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Alzheimer’s disease (AD) is a highly damaging disease that affects one’s

cognition and memory and presents an increasing societal and economic

burden globally. Considerable research has gone into understanding AD;

however, there is still a lack of effective biomarkers that aid in early

diagnosis and intervention. The recent discovery of the glymphatic system and

associated Perivascular Spaces (PVS) has led to the theory that enlarged PVS

(ePVS) may be an indicator of AD progression and act as an early diagnostic

marker. Visible on Magnetic Resonance Imaging (MRI), PVS appear to enlarge

when known biomarkers of AD, amyloid-β and tau, accumulate. The central

goal of ePVS and AD research is to determine when ePVS occurs in AD

progression and if ePVS are causal or epiphenomena. Furthermore, if ePVS

are indeed causative, interventions promoting glymphatic clearance are an

attractive target for research. However, it is necessary first to ascertain where

on the pathological progression of AD ePVS occurs. This review aims to

examine the knowledge gap that exists in understanding the contribution of

ePVS to AD. It is essential to understand whether ePVS in the brain correlate

with increased regional tau distribution and global or regional Amyloid-β

distribution and to determine if these spaces increase proportionally over

time as individuals experience neurodegeneration. This review demonstrates

that ePVS are associated with reduced glymphatic clearance and that this

reduced clearance is associated with an increase in amyloid-β. However,

it is not yet understood if ePVS are the outcome or driver of protein

accumulation. Further, it is not yet clear if ePVS volume and number change

longitudinally. Ultimately, it is vital to determine early diagnostic criteria and

early interventions for AD to ease the burden it presents to the world; ePVS

may be able to fulfill this role and therefore merit further research.
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Introduction

Alzheimer’s disease (AD) is the most common form of
dementia, with approximately 10 million people diagnosed each
year globally (Iqbal et al., 2010; World Health Organization,
2017). It is anticipated that there will be approximately 150
million cases of dementia worldwide by 2050, with 60–
80% likely attributed to AD (Nichols et al., 2022). Despite
this, no effective treatments are available, and AD diagnosis
is confirmed only on autopsy (Wren et al., 2018). AD
presents an enormous societal and economic burden globally,
and the critical question is how early pathology can be
identified and how potential treatments can promote positive
patient outcomes.

Alzheimer’s disease proteins have long been the target of
AD research, most notably Amyloid-β (Aβ) and tau. Recent
research has determined that while these proteins are implicated
in the pathophysiology of AD, mechanisms by which Aβ and tau
accumulate in the brain are thought to be due to the impaired
clearance of proteins and other toxins by the glymphatic
system (Jessen et al., 2015), and its Perivascular Spaces (PVS).
Further investigation is needed regarding this system’s role in
AD pathophysiology as a diagnostic marker and a potential
therapeutic target in AD (and other proteinopathies).

Alzheimer’s disease

Diagnosis of a cognitive disorder requires the patient to
present with progressive impairment in one or more cognitive
domains (Petersen et al., 1999). Mild cognitive impairment
(MCI) is the transitional stage between normal cognition
and impaired cognition (dementia) (Petersen et al., 1999).
According to the diagnostic criteria, individuals are diagnosed
with MCI when presenting with cognitive changes; however,
functional abilities remain (Hugo and Ganguli, 2014). When
impairment progresses to a level with a significant impact
on social or occupational function, a dementia diagnosis is
given (McKhann et al., 2011). AD diagnosis occurs when the
patient presents with severe progressive impairment in several
cognitive domains, which interfere with everyday functioning
and independence, as well as positive to the known AD
biomarkers (McKhann et al., 2011). The certainty of an AD

Abbreviations: AD, Alzheimer’s disease; Aβ, amyloid-beta; PVS,
perivascular space; MCI, mild cognitive impairment; NFT, neurofibrillary
tangle; p-tau, phosphorylated-tau; APP, amyloid precursor protein;
PS, presenilin; CSF, cerebrospinal fluid; CN, cognitively normal; MAP,
microtubule-associated protein; PET, positron emission tomography;
ADNI, Alzheimer’s disease neuroimaging initiative; AQP4, aquaporin-4
water channel; ISF, interstitial fluid; NfL, neurofilament light-chain;
APOE4, apolipoprotein E gene; BBB, blood-brain barrier; MRI, magnetic
resonance imaging; ePVS, enlarged perivascular space; t-tau, total-tau.

TABLE 1 ATN biomarker classification was established by Jack et al.
(2018).

A Aggregated Aβ Reduced CSF Aβ42 or CSF Aβ42/Aβ40 ratio
Increased binding on Aβ-PET

T Aggregated Tau
(NFTs)

Increased CSF phosphorylated tau
Increased binding on Tau-PET

N Neurodegeneration
and neuronal injury

Brain atrophy on MRI
Reduced brain metabolism FDG-PET
Increased CSF total tau

The classification includes an imaging and CSF option to allow maximum inclusion if
patient data is missing (Jack et al., 2018).

diagnosis can be increased by supporting biomarker data—
the ATN classification, as shown in Table 1. This system
was designed to contain two biomarkers in each category, a
Cerebrospinal Fluid (CSF) and an imaging biomarker (Jack
et al., 2018). These biomarkers have been included to allow
the use of the ATN classification system when there was
imaging or biomarker data available, without needing both
(Jack et al., 2018). Patients can be diagnosed with possible
or probable AD depending on the symptom presentation
(Table 2). Furthermore, as described in Table 3, Biomarkers
can further support a diagnosis of AD (or other dementia)
(Jack et al., 2018).

Pathologically, AD is characterized by Aβ plaques,
neurofibrillary tangles (NFTs), and atrophy (Kinney et al.,
2018). It is currently understood that Aβ plaques develop
over many years without associated or significant cognitive
decline (Bouras et al., 1994; Braak and Braak, 1997; Caselli and
Reiman, 2013), some suggesting Aβ plaque build-up occurs up
to 20 years before dementia onset (McDade et al., 2018), before
seeming to reach a plateau as cognitive symptoms present
(Sperling et al., 2011). In comparison, the accumulation of
tau, phosphorylated-tau (p-tau), and NFTs tend to coincide
with the presentation of cognitive issues (Hock et al., 1995;
Buchhave et al., 2012).

Brain atrophy, beyond what is associated with normal aging,
is also seen in AD (Miller et al., 1980; Silbert et al., 2003).
Ventricular enlargement and volume loss occur in temporal
gray matter and orbitofrontal and temporal cortices, including
the hippocampus, and act as reliable biomarkers of AD
progression (Silbert et al., 2003; Driscoll et al., 2009; Schuff et al.,
2009). Hippocampal volume loss appears most characteristically
in MCI individuals and can predict the likelihood of AD
progression (Henneman et al., 2009). Notably, Desikan et al.
(2011) demonstrated that global Aβ-associated volume loss
only occurred in the presence of p-tau (Desikan et al., 2011).
Subsequent studies showed that accelerated decline from MCI
into dementia only occurred with the presence of p-tau (Desikan
et al., 2011). Such findings suggest that there is a synergistic
interaction between Aβ and p-tau that promotes volume loss
and therefore accelerates cognitive decline more significant than
what is seen in normal aging individuals.
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TABLE 2 Criteria for an Alzheimer’s disease (AD) diagnosis including biomarkers.

Diagnostic category Biomarker probability of
AD etiology

Aβ (PET or CSF) Neuronal injury (CSF tau,
FDG-PET, structural MRI)

Probable AD dementia

- Based on clinical criteria Uninformative Unavailable, conflicting, or
indeterminate

Unavailable, conflicting, or indeterminate

- With three levels of evidence of
AD pathophysiological process

Intermediate
Intermediate

High

Unavailable or indeterminate
Positive
Positive

Positive
Unavailable or indeterminate

Positive

Possible AD dementia (atypical clinical
presentation)

- Based on clinical criteria Uninformative Unavailable, conflicting, or
indeterminate

Unavailable, conflicting, or indeterminate

- With evidence of AD
pathophysiological process

High but does not rule out second
etiology

Positive Positive

Dementia-unlikely due to AD Lowest Negative Negative

Diagnosis of AD falls into Probable, Possible, or Unlikely. Table adapted from McKhann et al. (2011).

Amyloid-beta pathology

Amyloid-β, a primary pathological hallmark of AD, exists
as a transmembrane protein in the brain and is produced
from the cleaving of the amyloid precursor protein (APP)
(Fan et al., 2020). APP possesses a single membrane spanning
domain, a large N-terminus and short C-terminus (Chen et al.,
2017). APP undergoes two proteolytic cleavages, resulting in
different fragments with differing pathologies (Vaillant-Beuchot
et al., 2020). APP cleaved first by β-secretase produces N- and
C-terminal moieties 43, 45, 46, 48, 49, and 51 amino acids
in length (Checler, 1995; Olsson et al., 2014). These moieties
are again cleaved by γ-secretase in the endocytic compartment
to form Aβ40 and Aβ42 (Olsson et al., 2014). These final
Aβ monomers can aggregate in a number of ways, including
oligomers, protofibrils and Aβ fibrils (Chen et al., 2017). Aβ

fibrils are insoluble and large and can further aggregate in Aβ

plaques, while Aβ oligomers are soluble and spread globally
through the brain (Chen et al., 2017). Several studies have
suggested that truncated forms of Aβ aggregate and correlate
with disease severity and progression (Piccini et al., 2005;
Güntert et al., 2006).

It has been suggested that microglia play a key role in the
degradation of both Aβ forms (Soto-Rojas et al., 2021). And
it is further postulated that this degradation may cause the
activation or production of toxic molecules that could then go
on to affect the Blood-Brain Barrier (BBB) or PVS, promoting
disease progression (Moore et al., 2002; Merlo et al., 2020;
Soto-Rojas et al., 2021).

Genetic forms of AD, which lead to early onset, are
associated with mutations in APP or Presenilin 1/2, exacerbating
Aβ accumulation (Ryan and Rossor, 2010). This knowledge
suggests that Aβ mutations or dysfunction promote AD onset;
therefore, therapies targeting Aβ removal would prevent disease
onset. As such, the removal of Aβ plaques has long been

investigated as a potential AD treatment. However, these Aβ-
targeted interventions have had limited success in delaying
cognitive decline even when Aβ removal was successful
(Ackley et al., 2021).

Amyloid-β is a commonly synthesized and secreted protein
(Seubert et al., 1992); however, in AD, two primary oligomers
become dominant, Aβ40 and Aβ42. Aβ40 is produced in
higher concentrations, though Aβ42 is most prevalent in
plaques (Jarrett et al., 1993; Iwatsubo et al., 1994). In AD,
Aβ42 aggregates into plaques, and the brain’s clearance system
cannot clear the proteins into the CSF. This aggregation
explains the decrease of Aβ42 in CSF in AD compared to
Cognitively Normal (CN) controls while Aβ40 levels remain
consistent across diagnoses (Lewczuk et al., 2004; Sturchio
et al., 2021). Due to these established changes over time,
the CSF Aβ40:Aβ42 ratio has been implicated as a good

TABLE 3 Alzheimer’s disease (AD) profiles and categories depending
on biomarker status.

AT(N) Biomarker category
profiles

A-T-(N)- Normal AD biomarkers

A+T-(N)- Alzheimer’s pathologic change

A+T+(N)- Alzheimer’s disease

A+T+(N)+ Alzheimer’s disease

A+T-(N)+ Alzheimer’s and concomitant

suspected non − Alzheimer’s

Pathologic change


Alzheimer’s Disease Continuum

A-T+(N)- Non-AD pathologic change

A-T-(N)+ Non-AD pathologic change

A-T+(N)+ Non-AD pathologic change

Bracket indicates AD diagnosis that lies on the Alzheimer’s disease Continuum.
Alzheimer’s continuum is a diagnosis of AD or AD pathologic change. Adapted from
Jack et al. (2018).

Frontiers in Neuroscience 03 frontiersin.org

https://doi.org/10.3389/fnins.2022.1021131
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/


fnins-16-1021131 October 14, 2022 Time: 8:13 # 4

Lynch et al. 10.3389/fnins.2022.1021131

FIGURE 1

Updated model of the jack graph. In this new model, the ordering of some biomarkers has been altered to reflect a new understanding, and the
horizontal axis now depicts time. As all curves converge in the top right of the graph, this indicates the point of maximum abnormality, and the
red shaded area indicates a cognitive response to this abnormality. Cerebrospinal fluid (CSF) Aβ42 and amyloid-positron emission tomography
(PET) measure amyloid-β burden. CSF tau to measure tau burden. MRI + FDG PET to measure neurodegeneration. Cognitive impairment with
low and high-risk regions. Scale is biomarker abnormality, not concentration increase. Figure from Pawlowski et al. (2017).

