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Abstract

Amyloid B (AB) plaques are a key histopathological hallmark of Alzheimer’s disease (AD) and
soluble Ap species are believed to play an important role in the clinical development of this
disease. Emerging biomarker data demonstrates that Ap plaque deposition begins decades before
the onset of clinical symptoms, suggesting that understanding the biological determinants of the
earliest steps in the development of AD pathology may provide key opportunities for AD
treatment and prevention. Although a clinical association between sleep disruption and AD has
long been appreciated, emerging clinical studies and insights from the basic neurosciences has
shed important new light on how sleep and A homeostasis may be connected in the setting of
AD. AB, like many interstitial solutes, is cleared in part through the exchange of brain interstitial
fluid and cerebrospinal fluid (CSF) along a brain-wide network of perivascular pathways recently
termed the ‘glymphatic’ system. Glymphatic function is primarily a feature of the sleeping, rather
than the waking brain, and is slowed in the aging and post-traumatic brain. These changes may
underlie the diurnal fluctuations in interstitial and CSF A levels observed in both the rodent and
human. These and other emerging studies suggest that age-related sleep disruption may be one key
factor rendering the aging brain vulnerable to Ap deposition and the development of AD. If true,
sleep may represent a key modifiable risk factor or therapeutic target in the pre-clinical phases of
AD.
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Alzheimer’s disease (AD) is characterized by extracellular deposition of amyloid B (AB)-
containing plaques, intracellular neurofibrillary tangles comprised of hyper-phosphorylated
tau, and associated progressive cognitive impairment. The determinants of progressive
pathology in AD remain incompletely understood, and the failure of recent clinical trials
aimed at reducing production or aggregation of AB (see(1) for review) has raised doubts
about the sufficiency of the “amyloid cascade hypothesis”, which postulates that A
deposition is the key event initiating the pathogenic processes in AD. Notwithstanding, Ap
deposition measured via the cerebrospinal fluid (CSF) or by AB positron-emission
tomography (PET) is among the earliest events in the neuropathological cascade
characterizing sporadic AD and is considered a key driver of the disease.

Alzheimer’s-related changes, including regional hypometabolism, cortical and hippocampal
atrophy, neuroinflammation, and AP and tau aggregation develop over decades prior to the
onset of clinical dementia. Accordingly, a “preclinical” phase of AD has been proposed
characterized by the presence of Ap and tau aggregates detectible by CSF- or PET-based
measurement prior to onset of clinical symptoms(2, 3), offering a potential window of
opportunity for therapeutic intervention. Increasing sleep disruption, slowing clearance of
AP, and increasing AP deposition are each present in the preclinical stage. While each is
strongly linked to cognitive decline and AD diagnosis, emerging research suggests that they
may be linked biologically (Figure 1A-B). The glymphatic system is a brain-wide
perivascular network that supports the exchange interstitial fluid (ISF) and CSF, facilitating
the clearance of interstitial solutes, including Ap and tau from the brain parenchyma (4-6).
Experimental studies demonstrate that glymphatic function is primarily active during
sleep(7), and is impaired in the aging and post-traumatic brain(8-10). In this review we
provide a framework for understanding the relationship between A dynamics, sleep, and
ISF flow in the context of AD and discuss the potential role that age-related impairment of
glymphatic function may play in linking these features in the preclinical phase of AD.

Interstitial AB dynamics

AB is a soluble, normally secreted peptide resulting from the proteolytic cleavage of amyloid
precursor protein (APP), a large membrane-spanning glycoprotein(11, 12), in neuronal and
glial cell types(13, 14). Among the many AP subspecies, AB1.49 is produced most
abundantly, exchanges most readily with the CSF and is associated with the cerebral
vasculature(12). The AP1-42 Species is the primary component of amyloid plaques due to its
greater propensity to aggregate into oligomeric and fibrillary forms(15, 16). Ap is released
into the ISF where it can remain soluble or aggregate into insoluble plaques. While the
presence of insoluble AP plaques is necessary for diagnosis of AD, their presence alone does
not predict dementia severity. Rather, soluble AB oligomeric species isolated from human
brain tissue are most strongly associated with neurocognitive decline(17, 18) and are directly
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synaptotoxic when evaluated within in situ and in vivo experimental models of learning and
behavior (19).

