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Abstract

Cerebral small vessel diseases (SVD) range broadly in etiology but share a remarkably
overlapping pathology. Features of SVD including enlarged perivascular spaces and formation of
abluminal protein deposits cannot be completely explained by the putative pathophysiology. The
recently discovered glymphatic system provides a new perspective to potentially address these
gaps. This work provides a comprehensive review of the known factors that regulate glymphatic
function and the disease mechanisms underlying glymphatic impairment emphasizing the role that
aquaporin-4 (AQP4)-lined perivascular spaces, cerebrovascular pulsatility, and metabolite
clearance play in normal CNS physiology. This review also discusses the implications that
glymphatic impairment may have on SVD inception and progression with the aim of exploring
novel therapeutic targets and highlighting the key questions that remain to be answered.

Introduction

There are 46.8 million people worldwide suffering from dementia, and while there are
several distinct neurodegenerative causes, cerebral small vessel disease (SVD) can be found
in all forms(1). It is considered to be the most common pathology found in the elderly and it
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doubles the chances that neurodegenerative pathology will lead to dementia(1, 2). Despite its
importance and rising incidence, there are no available treatments. The clinical hallmarks of
SVD have been well defined, yet little is known of the mechanisms that drive them(3). SVD
can be diagnosed using MRI before clinical signs and symptoms arise, and subclinical
progression evolves over years to decades, providing a wide therapeutic window for
intervention. Understanding the mechanisms behind SVVD would undoubtedly bring us
closer to controlling one of the most important risk factors of potentially preventable
dementia.

Cerebral Small Vessel Disease

SVD is a group of age-related neuropathological processes affecting the small perforating
arteries, arterioles, capillaries, and venules resulting in damage to the cerebral white and
deep grey matter (4). The term SVD encompasses six subtypes of varied etiologies that have
recently been reclassified due to their remarkably similar features on MRI (5).
Neuroimaging in SVD shows white matter lesions (WML), enlarged perivascular spaces
(EPVS), lacunes, and cerebral microbleeds (CMB); these pathological findings manifest as
cognitive decline, increased risk of stroke, and other neurological and psychiatric
disorders(2). The most common subtypes of SVD are types 1-3 and will be highlighted over
the course of this review.

Type 1 consists of sporadic arteriolosclerosis secondary to aging and other vascular risk
factors including systemic arterial hypertension (AHT) and type 2 diabetes mellitus (DM2).
Type 2 is sporadic or hereditary cerebral amyloid angiopathy (CAA). Type 3 includes all
inherited or genetic SVD subtypes excluding CAA, the most common being cerebral
autosomal dominant arteriopathy with subcortical ischemic strokes and leukoencephalopathy
(CADASIL) (5). For in-depth reviews of the different SVD subtypes, please refer to the
following excellent references(3, 6-8).

The clinical, cognitive, neuroimaging and neuropathological spectra of SVD have been well
described, but our mechanistic understanding of the neuropathology is lacking. Most
definitions of SVD implicate the ischemic effects of vascular pathology as the central driver
of the pathophysiology. However, recent studies demonstrate that SVD pathogenesis is much
more complex than initally appreciated, and revealed several inconsistencies with the
previously hypothesized mechanism(5). First, the arterioles supplying tissues displaying
severe pathology typically have thickened vessel walls, but are rarely occluded(9). Second, a
meta-analysis devoted to evaluating cerebral blood flow alterations in patients with SVD
found no evidence that hypoperfusion precedes WML (10). Third, epidemiological studies
have shown that atherothromboembolic disease burden does not predict SVD severity(3, 6)
and fourth, hypoperfusion is not observed in all SVD subtypes, yet they still exhibit a
common pattern of injury. Fabry’s disease is an example of a type 3 genetic SVD that,
contradictory to the hypoperfusion/ischemia-centered hypothesis, has marked
hyperperfusion of the brain parenchyma(9). These inconsistencies suggest that there may be
alternative pathomechanisms driving this overlapping pathology. Adding futher credence to
this notion, SVD pathology such as EPVS, perivascular aggregation of endogenous amyloid-
B (AB) in CAA, and granular osmiophilic material (GOM) in CADASIL are not completely
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explained by the classic mechanisms. The recent discovery of the glymphatic system, a
brain-wide pathway for metabolic waste drainage and fluid homeostasis, provides a new
perspective on SVD pathophysiology. In this article, we will review the current glymphatic
literature and highlight the known mechanisms underlying glymphatic system impairment.
Using the available evidence from several disease models relevant to SVD, we hope to shed
light on the role that glymphatic failure may play in SVD pathogenesis and what questions
must still be addressed to do so.