FIGURE 2

The time-course of amyloid-β and tau spread. (A) Amyloid-β spread, global by 30 years. (B) Regional spread of tau. The predominant
appearance of tau in the temporal lobe before spreading outwards in cell-to-cell contacts (Spotorno et al., 2020). Six Braak stages (I–VI), tau
burden, begins in the trans-entorhinal region (I–II), moves to the entorhinal region (III), then into the CA1 hippocampus (IV), before moving into
almost all regions of the hippocampus and isocortex (V). Finally, these regions become severely affected (VI). Blue corresponds with mild tau
burden, green with moderate and red with severe (Braak and Braak, 1991). Figure from Swarbrick et al. (2019).

measure of AD progression. PET studies have demonstrated that
utilizing this ratio is a more effective and reliable measure than
using the decrease in CSF Aβ42 alone (Janelidze et al., 2016;
Lewczuk et al., 2017).

It is well-established that Aβ accumulation begins many
years prior to the onset of AD symptoms and that people
can have an excess of Aβ in their brains without cognitive
symptoms. Many other hypotheses in the literature attempt
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to explain the pathologic processes that occur through AD;
however, the Aβ hypothesis has the most support currently
(Liu et al., 2019). The Aβ hypothesis posits that the excess of
Aβ initiates further pathogenic mechanisms that lead to the
onset of neurodegeneration and disease symptoms (Hardy and
Higgins, 1992). Despite the Aβ hypothesis being dominant for
the last 30 years, excess Aβ in a substantial proportion of CN
people and the failure of Aβ targeting therapies to impact AD
suggest other mechanisms are at work. This theory has been
elegantly illustrated by “the Jack curve” (Figure 1; Jack et al.,
2013), whereby the onset of cognitive symptoms is temporally
related to the increase in tau and brain atrophy long after the
accumulation of Aβ.

Tau pathology

In healthy brains, tau binds to microtubules to aid stability
and promote axonal transport in neurons as a microtubule-
associated protein (MAP) (Mandelkow and Mandelkow, 2012;
Chang et al., 2021). This axonal stability is regulated through
a balance between phosphorylation and dephosphorylation of
tau (Wang et al., 1995). Disruption of this balance is observed
in AD, and hyperphosphorylation of tau is able to occur
(Luna-Muñoz et al., 2013). Phosphorylation of tau is known
to affect its solubility, localization, function, interactions, and
susceptibility to further post-translational modification (Luna-
Muñoz et al., 2013). As such, it is suggested that abnormal
phosphorylation causes the loss of tau’s positive charge, leading
to a formation change and ultimately causing detachment
from the microtubules (Mietelska-Porowska et al., 2014). Once
detached, tau is free to move toward the neuronal soma,
where it can accumulate as aggregated tau and eventually
form NFTs (Mietelska-Porowska et al., 2014).There has also
been a relationship observed between the post-translational
truncation and phosphorylation of tau preceding aggregation
in AD (Flores-Rodríguez et al., 2015). It appears that the tau
pathogenesis in AD involves both hyperphosphorylation and
predominantly N-terminal truncation of tau (Zhou et al., 2018).

The tau aggregation mechanism is still unknown; however,
numerous findings suggest that aggregated tau acts as seeds that
spread in a prion-like mechanism and trigger tau aggregation
in surrounding cells (Wischik et al., 2018; Xu et al., 2022).
This prion-like mechanism suggests that abnormal tau “seeds”
from the donor transfer to a recipient, causing the recipient
to become abnormal and go on to act like a donor (Wu et al.,
2016). Accumulation of intraneuronal tau tangles is a common
hallmark of AD (Wang and Mandelkow, 2016), and the seeding
hypothesis may explain the regional spread that occurs in AD.
This seeding hypothesis follows the Braak staging mechanism of
NFTs (Braak and Braak, 1991).

Neurofibrillary tangles are the aggregates of
hyperphosphorylated tau that form intra-neuronally before

becoming extra-neuronal (Serrano-Pozo et al., 2011). Braak
and Braak (1991) determined that tau tends to spread in a
distinct pattern, beginning in the temporal lobe, progressing
into the association cortices and finally into the sensorimotor
cortices (Figure 2; Braak and Braak, 1991); subsequently, these
postmortem findings were corroborated by tau-PET studies
(Schöll et al., 2016).

Interestingly this set pattern of progression has also been
closely associated with cognitive stage and disease progression
long after Aβ has aggregated globally (Figure 2; Braak and
Braak, 1991; Nelson et al., 2012; Schöll et al., 2016). As such,
it is hypothesized that the toxic nature of tau arises from
its ability to sequester normal MAPs when phosphorylated;
this disrupts the microtubule network, eventually leading
to neurodegeneration (Gong and Iqbal, 2008). When tau
disruption becomes substantial, there is significant detachment
from axons, allowing tau to be released into the CSF and
NFT formation. Mounting evidence suggests that Aβ and tau
work together in AD progression, rather than Aβ causing
the aggregation of tau as hypothesized by the Aβ cascade
hypothesis (Rapoport et al., 2002; Shipton et al., 2011;
Busche and Hyman, 2020).

The time-course of Alzheimer’s disease
biomarkers

The relative time-course of these Aβ and tau pathologies and
their contributions to AD presentation have been consolidated
and presented by Jack et al. (2013) (Figure 1). Using the
Alzheimer’s Disease Neuroimaging Initiative (ADNI) data to
examine MCI patients who progressed to AD, this team showed
that Aβ burden was not related to the risk of AD progression
(Jack et al., 2010) and produced a widely referenced graph that
depicts the time-course of different AD biomarkers, which has
since been updated to include new findings (Jack et al., 2013).

To date, AD therapies have targeted each of the biomarkers
of the Jack curve without success; therefore, alternative
therapeutic targets (and biomarkers of disease progression) are
needed. The glymphatic system presents a new diagnostic and
therapeutic target for AD.

Glymphatic system

The glymphatic system is the brain’s clearance pathway;
this system removes waste products and transports solutes
throughout the brain via CSF (Iliff et al., 2012). CSF makes
up a large proportion of the total fluid volume within the
mammalian head and flows throughout the four ventricles
and subarachnoid space (Khasawneh et al., 2018). From the
subarachnoid space, the CSF penetrates the brain parenchyma
via the PVS (Khasawneh et al., 2018).
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Iliff et al. (2012) identified and labeled the glymphatic
pathway, consolidating research that had observed lymphatic-
like clearance in the brain (Figure 3A; Papaiconomou et al.,
2004; Thrane et al., 2013). After flowing into the brain, CSF
passes through AQP4 channels and mixes with interstitial fluid
(ISF) (Figure 3; Shetty and Zanirati, 2020). AQP4 channels
are selective water channels located on astrocyte end-feet
that allow the mixing of CSF and ISF (Badaut et al., 2007).
This mixture can then leave the brain through perivenous
space and eventually out into the lymphatic vessels in the
meninges and the lymphatics in the neck (Shetty and Zanirati,
2020).

Imaging studies have demonstrated the importance of this
system in the clearance of Aβ and other proteins from the brain
(Mestre et al., 2020). One such study demonstrated, through
MRI and PET imaging, that ventricular CSF clearance was
impaired in AD and related to increase Aβ deposits (de Leon
et al., 2017). This team replicated this finding again in 2022
with a larger sample size (Li et al., 2022). Additionally, a recent
study by Harrison et al. (2020) demonstrated that inhibition of
Aquaporin-4 (AQP4) channels results in impaired glymphatic
clearance, leading to impairment in tau clearance (Harrison
et al., 2020).

Cerebrospinal fluid moves alongside the blood vessels in
the brain; solutes, such as glucose, are delivered to regions
where needed, while waste metabolites are removed to maintain
homeostasis (Figure 3C; Iliff et al., 2013b). The CSF is propelled
alongside the blood vessels through the pulsation of arterial
walls (Iliff et al., 2013b; Mestre et al., 2018b). This pulsation
was first observed by Iliff et al. (2012) through the use of two-
photon microscopy in mouse models (Iliff et al., 2012, 2013b).
The team labeled CSF with fluorescent tracers, which were
injected into the cisterna magna of mice (Iliff et al., 2012). This
study subsequently showed that CSF enters the brain along
the cortical pial arteries, followed by CSF entry into the PVS
along the penetrating arterioles (Figure 3B; Iliff et al., 2012).
Crucially, this study showed that CSF did not spread diffusely
or randomly in the parenchyma as previously believed; instead,
it followed a pattern that mirrored the brain vasculature (Iliff
et al., 2012).

Further studies are now beginning to demonstrate that
impairment of the brain’s glymphatic drainage system is likely
related to several neurodegenerative diseases (Iliff et al., 2012,
2014), including AD and related proteinopathies (Iliff et al.,
2014). Iliff et al. (2012) also investigated whether Aβ was cleared
along the perivascular pathway they had observed. Fluorescent
Aβ was injected into the striatum of mice, which was then shown
to be removed through para-venous efflux (Iliff et al., 2012).
Furthermore, they found that AQP4 knockout mice showed a
65% reduction in CSF efflux compared to wild-type mice; this
further reduced Aβ clearance by up to 55% (Iliff et al., 2012).
These findings demonstrate the importance of an effective and
functioning glymphatic system in Aβ clearance from the brain.

Other Alzheimer’s disease biomarkers
and the glymphatic system

Neurofilament light chain (NfL) is a subunit of
neurofilaments that confer structural stability in neurons and
allow the radial growth of axons (Hoffman et al., 1987; Eyer and
Peterson, 1994). In AD and other neurodegenerative diseases,
NfL is elevated in both the CSF and Plasma and therefore
acts as a general marker of neurodegeneration (Lewczuk et al.,
2018). Although these measures are a sensitive marker for
neurodegeneration, they are not specific to AD (Beydoun
et al., 2021). The relationship between NfL and glymphatic
clearance in AD has yet to be investigated. Serum/CSF
NfL ratio has been found to be lower in patients who have
experienced subarachnoid hemorrhage versus controls which is
hypothesized to be due to reduced glymphatic efflux (Garland
et al., 2021). Another team showed that following subarachnoid
hemorrhage, patients undergo AQP4 mislocalization, similar to
those with AD, and show tau accumulation as the result of this
mislocalization (Pu et al., 2019).

Reduced glymphatic function risk
factors

Apolipoprotein E4
Apolipoprotein E4 (APOE4) is the most decisive genetic

risk factor for AD development (Corder et al., 1993), conferring
both higher likelihood and earlier onset (William Rebeck et al.,
1993). The APOE gene is responsible for lipid transport and
repair in the brain as a cholesterol carrier (Liu et al., 2013).
There are three dominant forms of the APOE gene, which
vary in their ability to predispose an individual to AD. This
gene exists as E2, E3, and E4 variants and has a frequency
of 8.4, 77.9, and 13.7%, respectively (Figure 4; Farrer et al.,
1997). The E4 allele predisposes one to an increased risk of AD
development, four times higher for those who are heterozygous
for the APOE4 mutation and twelve times higher for those
homozygous for the APOE4 mutation (Holtzman et al., 2012).
APOE4 carriers have increased cerebrovascular Aβ angiopathy
due to increased deposition of Aβ at the vessel walls (Yu et al.,
2015). This finding implicates APOE4 in the dysregulation of
Aβ metabolism, allowing it to be deposited extracellularly as
plaques, which supports previous findings (Schmechel et al.,
1993; Polvikoski et al., 1995). Additionally, it has been shown
that APOE4 carriers have increased degradation of the BBB and
brain pericytes (Halliday et al., 2016).

