD and PSP)
[42—-45]. Winer and colleagues compared actigraphy data
with tau-PET and amyloid-PET tracer retention and
found an association between tau burden (but not amy-
loid burden) and sleep fragmentation [46]. PSP patients
exhibit worsened circadian activity rhythms, including a

investigations of sleep-wake dyshomeostasis and circadian dysregulations in

Tauopathies (confirmed pathologically) with sleep-
wake dyshomeostasis and circadian dysregulations

Evidence of sleep-wake-circadian
disturbances in clinical records

Investigation of the neuronal basis Reference ?

of sleep-wake disturbances ?

3R+4R Alzheimer's disease (AD) Yes
Chronic traumatic encephalopathy (CTE) Yes
Postencephalitic parkinsonism Yes
Primary age-related tauopathy (PART) Not tested

4R Progressive supranuclear palsy (PSP) Yes
Corticobasal degeneration (CBD) Yes
Argyrophilic grain disease (AGD) No
Aging-related tau astrogliopathy (ARTAG) No
Globular oligodendroglial inclusions (GGT) Not tested

3R Pick’s disease (PiD) Yes

Yes [9-15]
Yes [16-18]
Not tested [19]
Not tested

Yes [20,21]
Yes [11,20]
Not tested

Not tested

Not tested

Not tested [22,23]

a) Specifically for involvement of sleep/wake-promoting nuclei or SCN
b) A case study (1 case)
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decrease in amplitude and mesor compared to the age-
matched control [47]. In studies with a limited number
of patients and controls, individuals with PSP showed a
significant increase in nighttime core-body temperature
than those with Parkinson’s disease, a synucleinopathy
[48], and a higher nighttime blood pressure compared to
controls [49]. Higher tau-PET tracer retention was cor-
related with lower daytime body temperature in a cogni-
tively normal adult [50]. In summary, despite the limited
number of studies and methodological constraints, there
is confluent evidence of circadian dysfunction in tauopa-
thies. This evidence points to a disease-specific circadian
dysfunction pattern that warrants a thorough exploration
of the underlying mechanisms. For instance, this could
involve mapping the scope and repercussions of tauopa-
thies within the human SCN, which serves as the central
circadian clock.

The suprachiasmatic nucleus and regulation

of the circadian rhythm

The human SCN are bilateral structures of approxi-
mately 50,000 neurons each, located in the anterior
hypothalamus [9]. The SCN acts as the central circa-
dian pacemaker, playing a vital role in regulating and
synchronizing circadian rhythms and cellular sleep-
wake cycles through direct connections to various
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hypothalamic nuclei and subcortical regions (Fig. 2).
SCN integrity is crucial for maintaining sleep homeo-
stasis and circadian clock rhythmic within the sleep-
wake regulatory network [51].

Circadian regulation is a complex process that
involves several elements. The mammalian circadian
clock is a hierarchically organized system, coordi-
nated by the bilateral SCN. The role of the SCN in
regulating circadian rhythms encompasses three
main aspects. First, the SCN network operates as an
afferent/efferent neural circuit, directly influencing
circadian rhythms through interconnected pathways
(Fig. 2). Second, neuromodulatory cells within the
SCN modulate the central circadian clock mecha-
nism (Fig. 3). Finally, on a molecular level, individual
cells throughout the body possess their own cell-
autonomous transcriptional-translational feedback
loop (TTFL) involving the transcription of “circa-
dian genes” (Fig. 4). These genes, in turn, activate the
transcription of various other genes, with multiple
negative and positive feedback loops, all of which are
ultimately governed by the SCN. As an impairment
in any of these components could lead to circadian
disruptions in tauopathies, it is crucial to assess their
functionality in these diseases to guide preventive
measures and treatment strategies.