Glymphatic System

The glymphatic system is a brain-wide pathway along a system of connecting perivascular
spaces (PVS) over which cerebrospinal fluid (CSF) surrounding the brain exchanges with
the interstitial fluid (ISF) within the parenchyma (Figure 1). This system has been previously
reviewed in detail(11). Bulk flow entry of CSF into the periarterial spaces (glymphatic
influx) has been shown to be important for the brain-wide delivery of glucose(12) in energy
metabolism, transport of lipids and signaling molecules(13), and apolipoprotein E (apoE)-
derived from the choroid plexus(14). While glymphatic efflux of ISF has shown to play a
vital role in the clearance of several metabolic waste products and other solutes such as Ap
and tau(15). Although this system has been predominately studied in rodents, the glymphatic
system has also been demonstrated to exist in humans (16-19).

The mechanisms driving glymphatic fluxes have only recently begun to be pieced together
(17). Glymphatic system function requires adequate CSF production by the choroid plexus
to provide a pressure gradient for fluid to move from the ventricles to the subarachnoid
space (SAS) and subsequently into PVS (11). The PVS is lined, almost in its entirety, by
astrocytic endfeet lined with aquaporin-4 (AQP4) water channels abutting the abluminal
vessel wall. Previous literature has established that AQP4 is necessary for glymphatic fluid
fluxes and CSF-ISF exchange is modulated by both sleep-wake state changes and body
posture(20-22).

While working to identify key factors that govern the glymphatic system, our lab and others
have begun to uncover several processes that become deranged in pathological states. These
discoveries have allowed us to further understand the processes underlying glymphatic
dysfunction and identify overlapping phenomena across a broad range of disease
mechanisms. In speculating on glymphatic failure in SVD, three sections of the pathway
stand out and will be elaborated upon in the following three sections. (1) Perivascular
spaces, an their structural and functional integrity, have shown to be critical to homeostatic
glymphatic function, specifically the role of perivascular AQP4 polarization (20). We
propose that vascular remodeling, EPVS, and the perivascular aggregation and deposition of
AR in CAA and GOM in CADASIL could potentially influence PVS bulk flow. (2)
Cerebrovascular pulsatility has been demonstrated to be a driving force for CSF flow
within the PVS. Extensive experimental evidence and mathematical modeling have shown
tracer movements compatible with bulk flow within these spaces, although tracer entry is
size-dependent and PV'S blockage (i.e. protein aggregates) has shown to affect these flows
(20, 23-26). A recent theoretical model contradicts the existence of bulk flow in the PVS,
but provides no supporting experimental evidence(27). Features of SVD like changes in
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vascular wall compliance and reactivity are likely to alter these flows significantly. (3) CNS
clearance of toxic solutes such as Ap, has been shown to be drastically reduced in several
age-related and neurodegenerative disease models. This is relevant to some SVD types 2 and
3 (e.g. CAA and CADASIL) characterized by protein aggregation and deposition.
Glymphatic function has been assessed in several highly relevant processes to SVD
including aging(28) and diseases such as microinfarction (29, 30), stroke (31), Alzheimer’s
disease (AD)(32), migraine(33), and diabetes(34). Extrapolating from the current literature,
we will focus on the effects that altered PVS structure and function, arterial pulsatility, and
clearance have on glymphatic function. We posit that glymphatic impairment plays an
important role in SVD.

1. Perivascular Spaces

Glymphatic pathways start at PVS surrounding small penetrating arteries, also referred to as
Virchow-Robin spaces (VRS), these separate the vessels from the brain parenchyma (35).
VRS are cavities that contain CSF-like fluid and are restricted by vessel wall at the inner
boundary and by astrocytic end-feet and pia matter on the exterior. They are functional
extensions of the SAS, but are indirectly connected to the SAS due to pial separation of the
two compartments(36). As vessels dive into the parenchyma, their pial covering gradually
disappears giving way to an astroglial sheath that becomes the outer wall of the PVS and
covers a large portion of the the brain’s microvasculature. Previous studies, using chemical
fixation methods, report that astrocyte endfeet cover between 95-99% of the surface area of
the capillary cross-section; however, recent estimates, using cryofixation, place this number
closer to 63% (37, 38). This reduced astrocytic coverage of the capillary bed would provide
even greater access to molecules entering from the PVS into the parenchyma. As the
penetrating arteries branch into arterioles and capillaries, VRS disappear but CSF continues
to flow into the perivascular spaces around arterioles. At capillaries, the extracellular matrix
of the basal lamina is composed primarily of laminin, fibronectin, type IV collagen, heparin
sulfate proteoglycan (11). Beyond the arteriolar perivascular space, the basal lamina
provides the next low resistance fluid space from which the CSF moves into the
parenchyma. AQP4 channels are highly expressed at the end-foot relative to the soma; this
polarization to the abluminal vessel wall facilitates fluid influx into the parenchyma and
efflux out of the brain (15, 20).