Sleep
Sleep disturbance is a commonly reported symptom of AD

patients (McCurry et al., 1999). Disturbance includes insomnia,
poor sleep quality, or reduced sleep quantity (Irwin and Vitiello,
2019). Many papers have demonstrated the need for adequate
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FIGURE 3

The glymphatic system. This system aids in the brain’s transport, movement, and removal of solutes. (A) Cerebrospinal fluid (CSF) enters via
para-arterial spaces (red) and mixes with interstitial fluid (ISF) (Iliff et al., 2012). The CSF-ISF mix enters the para-venous space through the AQP4
channels and exits via the para-venous efflux pathway (blue) (Shetty and Zanirati, 2020). (B) Neurovascular Unit. Complex unit, with astrocyte
end-feet enclosing the blood vessels (Sakai and Nishino, 2021). (C) Blood-Brain Barrier exchange of metabolites to maintain brain homeostasis
(Keable et al., 2016). Figure from Natale et al. (2021).

sleep to allow glymphatic clearance (Ju et al., 2013; Kress et al.,
2014; Ahmadian et al., 2018). It can therefore be hypothesized
that sleep quality is critical for glymphatic clearance efficiency.
A stand-out paper by Xie et al. (2013) used in vivo two-photon
imaging to understand CSF influx in awake, anesthetized,
and sleeping mice (Xie et al., 2013). The team discovered
that the interstitial space in sleeping and anesthetized mice
increased by 60%, resulting in a dramatic increase in convective

exchange between CSF and ISF (Xie et al., 2013). This increased
turnover resulted in an increased Aβ clearance during sleep,
suggesting that sleep increases glymphatic system clearance
(Xie et al., 2013). Ultimately, there is likely a bidirectional
relationship between sleep and AD, in which poor sleep impacts
the effectiveness of the glymphatic system, allowing Aβ and
tau to accumulate, which worsens dementia symptoms and
exacerbates sleep disturbances.
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FIGURE 4

Apolipoprotein (APOE) distribution in the glymphatic system. This schematic depicts the convective flow that occurs around an artery and
toward the venous space. APOE is responsible for lipid transport and repair in the brain (Liu et al., 2013). APOE is delivered around the arteries,
and density depends on the alleles present, with APOE4 having the greatest density near the artery (A) (Achariyar et al., 2016). Figure from
Achariyar et al. (2016).

Furthermore, APOE has been implicated as an essential
factor linking sleep disturbance and AD. A study by Drogos et al.
(2016) determined that carriers of the APOE4 have decreased
sleep quality, even without subjective sleep complaints (Drogos
et al., 2016). Additionally, APOE4 carriers show a two-times
increase in disordered breathing during sleep compared to
non-carrier individuals (Kadotani et al., 2001). The increased
incidence of AD among APOE4 carriers may result from their
increased level of disordered sleep. Moreover, APOE4 carriers
may have increased Aβ build-up in the brain’s sleep centers, and
therefore it could be hypothesized that the body may begin to
struggle to produce restorative sleep, compounding the issue.
As such, a feedforward loop may be occurring with the driving
factor of APOE4 leading to poor sleep, thus reducing glymphatic
clearance, allowing Aβ build-up and driving worse sleep.

Aquaporin 4 water channel
Aquaporin-4 water channel channels are critical features

of the glymphatic system, and their function is required to
effectively remove toxins from the brain (Iliff et al., 2012).
This selective water channel maintains ionic and osmotic
homeostasis within the brain (Badaut et al., 2007). These
channels are localized to astrocytes and ependymal cells, with
the most extensive presence on the end-feet of perivascular

astrocytes (Figure 5; Mathiisen et al., 2010). Loss of localization
occurs when AQP4 loses its polarity and becomes broadly
associated with the entire astrocyte (Murlidharan et al., 2016).
This mislocalization of AQP4 is known to occur in normal aging
and excessively in AD (Yang et al., 2011).

Aquaporin-4 water channel has been shown to play an
important role in the removal of Aβ from the brain parenchyma
(Rosu et al., 2020). One such study determining that inhibition
of AQP4 decreases Aβ drainage from around cerebral vessels
(Rosu et al., 2020). However, this paper did not investigate Aβ42,
as Aβ40 is the soluble form of Aβ. However, one study was
able to demonstrate, through postmortem histological analysis,
that non-demented subjects showed a reduced end-feet AQP4
localization on capillaries that was associated with increases in
soluble and insoluble Aβ40 and soluble Aβ42 (Simon et al.,
2022). Furthermore, reduced end-feet AQP4 localization on
large vessels was associated with increases in soluble Aβ40 and
soluble Aβ42 (Simon et al., 2022). Although causality cannot be
conferred as this is a postmortem study, these recent findings
were only present in non-demented subjects (not those with
AD) which suggests that AQP4 mislocalization is occurring
early in the AD disease continuum.

Yang et al. (2011) inferred that Aβ accumulation is the
cause, rather than the consequence, of AQP4 mislocalization in
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FIGURE 5

Schematic of a perivascular unit. Perivascular space (PVS)
separates the astrocyte end-feet from the blood vessel. AQP4
(aquaporin-4 channel) allows for the influx/efflux of solutes into
the PVS for removal or distribution. The inability of the
cerebrospinal fluid (CSF) to flow through the PVS results in
stagnation and enlargement of the PVS. Figure adapted from
Troili et al. (2020).

a mouse AD model (Yang et al., 2011). The team concluded
that these Aβ deposits at the PVS were likely particularly
harmful to cognition as they compromised end-foot function
and, therefore, the homeostatic function of astrocytes (Yang
et al., 2011). However, this finding remains controversial
whether AQP4 mislocalization is the cause or consequence of
Aβ deposition. Several other studies have shown that AQP4
mislocalization suppresses glymphatic clearance and is the
cause of Aβ accumulation (Iliff et al., 2014; Kress et al., 2014;
Zeppenfeld et al., 2017). Opposing findings such as this may
suggest a feedforward relationship where Aβ can accumulate
due to other problems with the glymphatic system, which causes
AQP4 mislocalization, further promoting Aβ accumulation
(Silva et al., 2021).

Additionally, AQP4 mutations have been shown to promote
sleep disturbances (Rainey-Smith et al., 2018). A study by
Rainey-Smith et al. (2018) utilized a self-reported “overall” sleep
quality assessment and demonstrated that several AQP4 single
nucleotide polymorphisms were associated with poorer sleep
(Rainey-Smith et al., 2018). Another recent study on Parkinson’s
disease demonstrated that specific mutations in AQP4 were
likely the cause of sleep disturbance and may act as a prognostic
marker for cognitive decline (Fang et al., 2022). Conversely,
some studies have found that sleep disturbance results in AQP4
mislocalization; one such study found that mice who were sleep
deprived showed AQP4 mislocalization away from astrocyte
end-feet (Liu et al., 2017). In agreement with this finding,
Zhang et al. (2020) found that short-term sleep deprivation (1-
week) causes abnormal expression of AQP4 and a reduction in
glymphatic clearance (Zhang et al., 2020). So, again, it is unclear

if AQP4 mislocalization causes poor sleep or if poor sleep causes
abnormal expression of AQP4.

The APOE4 and AQP4 haplotypes may lie very early on
the Jack curve (Figure 1). Genetic variants in AQP4 and
APOE4, which influence gene expression and increase the
risk of progression to dementia, may help explain individual
differences in susceptibility to cognitive decline and dementia in
the context of sleep (Rainey-Smith et al., 2018). These alterations
in normal biology may ultimately disrupt the effectiveness of the
glymphatic system, promoting an individual’s vulnerability to
developing AD. This relationship warrants further investigation
to gain clarification and understand whether these markers
could aid in early intervention and treatment.

Aging
Finally, aging is known to significantly influence the

development of neurodegenerative diseases, such as AD
(Figure 6). With aging comes degeneration in neurons,
Aβ plaques, astrocyte and microglia dysfunction and AQP4
mislocalization, ultimately leading to a reduction in protein
waste removal (Figure 6; Nedergaard and Goldman, 2020).
Moreover, aging is related to a drastic decline in the efficiency
of exchange between CSF and the brain parenchyma in mice
(Kress et al., 2014). Older mice had a 40% reduction in Aβ

clearance compared to young mice and a 27% loss in vessel
pulse ability and loss of AQP4 polarization (Kress et al., 2014).
Thus, the team proposed that cognitive decline associated with
aging is also associated with impaired glymphatic clearance and
may be a target for neurodegenerative disorder treatment (Kress
et al., 2014). Furthermore, findings such as this may suggest that
the elasticity of PVS is significantly decreased with age, and a
reduction in pulse ability of the PVS may suggest why age is
associated with enlarged PVS.

Perivascular spaces as a biomarker
for Alzheimer’s disease

Part of the glymphatic pathway, PVS are the small fluid-
filled spaces through which CSF flows in and out of the brain.
These spaces surround arteries, arterioles, capillaries, veins, and
venule walls as they pass from the subarachnoid space to the
parenchyma (Jessen et al., 2015).

Iliff et al. (2013a) discovered that PVS are molecular
size/weight dependent. Two molecules of differing molecular
weight were injected into the rat intrathecal space and
observed with MRI. Both molecules passed through the
para-arterial space, but the smaller molecule entered more
extensively into the brain parenchyma (Iliff et al., 2013a).
Interestingly, this finding points toward a size-selective
nature of the PVS when clearing molecules from the brain.
Moreover, this may suggest why large molecules found in
AD, such as Aβ plaques, are deposited around blood vessels,
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FIGURE 6

Aging and the glymphatic system. (A) Adequate influx and efflux of cerebrospinal fluid (CSF) and interstitial fluid (ISF) is needed to remove
unwanted metabolites from the brain. (B) With aging, glymphatic dysfunction begins to occur, which contributes to the build-up of molecules
known to be associated with neurodegeneration (Da Mesquita et al., 2018). Figure reproduced with permission from Nedergaard and Goldman
(2020).

as they simply cannot enter and be clear from the PVS
(Yu et al., 2022).

Stagnation of the PVS occurs when there is insufficient
flow of CSF through these spaces, causing them to expand,
trap fluid and become visible on MRI (Figure 7; Wardlaw
et al., 2020). Although enlarged PVS (ePVS) are a typical
sign of aging, it is also established that neurodegeneration
increases the prevalence and severity of ePVS (Chen et al.,
2011). ePVS may function as indicators for disease initiation
and progression as these spaces must be functional to maintain
homeostasis and remove excess metabolites, such as those
that form Aβ plaques and NFTs (Keable et al., 2016). Peng
et al. (2016) showed that glymphatic clearance issues preceded
Aβ deposition and, therefore, may precede Aβ in the AD
disease continuum (Peng et al., 2016). The team utilized a
radiolabeled approach and intracisternal injection of Aβ40 and
inulin (reference molecule) to determine that Aβ influx was
reduced with aging and in mice models of AD (Peng et al.,
2016). The same approach then quantified Aβ clearance, and
it was found that there was greater inulin clearance compared
to Aβ; this suggests that the slower clearance time of Aβ

increases the time that Aβ can interact with endogenous Aβ

plaques, promoting further accumulation (Peng et al., 2016).
While this is not a direct measurement of glymphatic problems
preceding Aβ accumulation, the team believed that the data
suggested that glymphatic clearance is altered in AD and occurs
before the significant presence of Aβ (Peng et al., 2016). This
team also hypothesized that restoring glymphatic efficiency and
PVS dynamics may be a potential treatment for slowing AD
progression (Peng et al., 2016).

Banerjee et al. (2017) supported this finding and
hypothesized that centrum semi-ovale PVS clearance was
essential for Aβ clearance within the brain through their
analysis of Aβ-PET and MRI (Banerjee et al., 2017). ePVS were
quantified using a pre-defined slice from a T1/2/2∗ MRI and
FLAIR (Fluid attenuated inversion recovery) images (Banerjee
et al., 2017). An adjusted analysis found that the severity of
ePVS in the centrum semi-ovale was associated with AD, while
the severity of ePVS in the basal ganglia was associated with
subcortical vascular cognitive impairment (Banerjee et al.,
2017). However, they did not find an association between MRI
visible ePVS and Aβ-PET (using Pittsburgh compound B).
This team noted that their study would have been improved
with the use of CSF biomarkers of Aβ to ensure that the
Aβ-PET signal was not measuring only parenchymal Aβ but
also vascular Aβ (Banerjee et al., 2017). Nonetheless, this study
gives supporting evidence for using ePVS in the centrum
semi-ovale as an imaging marker for AD, although it is not
likely a measure of Aβ-PET positivity in patients (Banerjee
et al., 2017).