Brain amyloid p clearance

While familial AD, caused by mutations in Ap-related genes, results from the increased
production of the pro-fibrillary Ap1.42, there is compelling evidence that impairment in
clearance Ap clearance promotes the mis-aggregation of Ap into plaques in the more
common setting of sporadic AD. Declining CSF AB1.42 levels sensitively discriminate AD
status(20). In AD patients with measurement of both CSF AB1.4» and A PET binding, an
inverse relationship between these markers has been identified(21, 22), supporting the notion
that increased brain AB plaque burden is accompanied by a reduction in the amount of
soluble Ap exchanging between the brain ISF and the CSF. These changes in Ap exchange
are evident even at the earliest stages of AD, as levels of soluble amyloid (AB1.42) in the
CSF are reduced in preclinical stages of the disease(2, 23). In pulse-chase radio-labeling
studies carried out in human subjects, the rate of AB1.49 or AP1-42 production did not differ
between AD subjects and cognitively-intact controls, while the rate of A clearance was
significantly slowed in AD subjects(24). Similar results were observed in cognitively-intact
aging subjects, which showed no significant change in the rate of A production with
advancing age, but did report a decline in Ap clearance with advancing age(25). These
findings suggest that the failure of the brain to eliminate Ap is a key step in AD
pathogenesis.

The clearance of AB from the brain has been attributed to several different processes,
including local proteolytic degradation(26, 27), phagocytosis by microglial cells(30),
receptor- or carrier-mediated efflux across the blood-brain barrier (BBB)(28, 29), and
clearance along perivascular spaces surrounding cerebral arteries(30, 31). Recently, the
‘glymphatic’ system, a brain-wide perivascular network supporting the clearance of
interstitial solutes to the CSF, has been described and its role in the clearance of interstitial
AP has been established(4-6). Once in the CSF, Ap may be cleared to the periphery along
CSF efflux pathways including arachnoid villi of the dural sinuses, across the cribriform
plate(32), across the blood-CSF barrier at the choroid plexus(33, 34), or taken up by
meningeal lymphatic vessels associated with dural sinuses(35-37). While experimental and
clinical evidence supports the role of each of these respective processes in the clearance of
AP from the brain, the relative contribution of each remains unclear, and may vary based
upon such factors as age, brain region, physiological state, or the presence of pathology. The
access of Ap to each of these clearance pathways is dictated by the dynamics of ISF and
solute exchange.

Dynamics of interstitial solute exchange

The brain extracellular space comprises approximately 20% of the overall brain volume(38),
and is a narrow (typically 30-70 nm in width(39)), tortuous, matrix-filled space that
separates neighboring cells and processes. The ISF is derived from several sources,
including water produced from cellular metabolism, water crossing the BBB, and water from
the CSF-containing compartments including the ventricles and subarachnoid spaces(38).
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The movement of interstitial solutes within the extracellular compartment are governed by
process of diffusion and bulk flow, or convection(38, 40). With diffusion, random thermal
motion causes solutes to move passively down their concentration gradients. Diffusion is
influenced by solute size, with larger molecules diffusing more slowly than small molecules;
by the size and nature of the extracellular compartment, with a larger extracellular space
facilitating diffusion; and by the chemical interactions between the solute and the
extracellular matrix and cell surfaces that it encounters(38). Bulk flow involves the pressure-
driven movement of a fluid and solutes in much the same manner as a river’s current
entrains the movement of objects suspended beneath and floating upon its surface. The rate
of solute movement driven by bulk flow depends upon the hydrostatic or osmotic forces
driving movement of the bulk fluid and is independent of the size of the solute, so long as its
size does not approach the dimensions of the extracellular space to constrain its movement.