Enlarged Perivascular Spaces—Normal PVS are not typically seen on conventional
structural MRI and can only be visualized when enlarged(2, 39). EPVS are considered one
of the earliest and most consistent neuroimaging findings in SVD(3, 4, 39-41). They are
spaces, less than 3 mm in diameter, filled with CSF-like fluid, which follow penetrating
vessels. They are commonly found in the basal ganglia, centrum semiovale, and midbrain(3).
Observing similar pathological findings in these different regions is intriguing because PVS
anatomy varies by location. PVS in the cortex are smaller than in white matter(42), and PVS
around superficial perforating arteries have only one layer of pia matter while PVS of deep
perforating arteries in the basal ganglia have two(36). The role that anatomical differences
play in susceptibility to enlargement are unknown, and a more in-depth characterization of
regional differences in PVS is needed. Interestingly, the largest CSF influxes occur along
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large ventral perforating arteries of the basal ganglia, a common site for EPVS formation in
SVD (20, 43).

Despite having relatively distinct etiologies, EPVS are widespread and present in almost all
SVD types, it is an established observation in both sporadic type 1and 2 and hereditary type
2 and 3 forms of SVD(40, 44, 45). Although there are no confirmations of EPVS in the
autosomal recessive form of CADASIL, CARASIL, there is some evidence of perivascular
softening in this disease(46). EPVS are associated with WML, lacunar infarcts, and CMB(3,
40, 47-49). Basal ganglia and centrum semiovale EPVS are routinely seen together,
implying a common cause(3). In addition, EPVS are independently associated with S\VD
risk factors including hypertension and advanced age(41, 47, 48). White matter lesions,
comprised of myelin loss, scattered small infarcts, and astrogliosis, are an important
contributor to the clinical picture of SVD(50-52). Interestingly, EPVS and WML are often
spatially colocalized, and WML appear around EPVS(3). Additional studies have found the
presence of perivenular edema associated with venous collagenosis —a type 5 SVD- of the
deep medullary venules(53). These features suggest that EPVS may be a sign of glymphatic
fluid stasis. Since current evidence indicates that EPVS play a role in the pathogenesis of
SVD -as opposed to being the result of the disease— glymphatic dysfunction is likely to be
an important contributor to SVD pathology(3, 4, 39-41). Whether perivascular fluid
accumulation results in white matter edema, giving rise to WML remains to be addressed,
and represents an interesting avenue of research.

Aquaporin-4—The clinical and neuroimaging picture of genetic forms of SVD closely
resembles that of the sporadic forms. Most Mendelian forms of disease result from
mutations in genes that encode proteins important to abluminal vascular function. This
provides further evidence for the perivascular basis of SVD pathogenesis. In CADASIL, a
mutated form of Notch3 is secreted by pericytes and vascular smooth muscle cells into the
PVS(54, 55). Mutations in collagen type IV A1/A2, a principal component of the PVS
extracellular matrix, results in a type 3 SVD. In CARASIL, the serine protease HTRA1 is
secreted into the extracellular matrix of the PVS(8). To date, glymphatic function has not
been characterized in any existing models of SVD, and the effect of EPVS on glymphatic
function has not been described. The expression and polarization of AQP4 on the endfoot
abutting the PVS is a strong regulator of normal glymphatic function — these channels cover
approximately 50% of the surface area of the endfoot(56). A spatially distinct pattern of
AQP4 expression is observed in the astroglial sheath with higher expression in the
perivenous and pericapillary endfeet compared to the periarterial endfeet(20). The
importance of AQP4 for glymphatic flow is highlighted by Agp4/~ mice having
significantly impaired CSF tracer influx compared to controls(20). These mice are
hypothesized to lack a low resistance pathway for CSF flow into the parenchyma and for ISF
out into the PVS. These changes in glymphatic transport in Agp4 ™'~ mice are evidenced by
increased brain water content secondary to their inability to clear brain water during
development(57). These aberations in brain water content result in larger extracellular space
volume in these mice (ECS) (58). Recent theoretical models diverge with the experimental
evidence of glymphatic function in Agp4 /'~ mice, and additional experimental techniques
will be required to draw firm conclusions(59).
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A robust derangement of perivascular AQP4 also ocurrs in reactive astrogliosis(60). General
expression of AQP4 is increased within regions of diffuse reactive glial fibrillary acidic
protein (GFAP)-positive gliosis. A vascular dementia (\VaD) model characterized by diffuse
multiple microinfarction (MMI) was achieved by intracarotid injection of cholesterol
crystals (40-70um) in two recent studies(29, 30). Both of these studies demonstrated severe
glymphatic system impairment initially, with glymphatic influx returing to baseline by 14
days after the injury. Interestingly, expression of AQP4 was elevated at 7 days post-injury,
but normalized by day 14. Perhaps more important than increased AQP4 expression is the
loss of perivascular AQP4 polarization. The polarization of AQP4 remains perturbed up to a
month after injury. Data from traumatic brain injury (TBI), found that increased AQP4
expression and loss of perivascular polarization coincided with a decrease in intracranial
pressure (ICP) (61). This redistribution of AQP4 may be a mechanism to protect against
vasogenic edema further supported by the fact that Agp4~/~ mice are protected from a model
of acute water intoxication(62).