Barisano et al. (2021) also demonstrated in an extensive
review of subjects using the Human Connectome Project that
the PVS are smaller in the morning and bigger in the afternoon
in the same subjects (Barisano et al., 2021). This finding
suggests a diurnal variation in the caliber of the PVS, which are
smaller during sleep and enlarged during the day. Furthermore,
this ability to change in caliber decreases as neurovascular
compliance decreases with aging, so the PVS will gradually
lose the ability to change in caliber as we age and remain
permanently dilated (Barisano et al., 2021).
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FIGURE 7

Enlarged perivascular space (PVS) visual score rating as shown on T2-weighted MRI. Grades 2, 3, and 4 are considered abnormally enlarged.
Panels (A–D) show severity of enlarged PVS in the Basal Ganglia. Panels (E–H) show severity of enlarged PVS in the centrum semi-ovale. The
Basal Ganglia and Centrum Semi-Ovale are currently implicated as the most accurate measures of PVS burden. Image from Yu et al. (2022).

Amyloid-beta and perivascular spaces

It has been demonstrated that the glymphatic pathway and
associated PVS are important in Aβ clearance. Studies by Xu
et al. (2015) utilized AQP4 knockout mice to demonstrate the
importance of Aβ clearance in AD (Xu et al., 2015). These
knockout mice could not effectively clear Aβ, resulting in
memory deficits (Xu et al., 2015). These results were supported
by Mestre et al. (2018a), who found that AQP4 knockout mice
had reduced CSF influx into the PVS (Mestre et al., 2018a).
Furthermore, the disruption of AQP4 localization, as seen in
AD, can increase Aβ pathology (Simon et al., 2022). Issues with
AQP4 are associated with AD pathology and cognitive function,
suggesting that AQP4 localization may be a key driver in disease
progression (Wilcock et al., 2009; Zeppenfeld et al., 2017; Simon
et al., 2022).

Another recent study determined, using ex vivo MRI on
humans, that ePVS were located mainly in the white matter
portion of perforating cortical arterioles (Perosa et al., 2021).
They showed reduced small muscle cells and increased vascular
Aβ that extended into the white matter, which individually
affected vessels with ePVS (Perosa et al., 2021). Thus, their

results were consistent with the current theory that ePVS reflect
an impaired outward flow along the arterioles that PVS follow
(Perosa et al., 2021).

Tau and perivascular spaces

Studies have demonstrated that both p-tau and total-tau (t-
tau) burden are associated with ePVS. Many believe that tau
is cleared through intracellular degradation (Tarasoff-Conway
et al., 2015); however, upon being released into the interstitium
(by AD-related neuronal death), it can then be cleared by the
glymphatic system (Iliff et al., 2014).

Vilor-Tejedor et al. (2021) used 322 CN individuals
diagnosed with AD-like pathology demonstrating that ePVS
in the centrum semi-ovale was associated with elevated CSF
p-tau and t-tau (Vilor-Tejedor et al., 2021). Another study
determined that NFT pathology was a good correlate for ePVS
burden in patients with AD and vascular lesion AD compared
to controls (Boespflug et al., 2018). By measuring postmortem
ePVS and AQP4 expression using immunofluorescence, this
team also found that AD patients had increased AQP4
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expression but a reduced localization to the astrocyte end-
feet (Boespflug et al., 2018). These patients also showed an
increased tau and Aβ burden associated with an increase in
ePVS (Boespflug et al., 2018). Both studies also support Iliff
et al. (2014), who determined that following traumatic brain
injury, mice lacking the AQP4 channel showed an increase
in NFT pathology and neurodegeneration (Iliff et al., 2014).
A more recent study in normal patients with AD pathological
biomarkers utilized an ePVS visual rating score to suggest that
impairment in glymphatic clearance could contribute to tau
accumulation through microglia neuroinflammation processes
(Zeng et al., 2022).

In a large cross-section study, PVS distribution was
found to be different in individuals with MCI compared
to CN participants, with a higher PVS volume fraction in
the centrum semi-ovale of the white matter (Sepehrband
et al., 2021). Further, it was shown that a lower PVS volume
fraction in the medial temporal lobe was correlated to a
more significant aggregation of tau NFTs in the adjacent
entorhinal cortex (Sepehrband et al., 2021). The team
hypothesized that the observed decrease in PVS volume
fraction in the medial temporal lobe might represent
occlusion of PVS prior to enlargement (Sepehrband et al.,
2021).

In opposition to these findings, Gertje et al. (2021) found
no significant association between ePVS and AD (Gertje et al.,
2021). In 39 individuals with AD, CSF levels of Aβ42, p-tau,
t-tau, neuroinflammatory markers, and Aβ-PET were not
associated with PVS (Gertje et al., 2021).

To date, the role of ePVS in the development and
progression of AD has yet to be established. We hypothesize
that the impairment of glymphatic clearance via perivascular
spaces is an early pathophysiologic mechanism that leads to
Aβ and tau deposition in the brain. The interaction between
ePVS, AD, and associated genetic and lifestyle risk factors needs
further elucidation to determine the potential of ePVS as both
an early diagnostic biomarker of neurodegeneration and a target
for more effective therapeutic interventions.

Conclusion

In conclusion, the glymphatic system and its associated
PVS are of great interest in AD. Understanding more about
AD and its underlying mechanisms is key to early intervention
and effective treatment. Recent findings regarding APOE4
and AQP4 haplotypes, as well as the effect of sleep on PVS,
demonstrate the complex nature of this neurodegenerative
disease. Enlarged PVS have the potential as a biomarker
able to predict the chance of neurodegeneration through to
AD; additionally, they may be able to demonstrate disease
progression and severity. Furthermore, these spaces and the
glymphatic system more generally may be a potential target

for treatment, with the promotion of glymphatic clearance
potentially delaying AD-associated cognitive decline.

Author contributions

MLy wrote the manuscript. MLy, MLa, and LV conceived
the scope of the review. All authors contributed to edits,
revisions, and approval for submission.

Conflict of interest

Outside of the present work, the authors report additional
funding from: Author TO’B reported funding from the
National Health and Medical Research Council (NHMRC),
Medical Research Future Fund (MRFF), Department of
Industry, Science and Resources, and the National Institute
of Neurological Disorders and Stroke (NINDS). Author TO’B
institution has also received consultancy and research funding
from UCB Pharma, Eisai, ES Therapeutics, Zynerba, Praxis
Pharmaceuticals, and Biogen. Author LV reported research
funding from Biogen, Eisai, and Life Molecular Imaging and
research grants from the National Health and Medical Research
Council (NHMRC), Medical Research Future Fund (MRFF),
National Institute of Health (NIH), Department of Industry,
Science and Resources, Victorian Accelerator Fund, Medical
Research Future Fund (MRFF), and Multiple Sclerosis Research
Australia (MSRA). Author MLa reported funding from the
National Health and Medical Research Council (NHMRC),
Medical Research Future Fund (MRFF), National Institute
of Health (NIH), Australian Research Council (ARC), the
Australian National Imaging Facility (NIF), American Society of
Neuroradiology, and the Aftershock Foundation. Author MLa
institution has also received consultancy and research funding
from Siemens Healthineers and GE Healthcare. Author BS
reported funding from the Department of Industry, Science,
Energy, and Resources.

The remaining authors declare that the research was
conducted in the absence of any commercial or financial
relationships that could be construed as a potential
conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

Frontiers in Neuroscience 12 frontiersin.org

https://doi.org/10.3389/fnins.2022.1021131
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/


fnins-16-1021131 October 14, 2022 Time: 8:13 # 13

Lynch et al. 10.3389/fnins.2022.1021131

References

Achariyar, T. M., Li, B., Peng, W., Verghese, P. B., Shi, Y., McConnell, E.,
et al. (2016). Glymphatic distribution of CSF-derived apoE into brain is isoform
specific and suppressed during sleep deprivation. Mol. Neurodegener. 11:74. doi:
10.1186/s13024-016-0138-8

Ackley, S. F., Zimmerman, S. C., Brenowitz, W. D., Tchetgen Tchetgen, E. J.,
Gold, A. L., Manly, J. J., et al. (2021). Effect of reductions in amyloid levels on
cognitive change in randomized trials: Instrumental variable meta-analysis. BMJ
372, n156. doi: 10.1136/bmj.n156

Ahmadian, N., Hejazi, S., Mahmoudi, J., and Talebi, M. (2018). Tau pathology
of alzheimer disease: Possible role of sleep deprivation. Basic Clin. Neurosci. 9,
307–316. doi: 10.32598/bcn.9.5.307

Badaut, J., Brunet, J.-F., and Regli, L. (2007). Aquaporins in the brain: From
aqueduct to “multi-duct”. Metab. Brain Dis. 22, 251–263. doi: 10.1007/s11011-
007-9057-2

Banerjee, G., Kim, H. J., Fox, Z., Jäger, H. R., Wilson, D., Charidimou, A.,
et al. (2017). MRI-visible perivascular space location is associated with Alzheimer’s
disease independently of amyloid burden. Brain 140, 1107–1116. doi: 10.1093/
brain/awx003

Barisano, G., Sheikh-Bahaei, N., Law, M., Toga, A. W., and Sepehrband, F.
(2021). Body mass index, time of day and genetics affect perivascular spaces
in the white matter. J. Cereb. Blood Flow Metab. 41, 1563–1578. doi: 10.1177/
0271678x20972856

Beydoun, M. A., Noren Hooten, N., Beydoun, H. A., Maldonado, A. I., Weiss,
J., Evans, M. K., et al. (2021). Plasma neurofilament light as a potential biomarker
for cognitive decline in a longitudinal study of middle-aged urban adults. Trans.
Psychiatry 11:436. doi: 10.1038/s41398-021-01563-9

Boespflug, E. L., Simon, M. J., Leonard, E., Grafe, M., Woltjer, R., Silbert,
L. C., et al. (2018). Targeted assessment of enlargement of the perivascular
space in Alzheimer’s Disease and vascular dementia subtypes implicates astroglial
involvement specific to Alzheimer’s Disease. J. Alzheimers Dis. 66, 1587–1597.
doi: 10.3233/JAD-180367

Bouras, C., Hof, P. R., Giannakopoulos, P., Michel, J. P., and Morrison, J. H.
(1994). Regional distribution of neurofibrillary tangles and senile plaques in the
cerebral cortex of elderly patients: A quantitative evaluation of a one-year autopsy
population from a geriatric hospital.Cereb. Cortex 4, 138–150. doi: 10.1093/cercor/
4.2.138

Braak, H., and Braak, E. (1991). Neuropathological stageing of Alzheimer-
related changes. Acta Neuropathol. 82, 239–259. doi: 10.1007/bf00308809

Braak, H., and Braak, E. (1997). Frequency of stages of Alzheimer-related lesions
in different age categories. Neurobiol. Aging 18, 351–357. doi: 10.1016/s0197-
4580(97)00056-0

Buchhave, P., Minthon, L., Zetterberg, H., Wallin, ÅK., Blennow, K., and
Hansson, O. (2012). Cerebrospinal Fluid Levels of β-Amyloid 1-42, but Not of Tau,
Are Fully Changed Already 5 to 10 Years Before the Onset of Alzheimer Dementia.
Archives of General Psychiatry 69, 98–106. doi: 10.1001/archgenpsychiatry.2011.
155

Busche, M. A., and Hyman, B. T. (2020). Synergy between amyloid-β and tau
in Alzheimer’s disease. Nat. Neurosci. 23, 1183–1193. doi: 10.1038/s41593-020-
0687-6

Caselli, R. J., and Reiman, E. M. (2013). Characterizing the preclinical
stages of Alzheimer’s disease and the prospect of presymptomatic intervention.
J. Alzheimer’s Dis. JAD Suppl 1 S405–S416. doi: 10.3233/JAD-2012-129026

Chang, C.-W., Shao, E., and Mucke, L. (2021). Tau: Enabler of diverse brain
disorders and target of rapidly evolving therapeutic strategies. Science (New York,
N.Y.) 371:eabb8255. doi: 10.1126/science.abb8255

Checler, F. (1995). Processing of the beta-amyloid precursor protein and its
regulation in Alzheimer’s disease. J. Neurochem. 65, 1431–1444. doi: 10.1046/j.
1471-4159.1995.65041431.x

Chen, G. F., Xu, T. H., Yan, Y., Zhou, Y. R., Jiang, Y., Melcher, K., et al. (2017).
Amyloid beta: Structure, biology and structure-based therapeutic development.
Acta Pharmacologica Sinica 38, 1205–1235. doi: 10.1038/aps.2017.28