DR
MnR

LY

Fig. 2 The suprachiasmatic nucleus circuitry, including its monosynaptically connected regions. Scheme of the human brain depicting the SCN
and its monosynaptic afferent (in red) and efferent (in green) projections. Abbreviations: BNST: Bed nucleus of the stria terminalis, DR, MnR: Dorsal
and median raphe nucleus, DMH: Dorsomedial hypothalamic nucleus, GHT: Geniculohypothalamic tract, IGL: Thalamic intergeniculate leaflet, LHN:
Lateral habenula nucleus in thalamus, mPOA: Medial preoptic area, PVN: paraventricular nucleus of the hypothalamus, PVT: Paraventricular thalamic

nucleus, RHT: Retinohypothalamic tract, SCN: Suprachiasmatic nucleus
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Fig. 3 The topographical organization of the SCN. More than ten distinct neuronal populations have been identified in the suprachiasmatic
nucleus (SCN), but the primary neuronal populations responsible for regulating circadian rhythms are AVP (arginine vasopressin) and VIP (vasoactive
intestinal peptide) neurons. AVP neurons (green shade) and VIP neurons (red shade) are topographically arranged in the shell and core regions

of the SCN, respectively. The black arrows indicate the intercellular projection of circadian rhythms, with a stronger signal transmission from the core
to the shell. Furthermore, astrocytes and microglia are present throughout the SCN, and emerging evidence highlights their significant roles

in regulating circadian function. Abbreviations: AVP: Arginine vasopressin, All: Angiotensin Il, BNST: Bed nucleus of the stria terminalis, CALR:
Calretinin, DR, MnR: Dorsal and median raphe nucleus, DMH: Dorsomedial hypothalamic nucleus, ENK: Enkephalin, GABA: y-aminobutyric acid, GHT:
Geniculohypothalamic tract, GRP: Gastrin-releasing peptide, IGL: Thalamic intergeniculate leaflet, LHN: Lateral habenula nucleus in the thalamus,
mPOA: Medial preoptic area, NMS: Neuromedin S, NPT: Neuropeptide Y, NT: Neurotensin, PVN: Paraventricular nucleus of the hypothalamus, PVT:
Paraventricular thalamic nucleus, RHT: Retinohypothalamic tract, SCN: Suprachiasmatic nucleus, VIP: Vasoactive intestinal peptide

Neuronal circuitry of the suprachiasmatic nucleus

The primary input to the SCN is from the melanop-
sin-expressing retinal ganglion cells (mRGCs) via the
retinohypothalamic tract (RHT). The intergeniculate
leaflet (IGL) in the thalamus provides a non-photic
direct input signal to the SCN clock-regulating activity
through the geniculohypothalamic tract [52, 54]. Finally,
the dorsal and median raphe nuclei also provide non-
photic direct input to SCN [53, 54]. Next, clock-regu-
lating signals transfer out of the SCN to various regions,
including the paraventricular nucleus of the hypothala-
mus, subparaventricular zone, dorsomedial hypothala-
mus, medial preoptic area, paraventricular thalamic
nucleus, lateral habenula, and the bed nucleus of the
stria terminalis [55-59] (Figs. 2, 3).

The neuromodulatory cell processing

in the suprachiasmatic nucleus

The SCN leverages exogenous or zeitgeber cues (light-
dark shift, photoperiod, food intake, exercise, body tem-
perature, etc.), a process called entrainment to reset and
synchronize the rhythmic expression of the circadian
genes [60, 61]. While entrainment is crucial for circa-
dian regulation, the SCN can maintain biological perio-
dicity even under conditions of restricted cue signaling
in experimental settings [60]. Nearly all SCN neurons
express y-aminobutyric acid (GABA), with specific neu-
ronal groups co-expressing neuropeptides, including
arginine vasopressin (AVP), vasoactive intestinal pep-
tide (VIP), gastrin-releasing hormone, neuropeptide Y,
enkephalin, neuromedin S, and calretinin. AVP-positive
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Fig. 4 The transcription-translation feedback loop (TTFL), the endogenous molecular circadian clock. The molecular circadian clock operates
through the TTFL. The diagram illustrates a simplified representation of the TTFL scheme in human cells capable of exhibiting circadian rhythms.
These rhythms are appropriately entrained when the suprachiasmatic nucleus (SCN) is intact, emphasizing its crucial role in maintaining the proper
functioning of the circadian system. Abbreviations: BMAL1: Basic helix-loop-helix aryl hydrocarbon receptor nuclear translocator-like 1, CLOCK:
Clock circadian regulator, CRY: Cryptochrome, PER: Period, REV-ERB: NR1D1 (Nuclear receptor subfamily 1 group D member 1), ROR: Retinoid-related

orphan receptor, RRE: REV-ERB/ROR response element

(AVP+) and VIP-positive (VIP+) neurons primarily regu-
late intercellular circadian rhythms [62] (Fig. 3). Despite
its small size, the SCN exhibits a well-defined topograph-
ical organization. It consists of a core region enriched
with VIP+ neurons, which receives the most afferent sig-
nals to the SCN. Surrounding the core is a shell region
composed of AVP+ neurons, which transmit efferent
circadian information [52, 62]. Single-cell RNA sequenc-
ing showed the richness of cell types in the SCN, includ-
ing astrocytes, microglia, oligodendrocytes, NG2-glia,
tanycytes, endothelial cells, and ependymal cells [63, 64].
Recent evidence suggests that non-neuronal cells also
contribute to circadian control, which will be further dis-
cussed in subsequent paragraphs.