A is taken up and degraded locally by several different cell types, including microglia,
astrocytes, neurons, and vascular smooth muscle cells(32, 41, 42). In addition, Ap is cleared
across the BBB through the activity of both low density lipoprotein receptor-related protein
1 (LRP1) and P-glycoprotein (PGP) and (28, 43, 44). In radio-tracer clearance assays,
inhibition of LRP1-mediated clearance slows the efflux of 1221-AB4_4 by >70%(45). A
decline in LRP1-mediated clearance of Ap is observed in the aged brain(28, 44), while
expression of PGP declines in AD subjects(46). While these data suggest that LRP1-
mediated trans-endothelial efflux is a major route for Ap clearance under the reported
experimental conditions in rodents, how physiological regulation, regional variability and
pathology-associated changes in BBB efflux transporter expression and function influences
interstitial Ap clearance has not been exhaustively defined either in experimental animal
studies or in human subjects.

Interstitial solutes not degraded locally or cleared across the BBB exchange with CSF within
the ventricular or the subarachnoid compartments(47, 48). In brain regions closely
associated with ventricular walls or the pial surface, diffusion may primarily account for this
exchange. However, over the larger distances separating much of the neuropil from these
CSF compartments, diffusion alone cannot account for the exchange of interstitial solutes
with the CSF. Instead this exchange is supported by bulk flow. Whether bulk flow occurs
throughout the wider interstitial compartment, or is restricted to perivascular spaces and
white matter tracks connecting the interstitium to distant CSF compartments remains
controversial (40, 48-51). Recent modeling studies have suggested that solute exchange
between the interstitium and perivascular spaces is mediated by diffusion while studies
employing dynamic contrast-enhanced (DCE)-MRI in rodents(5, 52), non-human
primates(53) and human subjects(54) suggest that CSF-ISF exchange is occurring
macroscopically along perivascular pathways throughout brain tissue. The presence of this
ISF-CSF exchange is reflected in the close temporal relationship between interstitial and
CSF A dynamics both in experimental animals and human subjects in which both
interstitial and CSF A increase during waking and decline during sleep(55). Many factors,
both physiological and pathological, may influence the kinetics of this exchange. For
example, MRI- and PET-based approaches to imaging the exchange of water from the BBB
to the ventricular compartment have demonstrated that experimental animals with Ap plaque
burden and subjects with AD exhibit slowed ISF-CSF exchange kinetics(56, 57). To begin to
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makes sense of the specific changes in the aging and AD brain underlying these alterations
in ISF-CSF exchange, the molecular, cellular and anatomical basis of these exchange
pathways must be considered.

Cellular and anatomical basis for ISF-CSF exchange

Different anatomical elements of neural tissue exhibit distinct properties of ISF exchange
and flow. For example, water movement occurs differently within white matter tracts than in
gray matter, with more rapid diffusion along the axis of axon bundles than along axes
orthogonal to the axon tract or within the gray matter(58). Similar differences are observed
in the rate and extent of bulk flow observed between white and gray matter, with more rapid
bulk flow taking place through the extracellular spaces along white matter tracks than within
gray matter. In the same way that axon fibers organize bulk flow, perivascular spaces within
the white matter and gray matter serve as permissive anatomical pathways for the bulk
movement of ISF and solutes, with more rapid movement of solutes along the spaces
surrounding the brain vasculature than through the wider extracellular compartment. By
providing permissive routes for rapid movement of ISF(40, 59-61), white matter tracts and
perivascular spaces serve as critical scaffolds organizing solute exchange throughout brain
tissue.