Chen, W., Song, X., and Zhang, Y. (2011). Assessment of the virchow-robin
spaces in Alzheimer disease, mild cognitive impairment, and normal aging, using
high-field MR imaging. AJNR Am. J. Neuroradiol. 32, 1490–1495. doi: 10.3174/
ajnr.A2541

Corder, E. H., Saunders, A. M., Strittmatter, W. J., Schmechel, D. E., Gaskell,
P. C., Small, G. W., et al. (1993). Gene dose of apolipoprotein E Type 4 allele
and the risk of Alzheimer’s disease in late onset families. Science 261, 921–923.
doi: 10.1126/science.8346443

Da Mesquita, S., Fu, Z., and Kipnis, J. (2018). The meningeal lymphatic system:
A new player in neurophysiology. Neuron 100, 375–388. doi: 10.1016/j.neuron.
2018.09.022

de Leon, M. J., Li, Y., Okamura, N., Tsui, W. H., Saint-Louis, L. A., Glodzik,
L., et al. (2017). Cerebrospinal fluid clearance in alzheimer disease measured with
dynamic PET. J. Nucl. Med. 58, 1471–1476. doi: 10.2967/jnumed.116.187211

Desikan, R. S., McEvoy, L. K., Thompson, W. K., Holland, D., Roddey, J. C.,
Blennow, K., et al. (2011). Amyloid-β associated volume loss occurs only in the
presence of phospho-tau. Ann. Neurol. 70, 657–661. doi: 10.1002/ana.22509

Driscoll, I., Davatzikos, C., An, Y., Wu, X., Shen, D., Kraut, M., et al. (2009).
Longitudinal pattern of regional brain volume change differentiates normal aging
from MCI. Neurology 72, 1906–1913. doi: 10.1212/WNL.0b013e3181a82634

Drogos, L. L., Gill, S. J., Tyndall, A. V., Raneri, J. K., Parboosingh, J. S., Naef,
A., et al. (2016). Evidence of association between sleep quality and APOE ε4 in
healthy older adults: A pilot study. Neurology 87, 1836–1842. doi: 10.1212/wnl.
0000000000003255

Eyer, J., and Peterson, A. (1994). Neurofilament-deficient axons and perikaryal
aggregates in viable transgenic mice expressing a neurofilament-β-galactosidase
fusion protein. Neuron 12, 389–405. doi: 10.1016/0896-6273(94)90280-1

Fan, L., Mao, C., Hu, X., Zhang, S., Yang, Z., Hu, Z., et al. (2020). New insights
into the pathogenesis of Alzheimer’s Disease. Front. Neurol. 10:1312. doi: 10.3389/
fneur.2019.01312

Fang, Y., Dai, S., Jin, C., Si, X., Gu, L., Song, Z., et al. (2022). Aquaporin-4
polymorphisms are associated with cognitive performance in Parkinson’s Disease.
Front. Aging Neurosci. 13:740491–740491. doi: 10.3389/fnagi.2021.740491

Farrer, L. A., Cupples, L. A., Haines, J. L., Hyman, B., Kukull, W. A., Mayeux,
R., et al. (1997). Effects of age, sex, and ethnicity on the association between
apolipoprotein E genotype and alzheimer disease: A Meta-analysis. JAMA 278,
1349–1356. doi: 10.1001/jama.1997.03550160069041

Flores-Rodríguez, P., Ontiveros-Torres, M. A., Cárdenas-Aguayo, M. C., Luna-
Arias, J. P., Meraz-Ríos, M. A., Viramontes-Pintos, A., et al. (2015). The
relationship between truncation and phosphorylation at the C-terminus of tau
protein in the paired helical filaments of Alzheimer’s disease. Front. Neurosci. 9:33.
doi: 10.3389/fnins.2015.00033

Garland, P., Morton, M., Zolnourian, A., Durnford, A., Gaastra, B., Toombs,
J., et al. (2021). Neurofilament light predicts neurological outcome after
subarachnoid haemorrhage. Brain 144, 761–768. doi: 10.1093/brain/awaa451

Gertje, E. C., van Westen, D., Panizo, C., Mattsson-Carlgren, N., and Hansson,
O. (2021). Association of enlarged perivascular spaces and measures of small
vessel and alzheimer disease. Neurology 96, e193–e202. doi: 10.1212/WNL.
0000000000011046

Gong, C. X., and Iqbal, K. (2008). Hyperphosphorylation of microtubule-
associated protein tau: A promising therapeutic target for Alzheimer
disease. Curr. Med. Chem. 15, 2321–2328. doi: 10.2174/09298670878590
9111

Güntert, A., Döbeli, H., and Bohrmann, B. (2006). High sensitivity analysis of
amyloid-beta peptide composition in amyloid deposits from human and PS2APP
mouse brain. Neuroscience 143, 461–475. doi: 10.1016/j.neuroscience.2006.08.027

Halliday, M. R., Rege, S. V., Ma, Q., Zhao, Z., Miller, C. A., Winkler, E. A., et al.
(2016). Accelerated pericyte degeneration and blood–brain barrier breakdown in
apolipoprotein E4 carriers with Alzheimer’s disease. J. Cereb. Blood Flow Metab.
36, 216–227. doi: 10.1038/jcbfm.2015.44

Hardy, J. A., and Higgins, G. A. (1992). Alzheimer’s disease: The amyloid
cascade hypothesis. Science 256, 184–185. doi: 10.1126/science.1566067

Harrison, I. F., Ismail, O., Machhada, A., Colgan, N., Ohene, Y., Nahavandi, P.,
et al. (2020). Impaired glymphatic function and clearance of tau in an Alzheimer’s
disease model. Brain 143, 2576–2593. doi: 10.1093/brain/awaa179

Henneman, W. J., Sluimer, J. D., Barnes, J., van der Flier, W. M., Sluimer,
I. C., Fox, N. C., et al. (2009). Hippocampal atrophy rates in Alzheimer disease:
Added value over whole brain volume measures. Neurology 72, 999–1007. doi:
10.1212/01.wnl.0000344568.09360.31

Hock, C., Golombowski, S., Naser, W., and MüLler-Spahn, F. (1995). Increased
levels of τ protein in cerebrospinal fluid of patients with Alzheimer’s disease-
correlation with degree of cognitive impairment. Ann. Neurol. 37, 414–415. doi:
10.1002/ana.410370325

Hoffman, P. N., Cleveland, D. W., Griffin, J. W., Landes, P. W., Cowan, N. J.,
and Price, D. L. (1987). Neurofilament gene expression: A major determinant of
axonal caliber. Proc. Natl. Acad. Sci. U.S.A. 84, 3472–3476. doi: 10.1073/pnas.84.10.
3472

Frontiers in Neuroscience 13 frontiersin.org

https://doi.org/10.3389/fnins.2022.1021131
https://doi.org/10.1186/s13024-016-0138-8
https://doi.org/10.1186/s13024-016-0138-8
https://doi.org/10.1136/bmj.n156
https://doi.org/10.32598/bcn.9.5.307
https://doi.org/10.1007/s11011-007-9057-2
https://doi.org/10.1007/s11011-007-9057-2
https://doi.org/10.1093/brain/awx003
https://doi.org/10.1093/brain/awx003
https://doi.org/10.1177/0271678x20972856
https://doi.org/10.1177/0271678x20972856
https://doi.org/10.1038/s41398-021-01563-9
https://doi.org/10.3233/JAD-180367
https://doi.org/10.1093/cercor/4.2.138
https://doi.org/10.1093/cercor/4.2.138
https://doi.org/10.1007/bf00308809
https://doi.org/10.1016/s0197-4580(97)00056-0
https://doi.org/10.1016/s0197-4580(97)00056-0
https://doi.org/10.1001/archgenpsychiatry.2011.155
https://doi.org/10.1001/archgenpsychiatry.2011.155
https://doi.org/10.1038/s41593-020-0687-6
https://doi.org/10.1038/s41593-020-0687-6
https://doi.org/10.3233/JAD-2012-129026
https://doi.org/10.1126/science.abb8255
https://doi.org/10.1046/j.1471-4159.1995.65041431.x
https://doi.org/10.1046/j.1471-4159.1995.65041431.x
https://doi.org/10.1038/aps.2017.28
https://doi.org/10.3174/ajnr.A2541
https://doi.org/10.3174/ajnr.A2541
https://doi.org/10.1126/science.8346443
https://doi.org/10.1016/j.neuron.2018.09.022
https://doi.org/10.1016/j.neuron.2018.09.022
https://doi.org/10.2967/jnumed.116.187211
https://doi.org/10.1002/ana.22509
https://doi.org/10.1212/WNL.0b013e3181a82634
https://doi.org/10.1212/wnl.0000000000003255
https://doi.org/10.1212/wnl.0000000000003255
https://doi.org/10.1016/0896-6273(94)90280-1
https://doi.org/10.3389/fneur.2019.01312
https://doi.org/10.3389/fneur.2019.01312
https://doi.org/10.3389/fnagi.2021.740491
https://doi.org/10.1001/jama.1997.03550160069041
https://doi.org/10.3389/fnins.2015.00033
https://doi.org/10.1093/brain/awaa451
https://doi.org/10.1212/WNL.0000000000011046
https://doi.org/10.1212/WNL.0000000000011046
https://doi.org/10.2174/092986708785909111
https://doi.org/10.2174/092986708785909111
https://doi.org/10.1016/j.neuroscience.2006.08.027
https://doi.org/10.1038/jcbfm.2015.44
https://doi.org/10.1126/science.1566067
https://doi.org/10.1093/brain/awaa179
https://doi.org/10.1212/01.wnl.0000344568.09360.31
https://doi.org/10.1212/01.wnl.0000344568.09360.31
https://doi.org/10.1002/ana.410370325
https://doi.org/10.1002/ana.410370325
https://doi.org/10.1073/pnas.84.10.3472
https://doi.org/10.1073/pnas.84.10.3472
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/


fnins-16-1021131 October 14, 2022 Time: 8:13 # 14

Lynch et al. 10.3389/fnins.2022.1021131

Holtzman, D. M., Herz, J., and Bu, G. (2012). Apolipoprotein E and
apolipoprotein E receptors: Normal biology and roles in Alzheimer disease. Cold
Spring Harb Perspect. Med. 2:a006312. doi: 10.1101/cshperspect.a006312

Hugo, J., and Ganguli, M. (2014). Dementia and cognitive impairment:
Epidemiology, diagnosis, and treatment. Clin. Geriatr. Med. 30, 421–442. doi:
10.1016/j.cger.2014.04.001

Iliff, J. J., Chen, M. J., Plog, B. A., Zeppenfeld, D. M., Soltero, M., Yang, L., et al.
(2014). Impairment of glymphatic pathway function promotes tau pathology after
traumatic brain injury. J. Neurosci. 34, 16180–16193. doi: 10.1523/jneurosci.3020-
14.2014

Iliff, J. J., Wang, M., Zeppenfeld, D. M., Venkataraman, A., Plog, B. A., Liao,
Y., et al. (2013b). Cerebral arterial pulsation drives paravascular CSF-interstitial
fluid exchange in the murine brain. J. Neurosci. 33, 18190–18199. doi: 10.1523/
JNEUROSCI.1592-13.2013

Iliff, J. J., Lee, H., Yu, M., Feng, T., Logan, J., Nedergaard, M., et al. (2013a).
Brain-wide pathway for waste clearance captured by contrast-enhanced MRI.
J. Clin. Invest. 123, 1299–1309. doi: 10.1172/jci67677

Iliff, J. J., Wang, M., Liao, Y., Plogg, B. A., Peng, W., Gundersen, G. A., et al.
(2012). A paravascular pathway facilitates CSF flow through the brain parenchyma
and the clearance of interstitial solutes, including amyloid β. Sci. Trans. Med. 4,
ra111–ra147. doi: 10.1126/scitranslmed.3003748

Iqbal, K., Liu, F., Gong, C. X., and Grundke-Iqbal, I. (2010). Tau in Alzheimer
disease and related tauopathies. Curr. Alzheimer Res. 7, 656–664. doi: 10.2174/
156720510793611592

Irwin, M. R., and Vitiello, M. V. (2019). Implications of sleep disturbance
and inflammation for Alzheimer’s disease dementia. Lancet Neurol. 18, 296–306.
doi: 10.1016/S1474-4422(18)30450-2