The transcription-translation feedback loop (TTFL)

The mammalian internal circadian clock is regulated
by the endogenous molecular rhythmicity of individual
cells through a TTFL [65] (Fig. 4). Briefly, the expression
of heterodimeric transcriptional activators, basic helix-
loop-helix aryl hydrocarbon receptor nuclear transloca-
tor-like 1 (BMALI1) (also known as ARNTL) and clock
circadian regulator (CLOCK), which induce the expres-
sion of their own negative regulators, period (PER), and
cryptochrome (CRY). PER-CRY inhibits the transcrip-
tional activity of BMAL1-CLOCK. When the levels of
PER-CRY have sufficiently decreased, BMAL1-CLOCK

can reinitiate transcription. The BMAL1-CLOCK com-
plex also activates the expression of nuclear receptors
REV-ERBs; also known as nuclear receptor subfamily
1 group D member 1 (NR1D1), which counteract reti-
noid-related orphan receptor (ROR)-mediated BMALI1
expression. Molecular entrainment machinery also con-
tributes to the timely degradation of circadian-related
proteins via post-translational modifications and a degra-
dation-promoting system involving the proteasome and
autophagosome, which are also vital regulators of TTFLs.

Neural and molecular basis of tau-related
neuropathology and circadian disruptions

in the SCN

The underlying mechanisms of circadian dysfunction in
tauopathies are not yet well understood. Limited stud-
ies (in number and the type of tauopathy) conducted in
humans have primarily focused on counting SCN neu-
rons using quantitative, but also biased methods and
screening for abnormal tau accumulation (Table 2). In
the case of AD, some of the few studies found a scarce
number of diffuse AS (8-amyloid) plaques [10].

Changes in SCN neuronal and glial numbers in tauopathies
(Table 2)

Of all tauopathies, changes in neuronal numbers were
investigated in AD and PiD only. Swaab et al. used
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unbiased stereological methods to quantify SCN neurons
in twenty-eight controls and four individuals with patho-
logically proven late-stage AD. Compared to control indi-
viduals in the age group 60-80years of age which had
an average of ~50,000 SCN neurons, the late-stage AD
cases had an average of ~ 20,000 [9]. Stopa et al. looked at
autopsy-verified nineteen AD, three PiD, and ten control
cases [10] and found a substantial loss of AVP+ and neu-
rotensin+ neurons (the only two neuronal populations
quantified) and astrocytosis in AD and PiD compared
to controls. Harper et al. also detected loss of AVP+ and
neurotensin neuronal populations in the SCN in AD
[11]. Zhou et al. evaluated the number of VIP+ neurons
in SCN in normal aging and AD. They found that VIP+
neuronal number drops in males but not females dur-
ing normal aging [12]. Although there was a trend of a
lower number of VIP+ neurons in AD, the results were
statistically significant only in females with an early dis-
ease onset (age 65years and younger). Unfortunately, the
low number of AD cases and the use of semi-quantita-
tive methods hamper the interpretation of results from
this paper. A single study by Wu et al. probed the num-
ber of AVP+ and VIP+ neurons (lumped together) and
MT1-expressing neurons in controls and individuals at
progressive Braak stages [13]. They found a decrease in
neuronal density of all neuronal populations tested, but
only at end-stage cases.

In summary, these few studies highlight the presence
of neuronal loss and astrogliosis in the SCN among indi-
viduals with AD and PiD, at least at end-disease stages.
Concerning the timing of SCN neuronal loss in the early
stages of the disease, only one study encompassed indi-
viduals at progressive AD stages, implying that SCN neu-
ronal loss tends to occur later in the disease progression.
The question about chronology cannot be tested in PiD
or the majority of tauopathies as they lack a clear neu-
ropathological staging system. Despite some studies
attempting to determine the specific neuronal subtypes
more susceptible to damage, none of them delved into
the separate examination of both AVP and VIP neu-
ronal populations within the same research investigation,
revealing a notable gap in the research.