Perivascular pathways also provide an anatomical link between the CSF of the subarachnoid
space and the brain interstitium. Tracers injected into the subarachnoid CSF move rapidly
over the brain surface along pathways surrounding cerebral surface arteries, entering the
brain parenchyma along perivascular spaces surrounding penetrating cerebral arteries(5, 6).
Tracers with a large molecular weight (2000 kD) follow these routes from the subarachnoid
space to the basal lamina surrounding terminal capillary beds within the brain parenchyma,
indicating continuity between these compartments that extends the length of the
cerebrovascular tree. Smaller molecular weight tracers (<70 kD) exchange relatively freely
between perivascular spaces and the surrounding interstitium, suggesting that the pathway
between perivascular compartments and the wider brain extracellular space is restricted by
solute size(6), likely resulting from perivascular astrocytic endfoot ensheathment of the
cerebral vasculature(62).

While exchange of brain ISF with extra-ventricular CSF, particularly along spaces
immediately surrounding cerebral blood vessels has long been observed(40, 63), the extent
and significance of this exchange has recently begun to be characterized. Dynamic imaging
approaches have shown CSF movement into and through the brain interstitium and clearance
of interstitial solutes to the CSF to be more rapid and extensive than previously
appreciated(5, 6, 52). The anatomical routes for CSF and ISF exchange remain the
controversial. Studies in rodents report that CSF tracers enter the brain along perivascular
spaces surrounding penetrating arteries while ISF tracers are cleared from the brain along
perivascular spaces surrounding deep draining veins(6, 10, 52, 64-67), yet other studies
carried out in rodents report that interstitial solutes are cleared from the brain along
perivascular spaces surrounding arteries(68, 69) or drain towards the ventricular CSF
compartment(70, 71). DCE-MRI studies carried out in nonhuman primates and human
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subjects confirm that gadolinium-based contrast agents injected intrathecally exchange
through the brain parenchyma along peri-arterial routes(53, 54, 72).

The perivascular exchange of CSF and ISF has important implications for understanding
cerebral amyloid angiopathy (CAA), the deposition principally of AB1-49 in the walls of
penetrating and leptomeningeal arteries commonly observed among subjects with AD and
associated clinically with lobar hemorrhages(73). The deposition of Ap in the walls of
penetrating arteries has been cited as evidence that brain ISF and AP are cleared from the
brain along perivascular spaces surrounding arteries and in the opposite direction of blood
flow(31). This model is supported by experimental studies demonstrating that tracers and
labeled A injected intraparenchymally into rodents is rapidly detected in perivascular
spaces surrounding intracortical arteries(74, 75). The observation, including in mice(6, 67),
rats(5), nonhuman primates(53), and human subjects(54), that CSF tracers enter the brain
along perivascular spaces surrounding cerebral arteries suggest a different potential role in
the pathogenesis of CAA. The movement of subarachnoid CSF containing Ap inward along
peri-arterial spaces may promote deposition of AB in the vascular wall when the downstream
pathways of CSF-ISF exchange are impaired(10, 76), particularly in the setting of aging and
vascular injury when vascular smooth muscle uptake of Ap may be impaired(42).

Astrocytes facilitate and organize fluid and solute movement throughout brain tissue,
including supporting exchange between the ISF and CSF compartments. Astrocytes
comprise the glia limitans externa, a laminar external boundary of the brain parenchyma that
faces the subpial compartment and the perivascular Virchow-Robin spaces that surround
penetrating blood vessels. Within the brain tissue, astrocytes extend perivascular endfeet that
completely ensheathe the brain vasculature(77). The exchange of ISF and CSF along
perivascular spaces appears dependent upon the astroglial water channel aquaporin-4
(AQP4), a transmembrane water channel that is localized specifically to the perivascular
astrocytic endfeet that surround the cerebral vasculature(6). In the initial description of the
glymphatic system in 2012, deletion of the Agp4 gene in mice was observed to nearly
abolish the perivascular exchange of CSF and ISF, and dramatically slow the clearance of
solutes, including AB, from the brain interstitium. Although a recent experimental study in
mice failed to observe a similar effect of Agp4 gene deletion on CSF tracer influx into brain
tissue(50), work from four different research labs using four different transgenic mouse lines
has confirmed the dependence of perivascular CSF-ISF exchange upon AQP4(78). In related
work, deletion of the Agp4 gene in mice In a transgenic mouse line that spontaneously
develops A plaques, deletion of the Agp4 gene markedly accelerates the development of
AP plaques and neurocognitive deficits(79). Based on results from a recent modeling study,
AQP4 is believed to support the diffusion of water from perivascular spaces, through the
brain parenchyma via the gap-junction coupled astroglial syncytium, providing a rapid
cellular pathway to bridge perivascular CSF influx and ISF efflux routes(80).