Iwatsubo, T., Odaka, A., Suzuki, N., Mizusawa, H., Nukina, N., and Ihara, Y.
(1994). Visualization of A beta 42(43) and A beta 40 in senile plaques with end-
specific A beta monoclonals: Evidence that an initially deposited species is A beta
42(43). Neuron 13, 45–53. doi: 10.1016/0896-6273(94)90458-8

Jack, C. R. Jr., Knopman, D. S., Jagust, W. J., Petersen, R. C., Weiner, M. W.,
Aisen, P. S., et al. (2013). Tracking pathophysiological processes in Alzheimer’s
disease: An updated hypothetical model of dynamic biomarkers. Lancet Neurol.
12, 207–216. doi: 10.1016/s1474-4422(12)70291-0

Jack, C. R. Jr., Wiste, H. J., Vemuri, P., Weigand, S. D., Senjem, M. L., Zeng,
G., et al. (2010). Brain beta-amyloid measures and magnetic resonance imaging
atrophy both predict time-to-progression from mild cognitive impairment to
Alzheimer’s disease. Brain 133, 3336–3348. doi: 10.1093/brain/awq277

Jack, C. R., Bennett, D. A., Blennow, K., Carrillo, M. C., Dunn, B., Haeberlein,
S. B., et al. (2018). NIA-AA research framework: Toward a biological definition of
Alzheimer’s disease. Alzheimer’s Dementia 14, 535–562. doi: 10.1016/j.jalz.2018.02.
018

Janelidze, S., Zetterberg, H., Mattsson, N., Palmqvist, S., Vanderstichele, H.,
Lindberg, O., et al. (2016). CSF Aβ42/Aβ40 and Aβ42/Aβ38 ratios: Better
diagnostic markers of Alzheimer disease. Ann. Clin. Transl. Neurol. 3, 154–165.
doi: 10.1002/acn3.274

Jarrett, J. T., Berger, E. P., and Lansbury, P. T. Jr. (1993). The carboxy terminus
of the beta amyloid protein is critical for the seeding of amyloid formation:
Implications for the pathogenesis of Alzheimer’s disease. Biochemistry 32, 4693–
4697. doi: 10.1021/bi00069a001

Jessen, N. A., Munk, A. S. F., Lundgaard, I., and Nedergaard, M. (2015). The
glymphatic system: A Beginner’s Guide. Neurochem. Res. 40, 2583–2599. doi:
10.1007/s11064-015-1581-6

Ju, Y. E., McLeland, J. S., Toedebusch, C. D., Xiong, C., Fagan, A. M., Duntley,
S. P., et al. (2013). Sleep quality and preclinical Alzheimer disease. JAMA Neurol.
70, 587–593. doi: 10.1001/jamaneurol.2013.2334

Kadotani, H., Kadotani, T., Young, T., Peppard, P. E., Finn, L., Colrain, I. M.,
et al. (2001). Association between apolipoprotein E ε4 and sleep-disordered
breathing in adults. JAMA 285, 2888–2890. doi: 10.1001/jama.285.22.2888

Keable, A., Fenna, K., Yuen, H. M., Johnston, D. A., Smyth, N. R., Smith, C.,
et al. (2016). Deposition of amyloid β in the walls of human leptomeningeal
arteries in relation to perivascular drainage pathways in cerebral amyloid
angiopathy. Biochim. Biophys. Acta 1862, 1037–1046. doi: 10.1016/j.bbadis.2015.0
8.024

Khasawneh, A. H., Garling, R. J., and Harris, C. A. (2018). Cerebrospinal fluid
circulation: What do we know and how do we know it? Brain Circ. 4, 14–18.
doi: 10.4103/bc.bc_3_18

Kinney, J. W., Bemiller, S. M., Murtishaw, A. S., Leisgang, A. M., Salazar, A. M.,
and Lamb, B. T. (2018). Inflammation as a central mechanism in Alzheimer’s
disease. Alzheimer’s Dementia Transl. Res. Clin. Interv. 4, 575–590. doi: 10.1016/
j.trci.2018.06.014

Kress, B. T., Iliff, J. J., Xia, M., Wang, M., Wei, H. S., Zeppenfeld, D., et al. (2014).
Impairment of paravascular clearance pathways in the aging brain. Ann. Neurol.
76, 845–861. doi: 10.1002/ana.24271

Lewczuk, P., Ermann, N., Andreasson, U., Schultheis, C., Podhorna, J.,
Spitzer, P., et al. (2018). Plasma neurofilament light as a potential biomarker
of neurodegeneration in Alzheimer’s disease. Alzheimers Res. Ther. 10, 71–71.
doi: 10.1186/s13195-018-0404-9

Lewczuk, P., Esselmann, H., Otto, M., Maler, J. M., Henkel, A. W., Henkel,
M. K., et al. (2004). Neurochemical diagnosis of Alzheimer’s dementia by CSF
Abeta42. Abeta42/Abeta40 ratio and total tau. Neurobiol. Aging 25, 273–281. doi:
10.1016/s0197-4580(03)00086-1

Lewczuk, P., Matzen, A., Blennow, K., Parnetti, L., Molinuevo, J. L., Eusebi,
P., et al. (2017). Cerebrospinal Fluid Aβ42/40 Corresponds Better than Aβ42 to
Amyloid PET in Alzheimer’s Disease. J. Alzheimers Dis. 55, 813–822. doi: 10.3233/
jad-160722

Li, Y., Rusinek, H., Butler, T., Glodzik, L., Pirraglia, E., Babich, J., et al. (2022).
Decreased CSF clearance and increased brain amyloid in Alzheimer’s disease.
Fluids Barriers CNS 19:21. doi: 10.1186/s12987-022-00318-y

Liu, C. C., Liu, C. C., Kanekiyo, T., Xu, H., and Bu, G. (2013). Apolipoprotein
E and Alzheimer disease: Risk, mechanisms and therapy. Nat. Rev. Neurol. 9,
106–118. doi: 10.1038/nrneurol.2012.263

Liu, D. X., He, X., Wu, D., Zhang, Q., Yang, C., Liang, F. Y., et al. (2017).
Continuous theta burst stimulation facilitates the clearance efficiency of the
glymphatic pathway in a mouse model of sleep deprivation. Neurosci. Lett. 653,
189–194. doi: 10.1016/j.neulet.2017.05.064

Liu, P.-P., Xie, Y., Meng, X.-Y., and Kang, J.-S. (2019). History and progress
of hypotheses and clinical trials for Alzheimer’s disease. Signal Transduct. Target.
Ther. 4:29. doi: 10.1038/s41392-019-0063-8

Luna-Muñoz, J., Harrington, C. R., Wischik, C., Flores-Rodriguez, P., Avila,
J., and Zamudio, S. R. (2013). “Phosphorylation of tau protein associated as a
protective mechanism in the presence of toxic, C-terminally truncated tau in
Alzheimer’s disease,” in Understanding Alzheimer’s Disease, ed. I. Zerr (London:
IntechOpen), 89–107.

Mandelkow, E.-M., and Mandelkow, E. (2012). Biochemistry and cell biology
of tau protein in neurofibrillary degeneration. Cold Spring Harb. Perspect. Med. 2,
a006247. doi: 10.1101/cshperspect.a006247

Mathiisen, T. M., Lehre, K. P., Danbolt, N. C., and Ottersen, O. P. (2010).
The perivascular astroglial sheath provides a complete covering of the brain
microvessels: An electron microscopic 3D reconstruction. Glia 58, 1094–1103.
doi: 10.1002/glia.20990

McCurry, S. M., Logsdon, R. G., Teri, L., Gibbons, L. E., Kukull, W. A., Bowen,
J. D., et al. (1999). Characteristics of sleep disturbance in community-dwelling
Alzheimer’s disease patients. J. Geriatr. Psychiatry Neurol. 12, 53–59. doi: 10.1177/
089198879901200203

McDade, E., Wang, G., Gordon, B. A., Hassenstab, J., Benzinger, T. L. S., Buckles,
V., et al. (2018). Longitudinal cognitive and biomarker changes in dominantly
inherited Alzheimer disease. Neurology 91, e1295–e1306. doi: 10.1212/WNL.
0000000000006277

McKhann, G. M., Knopman, D. S., Chertkow, H., Hyman, B. T., Jack, C. R. Jr.,
Kawas, C. H., et al. (2011). The diagnosis of dementia due to Alzheimer’s disease:
Recommendations from the National Institute on aging-Alzheimer’s association
workgroups on diagnostic guidelines for Alzheimer’s disease. Alzheimers Dement.
7, 263–269. doi: 10.1016/j.jalz.2011.03.005

Merlo, S., Spampinato, S. F., Caruso, G. I., and Sortino, M. A. (2020). The
ambiguous role of microglia in Aβ toxicity: Chances for therapeutic intervention.
Curr. Neuropharmacol. 18, 446–455. doi: 10.2174/1570159x18666200131105418

Mestre, H., Tithof, J., Du, T., Song, W., Peng, W., Sweeney, A. M., et al. (2018b).
Flow of cerebrospinal fluid is driven by arterial pulsations and is reduced in
hypertension. Nat. Commun. 9:4878. doi: 10.1038/s41467-018-07318-3

Mestre, H., Hablitz, L. M., Xavier, A. L. R., Feng, W., Zou, W., Pu, T., et al.
(2018a). Aquaporin-4-dependent glymphatic solute transport in the rodent brain.
Elife 7:e40070. doi: 10.7554/eLife.40070

Mestre, H., Mori, Y., and Nedergaard, M. (2020). The brain’s glymphatic system:
Current controversies. Trends Neurosci. 43, 458–466. doi: 10.1016/j.tins.2020.04.
003

Mietelska-Porowska, A., Wasik, U., Goras, M., Filipek, A., and Niewiadomska,
G. (2014). Tau protein modifications and interactions: Their role in function and
dysfunction. Int. J. Mol. Sci. 15, 4671–4713. doi: 10.3390/ijms15034671

Miller, A. K., Alston, R. L., and Corsellis, J. A. (1980). Variation with age
in the volumes of grey and white matter in the cerebral hemispheres of man:
Measurements with an image analyser. Neuropathol. Appl. Neurobiol. 6, 119–132.
doi: 10.1111/j.1365-2990.1980.tb00283.x

Frontiers in Neuroscience 14 frontiersin.org

https://doi.org/10.3389/fnins.2022.1021131
https://doi.org/10.1101/cshperspect.a006312
https://doi.org/10.1016/j.cger.2014.04.001
https://doi.org/10.1016/j.cger.2014.04.001
https://doi.org/10.1523/jneurosci.3020-14.2014
https://doi.org/10.1523/jneurosci.3020-14.2014
https://doi.org/10.1523/JNEUROSCI.1592-13.2013
https://doi.org/10.1523/JNEUROSCI.1592-13.2013
https://doi.org/10.1172/jci67677
https://doi.org/10.1126/scitranslmed.3003748
https://doi.org/10.2174/156720510793611592
https://doi.org/10.2174/156720510793611592
https://doi.org/10.1016/S1474-4422(18)30450-2
https://doi.org/10.1016/0896-6273(94)90458-8
https://doi.org/10.1016/s1474-4422(12)70291-0
https://doi.org/10.1093/brain/awq277
https://doi.org/10.1016/j.jalz.2018.02.018
https://doi.org/10.1016/j.jalz.2018.02.018
https://doi.org/10.1002/acn3.274
https://doi.org/10.1021/bi00069a001
https://doi.org/10.1007/s11064-015-1581-6
https://doi.org/10.1007/s11064-015-1581-6
https://doi.org/10.1001/jamaneurol.2013.2334
https://doi.org/10.1001/jama.285.22.2888
https://doi.org/10.1016/j.bbadis.2015.08.024
https://doi.org/10.1016/j.bbadis.2015.08.024
https://doi.org/10.4103/bc.bc_3_18
https://doi.org/10.1016/j.trci.2018.06.014
https://doi.org/10.1016/j.trci.2018.06.014
https://doi.org/10.1002/ana.24271
https://doi.org/10.1186/s13195-018-0404-9
https://doi.org/10.1016/s0197-4580(03)00086-1
https://doi.org/10.1016/s0197-4580(03)00086-1
https://doi.org/10.3233/jad-160722
https://doi.org/10.3233/jad-160722
https://doi.org/10.1186/s12987-022-00318-y
https://doi.org/10.1038/nrneurol.2012.263
https://doi.org/10.1016/j.neulet.2017.05.064
https://doi.org/10.1038/s41392-019-0063-8
https://doi.org/10.1101/cshperspect.a006247
https://doi.org/10.1002/glia.20990
https://doi.org/10.1177/089198879901200203
https://doi.org/10.1177/089198879901200203
https://doi.org/10.1212/WNL.0000000000006277
https://doi.org/10.1212/WNL.0000000000006277
https://doi.org/10.1016/j.jalz.2011.03.005
https://doi.org/10.2174/1570159x18666200131105418
https://doi.org/10.1038/s41467-018-07318-3
https://doi.org/10.7554/eLife.40070
https://doi.org/10.1016/j.tins.2020.04.003
https://doi.org/10.1016/j.tins.2020.04.003
https://doi.org/10.3390/ijms15034671
https://doi.org/10.1111/j.1365-2990.1980.tb00283.x
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/


fnins-16-1021131 October 14, 2022 Time: 8:13 # 15

Lynch et al. 10.3389/fnins.2022.1021131

Moore, K. J., El Khoury, J., Medeiros, L. A., Terada, K., Geula, C., Luster,
A. D., et al. (2002). A CD36-initiated signaling cascade mediates inflammatory
effects of &#x3b2;-amyloid ∗ . J. Biol. Chem. 277, 47373–47379. doi: 10.1074/jbc.
M208788200