The most applicable evidence for AQP4’s role in SVD is that in the cortex of old mice (18
months), general AQP4 expression is markedly increased, especially around penetrating
arterioles, but shows almost no polarization to the astrocyte endfeet(28). In these mice,
GFAP expression was also upregulated in arterioles and capillaries, and had a high degree of
localization on endfeet processes(28). Perivascular AQP4 polarization in the brains of old
mice was consistently and significantly reduced compared to the brains of young mice(28).
CSF tracer penetration into the brains of young (2—3 months) controls was significantly
increased compared to middle-aged mice (10-12 months), and even further increased
compared to old-aged (18 months) mice. In the old mice, loss of cortical perivascular AQP4
polarization was a significant predictor of glymphatic influx impairment. GFAP expression
did not show these relationships to influx impairment. The relationship between AQP4 and
influx impairment was not maintained across all age groups, suggesting that there are
additional age-related effects that alter glymphatic influx in addition to AQP4 polarization.

The role of AQP4 and glymphatics in A clearance has recently garnered increased attention
in the field of AD. In terms of SVD, there seems to be a connection between SVD and AD,
as CAA pathology affects approximately 80-90% of AD patients(63). In a cohort of
postmortem human brain specimens, age was positively correlated with increasing AQP4
expression in the frontal cortex, and the loss of perivascular AQP4 polarization was a
predictor of AD status, amyloid plaque density, and Braak staging(64). Interestingly, AQP4
polarization was largely preserved in cognitively intact individuals over the age of 85.
Vascular injury increased with age, but was not independently associated with perivascular
AQP4 localization after controlling for the effects of age. This suggests that unknown
abluminal mechanisms may be involved in perivascular AQP4 localization. Mislocalization
of AQP4 at the astrocyte endfoot has also been confirmed in several mouse models of AD
(32, 65, 66). To further extrapolate the role of perivascular AQP4 localization, a study using
the same model of VaD as described above in rats, found that decreased perivascular AQP4
expression persisted up to 6 weeks after microinfarction(30). More importantly, perivascular
AQP4 loss was positively correlated with cognitive impairment in three separate behavioral
tasks (novel object recognition test, odor recognition, and Morris water maze)(30). Although
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an interesting relationship, the direct role that effective perivascular AQP4 polarization may
play in cognitive function requires further exploration.

Despite no available evidence for the role of glymphatic function in models of SVD, there is
literature evaluating the role of AQP4 expression in animal models of AHT (type 1 sporadic
age- and vascular risk factor-related SVD) such as the spontaneously hypertensive rat (SHR)
and the SHR-stroke prone (SHRSP). In SHR, increased expression of AQP4 was found in
the frontal cortex, striatum, and hippocampus as early as 4 months when high blood pressure
was still developing, and remained high until 6 months once hypertension was firmly
established (67). This increase in AQP4 was followed by a later rise (starting at 6 months) in
GFAP-positive astrogliosis in frontal cortex, occipital cortex, and striatum (68). This may
suggest that in AHT, upregulation of AQP4 precludes astrogliosis, possibly in response to
changes in brain water balance or blood-brain barrier (BBB) integrity. Similar findings were
obtained in the SHRSP rat(69). AQP4 expression was significantly higher in 20 week- old
SHRSP rats when blood pressure was already elevated to 226 + 4.5 mmHg, while glucose
transporter-1 (GLUT-1) on endothelial cells, vital for brain energy metabolism, was
significantly reduced. Hormones relevant to arterial hypertension such as vasopressin and
angiotensin 11 also influence the expression of AQP4(70). Unfortunately, these studies only
quantified global expression and did not evaluate perivascular polarization of AQP4, but
these data allow us to hypothesize how PVS glymphatic inflows may be altered.