Tau inclusions in the human SCN (Table 2)

Of all tauopathies, changes in neuronal numbers were
investigated in AD and PSP only. De Pablo-Fernandez
et al. performed semi-quantitative analyses (using a
scale ranging from absent to very severe) in the SCN of
five PSP cases and five control cases. The researchers
observed AT8 (phosphorylated tau) immunoreactivity
of mild to moderate severity in all PSP cases. However,
the researchers did not attempt to quantify neurons [21].
Swaab et al. examined the hypothalamic nuclei of seven
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control subjects and twelve AD patients using immuno-
histochemistry against three tau antibodies [14]. Tau
changes in SCN neurons were mild compared to other
examined nuclei, such as the tuberomammillary nucleus
and nucleus tuberalis lateralis, which was surprising
given that the same group reported that the number of
SCN neurons decreases in AD [14]. Although it may
seem paradoxical to have severe cell death in a context of
low abnormal protein burden, similar discrepancies have
been observed in AD studies focusing on other subcor-
tical nuclei, where the loss of tau signal does not neces-
sarily coincide with the death of neurons [66]. Possibly,
the abnormal tau inclusions disappeared due to neuronal
death. The few studies probing other nuclei in the ante-
rior hypothalamus in AD suggest that SCN are more vul-
nerable to tau burden or tau-related neuronal death than
neighboring nuclei containing VIP+ and AVP+ neurons.
For instance, the supraoptic nucleus remains free of p-tau
and Ap even at late AD stages [14, 67]. The periventricu-
lar nucleus accumulates a tau burden similar to the SCN,
but neuronal numbers remain stable, even at late AD
stages [14, 67].

In conclusion, the limited number of studies imply
that neuronal tau inclusions are present in both PSP and
AD, with a greater load observed in PSP [68]. It remains
uncertain whether the tau inclusions in PSP also encom-
pass astroglial, a significant gap given the association of
tufted astrocytes with PSP. Furthermore, the timeline for
the emergence of tau inclusions and whether a specific
SCN neuronal population is more susceptible to these
inclusions remain uncharted territories.

Changes in TTFL and circadian genes in tauopathies

We could not find any study focusing on TTFL changes
in humans with tauopathies, only investigation in experi-
mental models.

These experimental studies suggest that tau-induced
changes in the SCN lead to disruption of TTFL molec-
ular pathways. Transgenic mouse models express-
ing human tau protein have shown dysregulation of
the molecular circadian clock in the SCN. The human
MAPT-expressing P301S tauopathy mouse PS-19 model
shows an aberrant expression of Bmall in the SCN [69].
In another study with transgenic MAPT P301L (Tg4510)
mouse model exhibited a disrupted circadian behav-
ior cycle with impaired circadian gene, Bmall, and Per2
transcriptional oscillation. The same study detected p-tau
immunoreactivity in the SCN, implying that tauopathy
in the SCN can contribute to circadian clock dysregu-
lation at behavioral and molecular levels [70]. Recent
research has indicated a connection between pathologi-
cal tau accumulation in the SCN and disrupted proteo-
stasis, which is thought to contribute to the molecular
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desynchronization of circadian rhythms by impairing the
rhythmic clearance of clock machinery proteins. Chap-
erone-mediated autophagy (CMA), a process responsi-
ble for the targeted degradation of intracellular proteins,
has been associated with the molecular restoration of
the circadian rhythm [71]. Disruption of the CMA pro-
cess in the SCN can impact the cycling of clock elements
such as BMALL, CRY1, PER1, and REV-ERBa [72]. CMA
plays a role in degrading the drivers of the circadian
cycle, namely BMAL1 and CLOCK, and therefore has
an important role in circadian molecular feedback loops.
BMAL1 and CLOCK interact with heat shock cognate
71-kDa protein (HSC70) and lysosome-associated mem-
brane protein 2 (LAMP2A), components of the CMA-
active lysosomal complex. BMAL1 oscillations regulate
the expression of heat-shock protein 70 (HSP70), which
belongs to the same chaperone group as HSC70 and is
associated with tau solubility [69]. These findings suggest
that disruption of CMA could serve as the link between
tauopathies and the dysregulation of circadian rhythms.
The CMA also may regulate the ubiquitin-proteasome
system (UPS) [73], which in turn degrades several circa-
dian oscillating proteins [74]. The UPS degrades BMAL1
through the chaperone machinery suppressor of the G2
allele of skpl/heat-shock protein 90 (SGT1/HSP90),
which is highly expressed in the SCN [75]. In summary,
tau accumulation in SCN can impact the integrity of
SCN neurons and contribute to dysregulation of the cir-
cadian clock at both local and global levels. However,
there is still much to discover regarding the molecular
changes associated with the desynchronization of circa-
dian rhythmicity, especially in human tauopathies.