Murlidharan, G., Crowther, A., Reardon, R. A., Song, J., and Asokan, A. (2016).
Glymphatic fluid transport controls paravascular clearance of AAV vectors from
the brain. JCI Insight 1:e88034. doi: 10.1172/jci.insight.88034

Natale, G., Limanaqi, F., Busceti, C. L., Mastroiacovo, F., Nicoletti, F.,
Puglisi-Allegra, S., et al. (2021). Glymphatic system as a gateway to connect
neurodegeneration from periphery to CNS. Front. Neurosci. 15:639140. doi: 10.
3389/fnins.2021.639140

Nedergaard, M., and Goldman, S. A. (2020). Glymphatic failure as a final
common pathway to dementia. Science 370, 50–56. doi: 10.1126/science.abb8739

Nelson, P. T., Alafuzoff, I., Bigio, E. H., Bouras, C., Braak, H., Cairns, N. J., et al.
(2012). Correlation of Alzheimer disease neuropathologic changes with cognitive
status: A review of the literature. J. Neuropathol. Exp. Neurol. 71, 362–381. doi:
10.1097/NEN.0b013e31825018f7

Nichols, E., Steinmetz, J. D., Vollset, S. E., Fukutaki, K., Chalek, J., Abd-Allah,
F., et al. (2022). Estimation of the global prevalence of dementia in 2019 and
forecasted prevalence in 2050: An analysis for the global burden of disease study
2019. Lancet Public Health 7, e105–e125. doi: 10.1016/S2468-2667(21)00249-8

Olsson, F., Schmidt, S., Althoff, V., Munter, L. M., Jin, S., Rosqvist, S., et al.
(2014). Characterization of intermediate steps in amyloid beta (Aβ) production
under near-native conditions. J. Biol. Chem. 289, 1540–1550. doi: 10.1074/jbc.
M113.498246

Papaiconomou, C., Zakharov, A., Azizi, N., Djenic, J., and Johnston, M. (2004).
Reassessment of the pathways responsible for cerebrospinal fluid absorption in the
neonate. Childs Nerv. Syst. 20, 29–36. doi: 10.1007/s00381-003-0840-z

Pawlowski, M., Meuth, S. G., and Duning, T. (2017). Cerebrospinal fluid
biomarkers in Alzheimer’s disease—from brain starch to bench and bedside.
Diagnostics 7:42. doi: 10.3390/diagnostics7030042

Peng, W., Achariyar, T. M., Li, B., Liao, Y., Mestre, H., Hitomi, E., et al. (2016).
Suppression of glymphatic fluid transport in a mouse model of Alzheimer’s disease.
Neurobiol. Dis. 93, 215–225. doi: 10.1016/j.nbd.2016.05.015

Perosa, V., Oltmer, J., Munting, L. P., Freeze, W. M., Auger, C. A., Scherlek,
A. A., et al. (2021). Perivascular space dilation is associated with vascular amyloid-
β accumulation in the overlying cortex. Acta Neuropathol. 143, 331–348. doi:
10.1007/s00401-021-02393-1

Petersen, R. C., Smith, G. E., Waring, S. C., Ivnik, R. J., Tangalos, E. G., and
Kokmen, E. (1999). Mild cognitive impairment: Clinical characterization and
outcome. Arch. Neurol. 56, 303–308. doi: 10.1001/archneur.56.3.303

Piccini, A., Russo, C., Gliozzi, A., Relini, A., Vitali, A., Borghi, R., et al. (2005).
beta-amyloid is different in normal aging and in Alzheimer disease. J. Biol. Chem.
280, 34186–34192. doi: 10.1074/jbc.M501694200

Polvikoski, T., Sulkava, R., Haltia, M., Kainulainen, K., Vuorio, A., Verkkoniemi,
A., et al. (1995). Apolipoprotein E, dementia, and cortical deposition
of beta-amyloid protein. N. Engl. J. Med. 333, 1242–1247. doi: 10.1056/
nejm199511093331902

Pu, T., Zou, W., Feng, W., Zhang, Y., Wang, L., Wang, H., et al. (2019).
Persistent Malfunction of glymphatic and meningeal lymphatic drainage in a
mouse model of subarachnoid hemorrhage. Exp. Neurobiol. 28, 104–118. doi:
10.5607/en.2019.28.1.104

Rainey-Smith, S. R., Mazzucchelli, G. N., Villemagne, V. L., Brown, B. M., Porter,
T., Weinborn, M., et al. (2018). Genetic variation in aquaporin-4 moderates the
relationship between sleep and brain Aβ-amyloid burden. Transl. Psychiatry 8:47.
doi: 10.1038/s41398-018-0094-x

Rapoport, M., Dawson, H. N., Binder, L. I., Vitek, M. P., and Ferreira, A. (2002).
Tau is essential to &#x3b2;-amyloid-induced neurotoxicity. Proc. Natl. Acad. Sci.
U.S.A. 99, 6364–6369. doi: 10.1073/pnas.092136199

Rosu, G.-C., Catalin, B., Balseanu, T. A., Laurentiu, M., Claudiu, M., Kumar-
Singh, S., et al. (2020). Inhibition of aquaporin 4 decreases amyloid Aβ40 drainage
around cerebral vessels. Mol. Neurobiol. 57, 4720–4734. doi: 10.1007/s12035-020-
02044-8

Ryan, N. S., and Rossor, M. N. (2010). Correlating familial Alzheimer’s disease
gene mutations with clinical phenotype. Biomark. Med. 4, 99–112. doi: 10.2217/
bmm.09.92

Sakai, N., and Nishino, S. (2021). “Sleep and the glymphatic system,” inReference
Module in neuroscience and biobehavioral psychology (Amsterdam: Elsevier).

Schmechel, D. E., Saunders, A. M., Strittmatter, W. J., Crain, B. J., Hulette, C. M.,
Joo, S. H., et al. (1993). Increased amyloid beta-peptide deposition in cerebral
cortex as a consequence of apolipoprotein E genotype in late-onset Alzheimer
disease. Proc. Natl. Acad. Sci. U.S.A. 90, 9649–9653. doi: 10.1073/pnas.90.20.9649

Schöll, M., Lockhart, S. N., Schonhaut, D. R., O’Neil, J. P., Janabi, M.,
Ossenkoppele, R., et al. (2016). PET imaging of tau deposition in the aging human
brain. Neuron 89, 971–982. doi: 10.1016/j.neuron.2016.01.028

Schuff, N., Woerner, N., Boreta, L., Kornfield, T., Shaw, L. M., Trojanowski,
J. Q., et al. (2009). MRI of hippocampal volume loss in early Alzheimer’s disease
in relation to ApoE genotype and biomarkers. Brain 132(Pt 4), 1067–1077. doi:
10.1093/brain/awp007

Sepehrband, F., Barisano, G., Sheikh-Bahaei, N., Choupan, J., Cabeen, R. P.,
Lynch, K. M., et al. (2021). Volumetric distribution of perivascular space in
relation to mild cognitive impairment. Neurobiol. Aging 99, 28–43. doi: 10.1016/j.
neurobiolaging.2020.12.010

Serrano-Pozo, A., Frosch, M. P., Masliah, E., and Hyman, B. T. (2011).
Neuropathological alterations in Alzheimer disease. Cold Spring Harb. Perspect.
Med. 1:a006189. doi: 10.1101/cshperspect.a006189

Seubert, P., Vigo-Pelfrey, C., Esch, F., Lee, M., Dovey, H., Davis, D., et al. (1992).
Isolation and quantification of soluble Alzheimer’s β-peptide from biological
fluids. Nature 359, 325–327. doi: 10.1038/359325a0

Shetty, A. K., and Zanirati, G. (2020). The interstitial system of the brain in
health and disease. Aging Dis. 11, 200–211. doi: 10.14336/ad.2020.0103

Shipton, O. A., Leitz, J. R., Dworzak, J., Acton, C. E. J., Tunbridge, E. M., Denk,
F., et al. (2011). Tau Protein is required for amyloid β-induced impairment of
hippocampal long-term potentiation. J. Neurosci. 31, 1688–1692. doi: 10.1523/
jneurosci.2610-10.2011

Silbert, L. C., Quinn, J. F., Moore, M. M., Corbridge, E., Ball, M. J., Murdoch,
G., et al. (2003). Changes in premorbid brain volume predict Alzheimer’s disease
pathology. Neurology 61, 487–492. doi: 10.1212/01.WNL.0000079053.77227.14

Silva, I., Silva, J., Ferreira, R., and Trigo, D. (2021). Glymphatic system, AQP4,
and their implications in Alzheimer’s disease. Neurol. Res. Pract. 3:5. doi: 10.1186/
s42466-021-00102-7

Simon, M., Wang, M. X., Ismail, O., Braun, M., Schindler, A. G., Reemmer,
J., et al. (2022). Loss of perivascular aquaporin-4 localization impairs glymphatic
exchange and promotes amyloid [beta] plaque formation in mice. Alzheimers Res.
Ther. 14:59. doi: 10.1186/s13195-022-00999-5

Soto-Rojas, L. O., Pacheco-Herrero, M., Martínez-Gómez, P. A., Campa-
Córdoba, B. B., Apátiga-Pérez, R., Villegas-Rojas, M. M., et al. (2021). The
neurovascular unit dysfunction in Alzheimer’s disease. Int. J. Mol. Sci. 22:2022.
doi: 10.3390/ijms22042022

Sperling, R. A., Aisen, P. S., Beckett, L. A., Bennett, D. A., Craft, S., Fagan,
A. M., et al. (2011). Toward defining the preclinical stages of Alzheimer’s disease:
Recommendations from the National institute on aging-Alzheimer’s association
workgroups on diagnostic guidelines for Alzheimer’s disease. Alzheimers Dement.
7, 280–292. doi: 10.1016/j.jalz.2011.03.003

Spotorno, N., Acosta-Cabronero, J., Stomrud, E., Lampinen, B., Strandberg,
O. T., van Westen, D., et al. (2020). Relationship between cortical iron and tau
aggregation in Alzheimer’s disease. Brain 143, 1341–1349. doi: 10.1093/brain/
awaa089

Sturchio, A., Dwivedi, A. K., Young, C. B., Malm, T., Marsili, L., Sharma,
J. S., et al. (2021). High cerebrospinal amyloid-beta 42 is associated with normal
cognition in individuals with brain amyloidosis. Eclinicalmedicine 38:100988. doi:
10.1016/j.eclinm.2021.100988

Swarbrick, S., Wragg, N., Ghosh, S., and Stolzing, A. (2019). Systematic review
of miRNA as biomarkers in Alzheimer’s disease. Mol. Neurobiol. 56, 6156–6167.
doi: 10.1007/s12035-019-1500-y

Tarasoff-Conway, J. M., Carare, R. O., Osorio, R. S., Glodzik, L., Butler, T.,
Fieremans, E., et al. (2015). Clearance systems in the brain—implications for
Alzheimer disease. Nat. Rev. Neurol. 11, 457–470. doi: 10.1038/nrneurol.2015.119