In type 2 and 3 genetic SVD animal models including CAA and CADASIL models, the data
suggests a different mechanism. In the APPSwDI mouse model of CAA (strain with high
CAA levels), a stark decrease in AQP4-postive blood vessels was observed in the frontal
cortex and hippocampus, in contrast to the observations in AHT models(71). However, these
vessels also had evidence of reduced GFAP expression. Both these findings were confirmed
in human tissue samples from a patient with a premortem diagnosis of severe CAA. This
human tissue also showed a coinciding decrease of dystrophin expression, a protein that
forms the alpha-syntrophin scaffolding complex that allows the polarization of AQP4 to the
endfoot. These data, together with the almost ~50% decrease in vascular endfeet observed in
this study suggests that in CAA, it is most likely that astrocyte endfeet become separated
from the PVS basement membrane, compared to the perivascular reactive gliosis with
redistribution of AQP4 seen in aging(71). Another postmortem human brain study of AD
and CAA showed a paradoxical increase in AQP4 around blood vessels in AD cases with
moderate to severe CAA(72). The previously described human study did not quantify the
immunoreactivity, but quantified the expression changes at the mMRNA level, while the latter
quantified immunoreactivity and performed a qualitative analysis in terms of localization.
Given the contradicting results, it is necessary to determine the perivascular expression of
AQP4 in CAA further.

Additional evidence of the detachment of astrocytic endfeet can be seen in animal models of
CADASIL. In the mouse model TgNotch3R169C  at 12 months there is a reduction in GFAP
staining and a significant retraction (~70%) of the endfeet from the microvasculature. This
pattern is followed by abnormally organized AQP4 distribution in the endfeet, and further
supports the idea of loss of astrocytic coverage of the vasculature in CADASIL(55). The
effects of this process in glymphatic function have not been described, and would provide an

Clin Sci (Lond). Author manuscript; available in PMC 2017 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Mestre et al.

Page 8

interesting avenue to study the cross-talk signaling mechanism that regulate flows within
these spaces.

Protein Aggregates—The formation of protein aggregates is a hallmark of most
neurodegenerative diseases: AP and tau in AD, alpha-synuclein in Parkinson’s disease, and
huntingtin in Huntington’s disease. This is also the case in type 2 and 3 SVDs, and
deposition occurs primarily on the abluminal surface of the PVS.

CADASIL is caused by a dominant mutation in Mofch3— a gene encoding a transmembrane
receptor that is mainly expressed in vascular smooth muscle cells(54, 73). The Notch3
extracellular domain (Notch3ECP) accumulates, serving as a scaffold for the binding of
tissue inhibitor of metalloproteinase 3 (TIMP3) and vitronectin resulting in the formation of
GOM deposits (7, 74). Aggregation and deposition of GOM appears to be crucial for the
development of CADASIL pathology(75). Notch3 aggregates can typically be found in
tunica media, basement membranes and PVS of meningeal, pial and perforating small
arteries, arterioles, and capillaries, especially around pericytes(76, 77).

The role of protein aggregation in the PVS on glymphatic system function has been recently
tested and provides evidence supporting the role of glymphatic impairment in SVD
pathogenesis. In a mouse model of subarachnoid hemorrhage (SAH), it was recently shown
that SAH severely impaired glymphatic influx, even after bilateral craniectomy, suggesting
that the impairment was independent of SAH-induced intracranial hypertension. The
inability of a fluorescent-labeled dextran in the CSF to reach the PVS led them to identify
the presence of fibrin/fibrinogen deposits(31). These fibrin clots occluded the perivascular
spaces after SAH, and interestingly, glymphatic influx improved after the administration of a
fibrinolytic agent (tissue-type plasminogen activator, tPA) (31). Whether the fibrin clot
creates a sieving effect and prevents entry of the high molecular weight tracer but allows
CSF entry, or if it infact blocks total CSF entry into the parenchyma has yet to be
determined. The blockage of the PVS also slowed clearance of an MRI contrast agent from
the striatum(31). Accumulation of plasma-derived proteins (i.e. fibrin/fibrinogen and
albumin) are a hallmark of several SVD types and may likely affect glymphatic influx in a
similar fashion.