Astrocytes in the SCN and circadian disruptions

in tauopathies

Astrocytes support the neuronal network by form-
ing and pruning synapses, ion-homeostasis of neurons,
modulating neurotransmission, contributing to micro-
glial phagocytosis, and modulating neuroinflammation.
Astrocytic activity follows circadian patterns. Astrocytes
in culture exhibit daily rhythms [76], cytokine expres-
sion oscillates in astrocytes [77], and core clock genes
such as Dbp, Nrld1, and Fabp7 show higher amplitude in
mouse astrocytes than in neurons [64]. Also, astrocytes
are abundant in human SCN [10] and recent evidence
suggests that astrocytic function influences circadian
function [78]. In a study with mouse SCN explants, Pat-
ton et al. genetically ablated Bmall from SCN astrocytes
and determined that astrocytes can initiate SCN rhythms
and lengthen the circadian period, albeit less efficiently
than neurons [79]. although astrocytes did not influence
the circadian phase [79]. Another study showed similar
results: lengthened clock gene expression in SCN and
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locomotion after selective ablation of Bmall from SCN
astrocytes [80]. Astrocytes also contribute to entraining
neuronal circadian rhythm in the SCN. For instance, the
SCN-dense population of glial fibrillary acidic protein
(GFAP) positive astrocytes show diurnal activity [81],
which directly modulates circadian cycles of extracellular
glutamate and GABA to inhibit SCN neurons [82-84].
Also, astrocytes may inhibit AVP +-neuronal activity by
eliminating extracellular glutamate in the SCN shell for
fine-tuning circadian clock synchrony [83]. Other stud-
ies indicate that astrocytes, specifically a subpopulation
expressing a specific transcription factor (doublecor-
tin-like), stimulate AVP+ neurons [85]. These apparent
contradictions (activating vs. inhibiting AVP+ neurons)
support the view that astrocytic subpopulations perform
different roles similarly to neuronal subpopulations (i.e.,
excitatory, and inhibitory neurons).

Although the number of studies investigating astro-
cytic contribution to circadian dysregulation, and vice-
versa, in tauopathies, is meager, even in experimental
models, some recent papers suggest potential links.
Other studies suggested that astrocytic clock dysfunction
exacerbates AD pathology since this disruption affects
astrocytic activity, such as inflammatory response, and
makes neurons more vulnerable to insults [86, 87]. A few
other studies examined the relationship between circa-
dian genes and brain amyloidosis. Deletion of core genes
Bmall and Clock suppresses the expression of Chi3lI in
astrocytes leading to increased AfS accumulation [88].
Finally, astrocytic circadian deficits may lead to sleep
disruption, exacerbating AD progression. For instance,
Fabp7 mutations lead to sleep fragmentation [89]. Fubp7
is strongly expressed in astrocytes, and its expression is
controlled by the core clock in astrocytes [90]. Experi-
mental studies provide compelling evidence of a connec-
tion between tau pathology, astrocytic dysfunction, and
disruptions in molecular mechanisms that regulate circa-
dian rhythms and SCN integrity. However, only a handful
of studies investigated astrogliosis in the SCN of AD and
PiD cases (Table 2), but even a fine mapping of astrocytic
changes in any tauopathies is yet to be done. An area of
research interest is what is causing circadian dysfunction
in astrocytes in AD since tau deposits in astrocytes are
not a prominent AD feature (and AfS deposits are extra-
cellular). A strategy to investigate the indirect effect of
tau pathology in astrocytes in AD on the desynchroni-
zation of the circadian clock and the contribution of tau
astrogliopathy to sleep-wake disturbances in humans is to
include in addition to a regular control group, a compari-
son group of tauopathy with prominent tau inclusions in
astrocytes, such as PSP, CBD, or ARTAG. Contemporary
technology can facilitate human studies in this regard.
For instance, in-situ proteomics and transcriptomics can
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be instrumental in understanding the nature of astro-
cytic alterations within the SCN in the context of tauopa-
thies. Single-cell technology studies can precisely identify
changes in the expression of circadian genes in specific
astrocytic subpopulations within both affected and unaf-
fected brain regions in different tauopathies.