Reactive astrogliosis is a key cellular feature in the aging and AD brain. Associated both
with Ap plaques and neurofibrillary pathology, reactive astrocytes exhibit alterations in the
homeostatic functions that they serve, including impaired metabolic support for neurons
through the astrocyte-neuron lactate shuttle, dysregulation of neurovascular coupling, and
slowed astrocytic uptake of A, which likely contributes to the pathogenesis of AD(81). In
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addition to changes that impact the local production and degradation of AR, reactive
astrogliosis also appears to impact mechanisms of perivascular A clearance. Loss of
perivascular AQP4 localization is a common feature of reactive astrocytes, including in the
setting of aging(10), ischemic injury(82), and traumatic brain injury(83). In each case, loss
of perivascular AQP4 localization was associated with impaired perivascular CSF-1SF
exchange and slowed clearance of interstitial solutes, including AB(9, 10, 76). Studies in
human autopsy tissue have similarly demonstrated that changes in AQP4 expression,
including the loss of perivascular localization, are associated with the development of AD
pathology, including Ap plaques(8, 84-86).

A number of robust longitudinal studies(87) have confirmed early observations of sleep
quality as a significant predictor of dementia status(88). Sleep disruptions are evident in
early stages of clinically detectible cognitive decline relative to cognitively normal
adults(89, 90), observations that were particularly pronounced in individuals at increased
genetic risk of developing AD(90).

Sleep states and Alzheimer’s disease

Adult humans cycle through different sleep states about every 90 minutes(91). This cycle
typically consists initially of non-rapid eye movement (NREM). NREM is classified into
early (Stage 1), characterized as transitioning from wake-like alpha waves (8-13 Hz) to theta
waves (4-7 Hz). Stage 2 NREM features the appearance of K-complexes (briefly negative
sharp wave followed immediately by a positive inflection) and sleep spindles (brief bursts of
very high frequency waves (11-16 Hz)). Stage 3 NREM, more commonly termed slow wave
sleep (SWS), is marked by EEG frequencies of 0.5-2 Hz, or delta waves. From SWS,
humans transition into brief episodes of rapid eye movement (REM), which has an EEG
frequency of 30-80 Hz, a pattern that is similar to waking EEG patterns. Throughout the
course of the night, human subjects will pass through 3—4 cycles of NREM SWS and REM
sleep, with early cycles being dominated by longer bouts of SWS and later cycles dominated
by longer periods of REM sleep(92).

In adults, advancing age is marked by significant reductions in sleep efficiency, SWS and
REM sleep time, and by increased Stage 1 and 2 sleep time and sleep fragmentation(93).
Reduction in deep (stage 3) sleep and disruption of the diurnal (sleep/wake) patterns are
more prominent among AD subjects(94), among whom disturbed sleep is linked to increased
severity of symptoms(95).