Thrane, V. R., Thrane, A. S., Plog, B. A., Thiyagarajan, M., Iliff, J. J., Deane,
R., et al. (2013). Paravascular microcirculation facilitates rapid lipid transport and
astrocyte signaling in the brain. Sci. Rep. 3:2582. doi: 10.1038/srep02582

Troili, F., Cipollini, V., Moci, M., Morena, E., Palotai, M., Rinaldi, V., et al.
(2020). Perivascular unit: This must be the place. The anatomical crossroad
between the immune, vascular and nervous system. Front. Neuroanat. 14:17. doi:
10.3389/fnana.2020.00017

Vaillant-Beuchot, L., Mary, A., Pardossi-Piquard, R., Bourgeois, A., Lauritzen,
I., Eysert, F., et al. (2020). Accumulation of amyloid precursor protein C-terminal
fragments triggers mitochondrial structure, function, and mitophagy defects in
Alzheimer’s disease models and human brains. Acta Neuropathol. 141, 39–65.
doi: 10.1007/s00401-020-02234-7

Vilor-Tejedor, N., Ciampa, I., Operto, G., Falcón, C., Suárez-Calvet, M., Crous-
Bou, M., et al. (2021). Perivascular spaces are associated with tau pathophysiology
and synaptic dysfunction in early Alzheimer’s continuum. Alzheimers Res. Ther.
13, 1–13. doi: 10.1186/s13195-021-00878-5

Frontiers in Neuroscience 15 frontiersin.org

https://doi.org/10.3389/fnins.2022.1021131
https://doi.org/10.1074/jbc.M208788200
https://doi.org/10.1074/jbc.M208788200
https://doi.org/10.1172/jci.insight.88034
https://doi.org/10.3389/fnins.2021.639140
https://doi.org/10.3389/fnins.2021.639140
https://doi.org/10.1126/science.abb8739
https://doi.org/10.1097/NEN.0b013e31825018f7
https://doi.org/10.1097/NEN.0b013e31825018f7
https://doi.org/10.1016/S2468-2667(21)00249-8
https://doi.org/10.1074/jbc.M113.498246
https://doi.org/10.1074/jbc.M113.498246
https://doi.org/10.1007/s00381-003-0840-z
https://doi.org/10.3390/diagnostics7030042
https://doi.org/10.1016/j.nbd.2016.05.015
https://doi.org/10.1007/s00401-021-02393-1
https://doi.org/10.1007/s00401-021-02393-1
https://doi.org/10.1001/archneur.56.3.303
https://doi.org/10.1074/jbc.M501694200
https://doi.org/10.1056/nejm199511093331902
https://doi.org/10.1056/nejm199511093331902
https://doi.org/10.5607/en.2019.28.1.104
https://doi.org/10.5607/en.2019.28.1.104
https://doi.org/10.1038/s41398-018-0094-x
https://doi.org/10.1073/pnas.092136199
https://doi.org/10.1007/s12035-020-02044-8
https://doi.org/10.1007/s12035-020-02044-8
https://doi.org/10.2217/bmm.09.92
https://doi.org/10.2217/bmm.09.92
https://doi.org/10.1073/pnas.90.20.9649
https://doi.org/10.1016/j.neuron.2016.01.028
https://doi.org/10.1093/brain/awp007
https://doi.org/10.1093/brain/awp007
https://doi.org/10.1016/j.neurobiolaging.2020.12.010
https://doi.org/10.1016/j.neurobiolaging.2020.12.010
https://doi.org/10.1101/cshperspect.a006189
https://doi.org/10.1038/359325a0
https://doi.org/10.14336/ad.2020.0103
https://doi.org/10.1523/jneurosci.2610-10.2011
https://doi.org/10.1523/jneurosci.2610-10.2011
https://doi.org/10.1212/01.WNL.0000079053.77227.14
https://doi.org/10.1186/s42466-021-00102-7
https://doi.org/10.1186/s42466-021-00102-7
https://doi.org/10.1186/s13195-022-00999-5
https://doi.org/10.3390/ijms22042022
https://doi.org/10.1016/j.jalz.2011.03.003
https://doi.org/10.1093/brain/awaa089
https://doi.org/10.1093/brain/awaa089
https://doi.org/10.1016/j.eclinm.2021.100988
https://doi.org/10.1016/j.eclinm.2021.100988
https://doi.org/10.1007/s12035-019-1500-y
https://doi.org/10.1038/nrneurol.2015.119
https://doi.org/10.1038/srep02582
https://doi.org/10.3389/fnana.2020.00017
https://doi.org/10.3389/fnana.2020.00017
https://doi.org/10.1007/s00401-020-02234-7
https://doi.org/10.1186/s13195-021-00878-5
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/


fnins-16-1021131 October 14, 2022 Time: 8:13 # 16

Lynch et al. 10.3389/fnins.2022.1021131

Wang, J. Z., Gong, C. X., Zaidi, T., Grundke-Iqbal, I., and Iqbal, K. (1995).
Dephosphorylation of Alzheimer paired helical filaments by protein phosphatase-
2A and -2B. J. Biol. Chem. 270, 4854–4860. doi: 10.1074/jbc.270.9.4854

Wang, Y., and Mandelkow, E. (2016). Tau in physiology and pathology. Nat.
Rev. Neurosci. 17, 5–21. doi: 10.1038/nrn.2015.1

Wardlaw, J. M., Benveniste, H., Nedergaard, M., Zlokovic, B. V., Mestre, H.,
Lee, H., et al. (2020). Perivascular spaces in the brain: Anatomy, physiology and
pathology. Nat. Rev. Neurol. 16, 137–153. doi: 10.1038/s41582-020-0312-z

Wilcock, D. M., Vitek, M. P., and Colton, C. A. (2009). Vascular amyloid alters
astrocytic water and potassium channels in mouse models and humans with
Alzheimer’s disease. Neuroscience 159, 1055–1069. doi: 10.1016/j.neuroscience.
2009.01.023

William Rebeck, G., Reiter, J. S., Strickland, D. K., and Hyman, B. T. (1993).
Apolipoprotein E in sporadic Alzheimer’s disease: Allelic variation and receptor
interactions. Neuron 11, 575–580. doi: 10.1016/0896-6273(93)90070-8

Wischik, C. M., Schelter, B. O., Wischik, D. J., Storey, J. M. D., and Harrington,
C. R. (2018). Modeling Prion-like processing of tau protein in Alzheimer’s disease
for pharmaceutical development. J. Alzheimers Dis. 62, 1287–1303. doi: 10.3233/
JAD-170727

World Health Organization (2017). Global action plan on the public health
response to dementia 2017-2025 [Online]. Geneva: World Health Organization.

Wren, M. C., Lashley, T., Årstad, E., and Sander, K. (2018). Large inter-
and intra-case variability of first generation tau PET ligand binding in
neurodegenerative dementias. Acta Neuropathol. Commun. 6:34. doi: 10.1186/
s40478-018-0535-z

Wu, J. W., Hussaini, S. A., Bastille, I. M., Rodriguez, G. A., Mrejeru, A., Rilett,
K., et al. (2016). Neuronal activity enhances tau propagation and tau pathology
in vivo. Nat. Neurosci. 19, 1085–1092. doi: 10.1038/nn.4328

Xie, L., Kang, H., Xu, Q., Chen, M. J., Liao, Y., Thiyagarajan, M., et al. (2013).
Sleep drives metabolite clearance from the adult brain. Science 342, 373–377.
doi: 10.1126/science.1241224

Xu, L., Ding, Y., Ma, F., Chen, Y., Chen, G., Zhu, L., et al. (2022). Engineering
a pathological tau-targeted nanochaperone for selective and synergetic inhibition
of tau pathology in Alzheimer’s disease. Nano Today 43:101388. doi: 10.1016/j.
nantod.2022.101388

Xu, Z., Xiao, N., Chen, Y., Huang, H., Marshall, C., Gao, J., et al. (2015). Deletion
of aquaporin-4 in APP/PS1 mice exacerbates brain Aβ accumulation and memory
deficits. Mol. Neurodegener. 10:58. doi: 10.1186/s13024-015-0056-1

Yang, J., Lunde, L. K., Nuntagij, P., Oguchi, T., Camassa, L. M. A., Nilsson,
L. N. G., et al. (2011). Loss of astrocyte polarization in the Tg-ArcSwe mouse
model of Alzheimer’s disease. J. Alzheimers Dis. 27, 711–722. doi: 10.3233/JAD-
2011-110725

Yu, L., Boyle, P. A., Nag, S., Leurgans, S., Buchman, A. S., Wilson, R. S., et al.
(2015). APOE and cerebral amyloid angiopathy in community-dwelling older
persons. Neurobiol. Aging 36, 2946–2953. doi: 10.1016/j.neurobiolaging.2015.08.
008

Yu, L., Hu, X., Li, H., and Zhao, Y. (2022). Perivascular spaces, glymphatic
system and MR. Front. Neurol. 13:844938. doi: 10.3389/fneur.2022.844938

Zeng, Q., Li, K., Luo, X., Wang, S., Xu, X., Jiaerken, Y., et al. (2022). The
association of enlarged perivascular space with microglia-related inflammation
and Alzheimer’s pathology in cognitively normal elderly. Neurobiol. Dis.
170:105755. doi: 10.1016/j.nbd.2022.105755

Zeppenfeld, D. M., Simon, M., Haswell, J. D., D’Abreo, D., Murchison, C.,
Quinn, J. F., et al. (2017). Association of perivascular localization of aquaporin-
4 with cognition and Alzheimer disease in aging brains. JAMA Neurol. 74, 91–99.
doi: 10.1001/jamaneurol.2016.4370

Zhang, R., Liu, Y., Chen, Y., Li, Q., Marshall, C., Wu, T., et al. (2020). Aquaporin
4 deletion exacerbates brain impairments in a mouse model of chronic sleep
disruption. CNS Neurosci. Ther. 26, 228–239. doi: 10.1111/cns.13194

Zhou, Y., Shi, J., Chu, D., Hu, W., Guan, Z., Gong, C. X., et al. (2018). Relevance
of phosphorylation and truncation of tau to the etiopathogenesis of Alzheimer’s
disease. Front. Aging Neurosci. 10:27. doi: 10.3389/fnagi.2018.00027

Frontiers in Neuroscience 16 frontiersin.org

https://doi.org/10.3389/fnins.2022.1021131
https://doi.org/10.1074/jbc.270.9.4854
https://doi.org/10.1038/nrn.2015.1
https://doi.org/10.1038/s41582-020-0312-z
https://doi.org/10.1016/j.neuroscience.2009.01.023
https://doi.org/10.1016/j.neuroscience.2009.01.023
https://doi.org/10.1016/0896-6273(93)90070-8
https://doi.org/10.3233/JAD-170727
https://doi.org/10.3233/JAD-170727
https://doi.org/10.1186/s40478-018-0535-z
https://doi.org/10.1186/s40478-018-0535-z
https://doi.org/10.1038/nn.4328
https://doi.org/10.1126/science.1241224
https://doi.org/10.1016/j.nantod.2022.101388
https://doi.org/10.1016/j.nantod.2022.101388
https://doi.org/10.1186/s13024-015-0056-1
https://doi.org/10.3233/JAD-2011-110725
https://doi.org/10.3233/JAD-2011-110725
https://doi.org/10.1016/j.neurobiolaging.2015.08.008
https://doi.org/10.1016/j.neurobiolaging.2015.08.008
https://doi.org/10.3389/fneur.2022.844938
https://doi.org/10.1016/j.nbd.2022.105755
https://doi.org/10.1001/jamaneurol.2016.4370
https://doi.org/10.1111/cns.13194
https://doi.org/10.3389/fnagi.2018.00027
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/

	Perivascular spaces as a potential biomarker of Alzheimer's disease
	Introduction
	Alzheimer's disease
	Amyloid-beta pathology
	Tau pathology
	The time-course of Alzheimer's disease biomarkers

	Glymphatic system
	Other Alzheimer's disease biomarkers and the glymphatic system
	Reduced glymphatic function risk factors
	Apolipoprotein E4
	Sleep
	Aquaporin 4 water channel
	Aging


	Perivascular spaces as a biomarker for Alzheimer's disease
	Amyloid-beta and perivascular spaces
	Tau and perivascular spaces

	Conclusion
	Author contributions
	Conflict of interest
	Publisher's note
	References