Microglia in the SCN and circadian disruptions

in tauopathies

Microglia play a crucial role in primary immune responses,
modulating neuroinflammation, reactive oxygen processing,
and protein phagocytosis. Evidence shows that an intrinsic
circadian clock regulates microglia activity [91, 92] and dis-
plays diurnal morphological change in SCN and subcorti-
cal wake-sleep-promoting nuclei [93]. Therefore, circadian
abnormalities may lead to microglia dysfunction, indi-
rectly exacerbating tauopathies. A few papers interrogated
whether primary microglia dysfunction can lead to circa-
dian abnormalities. Microglia-mediated cytokines recruit
other activated microglia and stimulate other microglial and
astrocytic transcription in the SCN [94]. Two recent papers
show contradicting results concerning microglial ablation
as a cause of abnormal circadian rhythms [95, 96]. Unfor-
tunately, only a limited number of papers have explored the
interplay between circadian function, microglia, and the
modulation of tauopathies, and these studies have primar-
ily been conducted in experimental models. Nevertheless,
these studies indicate that microglial dysfunction occurs
within the SCN, even at early stages of the disease. In a
mouse model of tauopathy (P301L), characterized by abnor-
mal clock gene expression in the SCN, microglial activation
precedes the accumulation of abnormal tau inclusions [97].
Given the paucity of studies focusing on the relationship
between microglia-circadian function and tau abnormali-
ties, in a context of the increased recognition of microglia
in modulating tauopathies, examining the microglial popu-
lation and morphology in progressive tauopathies may be
the next step in understanding the role of microglia in the
progression of tauopathies and their impact on the master
circadian rhythms mediated by the SCN.

B-Amyloid pathology and circadian disruptions

in the SCN

Although this review focuses on tau pathology, it is
impossible to ignore that AD, the most well-known
study of tauopathy regarding circadian dysfunction
also features prominent Af pathology that may con-
tribute to circadian dysregulation. Therefore, inves-
tigations of the SCN in AD must include studies of AfS
pathology. Interestingly, the SCN is practically devoid
of Aj pathology, even at late AD stages [10], even when
several hypothalamic nuclei accumulate plaques. Still,
experimental models suggest that amyloidosis impacts
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circadian rhythmicity even if A pathology is lacking
in the SCN, which brings clues for future human stud-
ies. For instance, a study in 5xFAD mice demonstrated
altered expression patterns of the circadian clock genes
Bmall and Per2 in the SCN and circadian behavior [98].
Indeed, another study in 5xFAD mice shows a neuronal
loss in SCN and one of its primary afferents, IGL, already
at fourmonths old, preceding severe cognitive impair-
ment [99]. However, there was a lack of evidence of Af
(and tau) accumulation in the SCN. A third study found
that human APP-expressing Tg-SwDI mice feature a
shortened free-running period and dampening of day/
night differential excitability of SCN neurons [100].