Sleep and amyloid 8

Beyond the association between sleep disruption and AD risk, there is strong evidence of a
direct relationship between sleep and brain Ap. Qualitative measures, including shorter sleep
duration and poor quality of sleep, are associated with higher levels of Ap burden measured
by AB PET in cognitively intact older adults(96), and poor objective sleep quality is
associated with low CSF AB(97) in healthy older adults. In a mouse model of amyloidosis
that develops spontaneous A plaques, increased time awake was positively correlated with
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ISF Ap levels(98) while sleep deprivation accelerated A plaque formation(99). These
results support a possible causal relationship between sleep and AD pathology(100). If
validated, then this would suggest that sleep disruption may serve as a potentially modifiable
clinical target for intervention for insipient AD(101).

Mechanistic considerations

A number of mechanisms have been proposed to explain link between Ap, AD and
sleep(102, 103). Neuronal activity, which drives Ap production in waking states, is slowed
during SWS, suggesting that sleep-wake differences in neuronal activity may underlie these
relationships(103). In support of this interpretation are human serial CSF sampling studies
reporting highest AB levels at the end of awake periods(99) and lowest levels following
sleep(104). CSF Ap levels decline over one night of sleep in healthy adults, an effect that
was completely eliminated with a single night of sleep deprivation(104). When accounting
for the estimated 6 hour delay in cleared A arriving and lumbar sampling site(105), these
lowest levels are coincident the predicted reduced neuronal activity of SWS(103). However,
the concomitant impact of high metabolic demand and presumably increased AP production
during light sleep and REM sleep that are interspersed with SWS on interstitial and CSF Ap
levels remains to be established. In addition to sleep stage-dependent changes in A
production, it is also not yet known whether differences in local degradation or BBB efflux
of AB contribute to sleep-wake differences in interstitial and CSF Ap levels.

In mice, diurnal fluctuations in ISF A are lost in the presence of Ap plaques(98). In human
subjects, diurnal CSF A fluctuations are similarly reduced among subjects positive for Ap
aggregation measured by PET(106). These findings suggest that by pulling soluble A out
of solution and into aggregates, AR aggregates reduced the availability of soluble A to
clearance mechanisms such as BBB efflux pathways or perivascular clearance routes.

A second explanation for the diurnal fluctuations in ISF and CSF AB implicates sleep-state
dependent changes in glymphatic clearance of Ap. Perivascular CSF-ISF exchange is
markedly increased in the sleeping compared to the waking brain(67). In experimental
studies carried out in mice, under conditions of both natural sleep and anesthesia with
ketamine and xylazine, CSF tracer influx into the cortex was dramatically increased
compared to the rates in the same animals in the waking state. These patterns of CSF influx
were paralleled by differences in solute (including AB) clearance, clearance being markedly
more rapid from the sleeping compared to the waking brain. Interestingly, these sleep-wake
differences in glymphatic pathway function appeared to attributable in part to changes in
extracellular volume fraction, with expansion of the extracellular space observed in the
sleeping compared to the waking state. These effects appear to be mediated through changes
in cortical noradrenergic tone, as blockade of cortical noradrenergic signaling restored
glymphatic pathway function in the waking brain to levels observed in the sleeping
brain(67).

Different anesthetics also appear to exert disparate effects on perivascular CSF-ISF

exchange. In a pharmacokinetic study evaluating rates of interstitial solute efflux, interstitial
tracer was cleared 1.5-times faster from ketamine/xylazine-anesthetized animals than awake
behaving animals(47). In contrast, anesthesia with sodium pentobarbital slowed insterstitial
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solute efflux by more than 10-fold compared to ketamine/xylazine. In one recent study,
glymphatic function appeared to be reduced under anesthesia with isofluorane or ketamine
alone (without the alpha 1 adrenergic agonist xylazine) compared to the waking brain(107).
In a second recent study, glymphatic function was markedly greater in rats treated with low-
dose isofluorane plus the alpha 1 adrenergic agonist dexmeditomidine compared to
isofluorane alone(108). These studies demonstrate that interstitial and glymphatic dynamics
in the anesthetized or sedated brain are not necessarily the same as those observed in the
sleeping brain.