Collectively, these studies in humans and mice sug-
gest that AS pathology is more globally associated with
networks interacting with SCN as opposed to directly
causing SCN degeneration. Interestingly, human amy-
loid overexpress model mouse with AD-pathogenesis
triggering factor; TREM2 showed greater A burden
and microglial reactivity in the hippocampal formation
[101], suggesting amyloidosis can deteriorate sleep-
wake-circadian disorder globally. Af related degen-
eration of mRGCs, another primary SCN afferent, may
contribute to circadian dysfunction [102, 103]. RGC
loss is a prominent feature of glaucoma, prevalent in
individuals with circadian disorders and AD [104]. One
investigation of postmortem human retinas reported
Ap immunoreactivity in the ganglion cell layer [101].
Another study detected Af accumulation inside and
around mRGCs using optical coherence tomography,
and AS burden correlated with sleep efficienc [103, 105]
. However, it is unclear if RGC accumulate Af pathology
in humans or if their activities are impacted by Af reti-
nal deposits leading to activating specific inflammatory
and neurodegenerative processes and downregulated
mitochondrial and photoreceptor-related pathways
[106]. Interestingly, although one study showed posi-
tive tau immunoreactivity in specific ganglion cells
[102], most studies probing the retina for tau deposits
in AD, CBD, and PSP failed to find pathological tau in
the ganglion cells at the RHT [105-107]. Altogether,
these studies indicate the need to include Af pathology
metrics in SCN and interconnected structures as part
of studies investing the basis of circadian dysfunction
in AD. The plausible hypothesis is that comparing cases
with AD-tau to those without amyloid deposition may
provide insights into the role of amyloid. Although we
were unable to find specific literature, evaluating neu-
ronal loss, pathological changes in the SCN, and circa-
dian dysfunctions, particularly in tauopathies without
amyloidopathies as compared to AD-tauopathies, could
serve as an informative approach to address the role of
amyloid in circadian rhythm.
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Conclusion and future directions

This review aimed to provide an in-depth overview of
the current understanding regarding the vulnerabil-
ity of the SCN to tauopathies and its contribution to
circadian dysregulation and sleep-wake disturbances,
and vice-versa. Still, despite the compelling evidence
indicating the presence of abnormal tau inclusions
in the SCN and the occurrence of circadian dysfunc-
tion in various tauopathies, there is a notable scarcity
of detailed neuropathological studies on regional and
systemic molecular changes associated with SCN sus-
ceptibility to tau pathology, particularly in humans.
Therefore, we suggest a research strategy, founded
on fundamental questions that remain unanswered,
including:

1. At what stage of the disease, do tau inclusions start
accumulating in the SCN in conditions such as AD
and other tauopathies?

The first part of this question requires the collection
of brain tissue from cases at progressive disease stages,
which can be achieved in some tauopathies such as AD
[108], PSP [109], and CTE [110]. Including cases at pro-
gressive stages is an approach to model disease progres-
sion in a cross-sectional design, which is inherent in
postmortem studies of human brain. Unfortunately, most
of the other tauopathies lack a well-defined staging sys-
tem due to the lack of antemortem biomarkers and scar-
city of early-stage cases in autopsy cohorts. Once cohorts
of progressive cases are in place, neuropathological
methods can help understand the chronology of changes
(tau accumulation, neuronal loss, evidence of neuroin-
flammation, and glial changes).

2. Which specific subtypes of SCN cells are most suscep-
tible to the diverse range of tauopathies? What factors
contribute to the selective vulnerability of SCN neu-
rons to tauopathies like AD, PSB, PiD, and others?

This question can be better answered using neuro-
pathological methods. In this approach, SCN slides
from cases with pathologically confirmed tauopathies
undergo multi-labeled staining for cell and pathologi-
cal markers, which can be quantified using stereologi-
cal methods to avoid counting biases. Given the tiny
size of SCN, using in-situ transcriptomics combined
with tau staining to detect affected cells, may inform
the most important cell types for subsequent stereo-
logical assessment. Once the most vulnerable SCN
cells for each tauopathy are identified, the next step is
to investigate the molecular signature of these vulner-
able cells vs. resilient cells to identify factors underlying
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vulnerability. Single-nucleus RNA sequencing may pro-
vide answers to this question.

3. Does tau-associated pathology in the SCN correlate
with different circadian abnormalities?

While there have been significant technologi-
cal advancements in measuring circadian rhythms in
humans, such as using actigraphy to detect changes in the
period, phase, and amplitude of rest/active brain activity,
or methods to assess indirect metrics of circadian integ-
rity like automatic physical responses (e.g., body tem-
perature, heart rate, and respiratory rate) and hormone
levels in plasma/saliva (e.g., melatonin and corticotro-
pin-releasing hormone), there is currently no available
technology for in vivo measurement of SCN integrity in
humans. As so, circadian dysfunction does not neces-
sarily indicate SCN pathology because the problem may
be derived from other parts of the circadian control sys-
tem. An attempt to address this question would require
long-term studies involving cohorts of individuals who
are periodically assessed for circadian dysfunction until
as close as possible to their death, at which point their
brains can be examined directly to evaluate the SCN and
interconnected regions, and the clinical and pathological
data can be compared.

4. What is the role of neuroinflammation in tau deposi-
tion and SCN degeneration in tauopathies?

Neuroinflammation has emerged as a double-edged
sword in the pathogenesis of neurodegenerative diseases,
with the potential to either exacerbate the disease or pro-
tect the brain against the deleterious effects of the patho-
logical process [111]. Therefore, it is critical to determine
whether and when the SCN develops a neuroinflamma-
tory pattern in diverse tauopathies, ideally through the
examination of cases at progressive stages of the disease.
Equally important is the need to identify whether neuro-
inflammation is prompted by tau deposition or another
mechanism. Examining the sequence of events between
these two processes may provide valuable insights.

5. Most tauopathies feature tau accumulation in astro-
glia, such as PSP and CBD. Astrocytes are known to
contribute to circadian regulation. Does tau astro-
gliopathy worsen circadian dysfunction that is caused
by SCN degeneration?

Answering this question is not straightforward when
using human brains. One approach could involve employ-
ing high-resolution in-situ transcriptomics to examine
the expression of circadian genes in astrocytes with and



Son et al. Molecular Neurodegeneration (2024) 19:4

without tau accumulation. However, even if the results
reveal distinct profiles, they can only indirectly suggest
whether tau astrogliopathy is influencing circadian regu-
lation or merely causing localized dysfunction. An impor-
tant unresolved query is whether tau pathology affects
SCN astroglia. In conditions like PSP, for instance, while
tufted astrocytes are a pathological hallmark, they are
much more prevalent in cortical regions than in subcorti-
cal areas, where neuronal inclusions predominate [68].

6. Is there any indication of a lack of coordination in the
TTFL in tauopathies? If so, does this lack of coordi-
nation result from tau pathology in cells that are sus-
ceptible to tau pathology in the brain, or does it stem
from the inability of a dysfunctional SCN to centrally
regulate circadian function, or perhaps a combination
of both factors?

Experiments with mouse models indicate that dysfunc-
tion in the SCN leads to a general lack of coordination
in the TTFL. It is conceivable that tau deposition might
impair a cell’s ability to express TTFL components too.
In experimental models is possible to knock out specific
genes in specific brain areas to understand the impact of
this change. This kind of genetic manipulation is not pos-
sible in humans, but by conducting a detailed analysis of
SCN changes in progressive stages of tauopathies in par-
allel with mapping molecular changes in circadian genes
within the SCN and related areas in the same cases, pref-
erentially with single nucleus technology, may enable
drawing inferences regarding this question.

In summary, addressing these questions is of utmost
importance in understanding the intricate interplay
between tauopathies, SCN degeneration, and circadian
dysfunction [112-114]. Establishing whether disrupted
circadian function is a cause, or a consequence of abnor-
mal tau accumulation represents a significant gap in
our understanding. This knowledge is vital for develop-
ing targeted interventions to prevent and manage circa-
dian dysregulation and sleep disturbances in individuals
affected by tauopathies.
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3R/4R a combination of three and four microtubule-binding repeats

3R three microtubule-binding repeats

4R four microtubule-binding repeats

AD Alzheimer’s disease

AGD Argyrophilic grain disease
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CLOCK Clock circadian regulator

CMA Chaperone-mediated autophagy
CRY Cryptochrome

CTE Chronic traumatic encephalopathy
GABA y-aminobutyric acid

GFAP Glial fibrillary acidic protein

GGT Globular glial tauopathy

HSC70 Heat shock cognate 71-kDa protein
HSP70 Heat-shock protein 70

IGL Intergeniculate leaflet

LAMP2A Lysosome-associated membrane protein 2
MAPT Microtubule-associated protein tau

mRGCs Melanopsin-expressing retinal ganglion cells
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NREM Non-rapid eye movement

PART Primary age-related tauopathy

p-tau Hyperphosphorylated tau

PER Period

PiD Pick's disease

PSP Progressive supranuclear palsy

REM Rapid eye movement

RHT Retinohypothalamic tract

ROR Retinoid-related orphan receptor

SCN Suprachiasmatic nucleus

SGT1/HSP90  skp1/heat-shock protein 90

SWS Slow wave sleep

TTFL Transcriptional-translational feedback loops
UPS Ubiquitin-proteasome system

VIP Vasoactive intestinal peptide

VIP + Vasoactive intestinal peptide-positive
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