To date, these studies have only been conducted in rodents using electrophysiological
recordings through a craniotomy, and haven’t been confirmed in human subjects. If validated
in human subjects, then sleep-wake changes in the dimensions of the brain extracellular
space will have important implications not only for the clearance of interstitial solutes such
as AP, but also for the diffusion and distribution of neurotrophic factors and
neuromodulators. Indeed, the potential role of cortical noradrenergic tone in the regulation
of sleep-wake changes in glymphatic pathway function are particularly interesting in light of
observed changes in the central noradrenergic signaling axis, including increases in CSF
norepinephrine levels with AD progression(109-111).

Enlarged perivascular spaces

MRI-visible perivascular spaces (ePVS) have traditionally been considered benign
radiographic features that are increasingly associated with different neurological conditions,
including clinical and diagnostic features of amyloid pathology. Post mortem evaluation has
linked ePVS with CAA(112, 113) and increased AP plaque burden(113). Further, in vivo
work employing MRI has identified a strong correlation between radiologically visible
ePVS and AD status (114, 115), cerebral small vessel disease(116), and CAA(112). Sleep
efficiency was negatively correlated with total perivascular space volume, and duration of
N3 negatively correlated with PVS volume, but not apnea, hypopnea or duration of N1, N2,
or REM(117). These studies suggest that enlarged perivascular space burden may reflect
impaired perivascular glymphatic function. In support of this notion, a recent case series
evaluating perivascular CSF influx and clearance in human subjects reported that
perivascular influx and interstitial clearance were both slowed in the setting of normal
pressure hydrocephalus (NPH)(54). Importantly, in subjects diagnosed with NPH, ePV'S are
often observed on in vivo MRI(118) while loss of perivascular AQP4 localization is
observed post mortem upon histopathological evaluation(119).

Summary

We have outlined the basis of an established relationship between clinical symptoms of AD,
a canonical pathological hallmark of the disease (Ap), and sleep. We have discussed the
ways that sleep may interact with the systems responsible for maintaining brain homeostasis
in the context of AD. As both reductions in sleep efficiency and Ap accumulation occur in
the decades preceding clinical AD, it is difficult to identify the causative relationship, if any
between these two observations. This has resulted in the notion that sleep disruption and
amyloidopathy occur as a cycle of inter-related events (Figure 1A-B); amyloid pathology
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alters cellular and molecularly governed sleep patterns, while the inability of the brain to

en
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Figure 1. Relationship between sleep, aging and AB in the setting of Alzheimer’s disease
(A) Schematic depicting diurnal fluctuations in interstitial and CSF AP levels measured in

mice(55, 98) and human subjects(55, 106), respectively. During waking, Ap levels increase
while during sleep A levels decline. These changes are thought to be attributable to
increased metabolic demand and slowed glymphatic Ap clearance during waking and more
rapid glymphatic AB clearance during sleep and reduced metabolic burden during slow wave
sleep. In the setting of AP plaques, the amplitude of the diurnal AR fluctuation declines as
interstitial Ap is sequestered into insoluble plaques and is unavailable for glymphatic
clearance(98, 106). (B) Aging, sleep disruption, and glymphatic pathway impairment may
constitute a feed-forward cycle promoting AP plaque deposition in the aging brain. (1) Sleep
disruption, particularly of slow wave sleep, and astrogliosis are frequent features of the
aging brain. (2) Reduced slow wave activity impairs glymphatic Ap clearance, which is
greatest in the sleeping brain(67). (3) Metabolic demand increases with loss of slow wave
sleep, increasing AP formation(120). (4) Astrogliosis associated with aging, small vessel
disease, traumatic brain injury or amyloid plaques is associated with impaired glymphatic
pathway function, perhaps via impairment of perivascular AQP4 localization(9, 10, 76, 121).
(5) The presence of Ap aggregates specifically inhibits slow wave activity(122).
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