It is well known that the key factor of the pathogenesis of AD and CAA is accumulation of
different A subtypes. Neuritic plaque formation in AD is primarily due to accumulation of
AB1-42 (AB42) which contains 42—-43 amino acid residues and is more insoluble and more
prone to oligomerization than AP1_49 (AB40). Ap40 contains 39-40 residues, and is
responsible for cerebrovascular amyloid deposition prevalent in CAA(78). The effects of
perivascular Ap deposition on glymphatic function has recently been evaluated(32). Our
recent study clearly demonstrated that both Ap40 and Ap42 circulate within the glymphatic
pathway(32). Glymphatic influx of fluorescent-labeled Ap40 was more efficient than that of
AP42. AB40 was present within the parenchyma and taken up by neurons, while Ap42
showed reduced glymphatic inflow, potentially reflecting its greater propensity to
oligomerize and form fibrils(32). When AP was pre-infused into young wildtype mice (40
min), Ap40 —but not Ap42- reduced CSF influx of an inert dextran. This is particularly
intriguing given that Ap40 is the primary species found in perivascular deposits in CAA.
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The inhibitory effects of Ap on CSF influx into the PVS was confirmed in a mouse model of
AD (APP/PS1), that showed decreased inflow of CSF solutes in young AD mice (3-4
months), even prior to the 2 fold increase in soluble AP and development of plaque
pathology that is seen starting at 6 months of age onward. It was also shown that CSF-
derived AR could incorporate into established, endogenous A plagues in older mice.
Interestingly, a recently developed technique called “diffusion tensor image analysis along
the perivascular space” (DTI-ALPS) was used to show that lower water diffusivity along the
perivascular space of the medullary veins that run perpendicular to the lateral ventricle wall
is negatively correlated with AD and mild cognitive impairment severity in humans(19).
Although glymphatic function has never been formally studied in the context of CAA or
CADASIL, taken together, these data point to a possible role for PVS obstruction secondary
to protein aggregation in glymphatic impairment.

PVS Dynamics—uUntil recently, the PVS was considered a passive anatomical structure
that most likely changed its volume secondary to transient vasoconstriction and vasodilation
of the vessel it surrounded. A previous study using ultra-fast MR encephalography (MREG)
in humans concluded that some CNS fluid pulsations could be attributed to very low- and
low frequency waves(17). The authors surmised that these waves resulted from vasomotion
modifying the PVS volume, and in turn modified its electrical conductance(17). However, a
novel study used in vivo two photon laser scanning microscopy to image the PVS in Bactin-
GFP mice(33). Using orthogonal reconstruction from pial blood vessels, the authors found
that periarterial spaces cross-sectional area were ~300 pum?2 while paravenous spaces were
smaller (~90pm?2). They demonstrated that cortical spreading depression (CSD), commonly
used as an animal model of migraine aura, induced a rapid and nearly complete closure of
the paravascular space(33). PVS closure began in penetrating arteries and ended at pial
vessels, lasted several minutes, and gradually reopened over a 30 min period. An offset in
timing between vasomotion and the closure of the PVS suggests that this closure is not the
result of changes in vessel diameter, but is instead due to neuronal and astrocytic swelling.
The idea that astrocytic endfeet swelling is an active regulator of PVS glymphatic flow is
appealing when considering potential mechanistic targets for interventions aimed at
therapeutic modulation of the system. Astrocytes possess all the necessary machinery to
modulate their cell volume largely via AQP4-dependent mechanisms(56). Nonetheless, the
latter study used a model of pathology (pin-prick and KCI induction of CSD) that most
likely does not reflect the physiological regulatory mechanisms. However, the previous MRI
study attributed the very low wave frequencies to direct current-EEG (DC-EEG) which has a
strong contribution from the BBB(17). For the BBB to account for these waves, there would
have to be an oscillatory change in permeability at the BBB. Authors posited that this was
unlikely, and attributed it to vasomotion, however transient changes in BBB permeability
have not been convincingly disproven. In CSD, PVS closure causes a reduction in
glymphatic clearance after intracortical dye injection. The selective and regionally specific
closing of these spaces as a regulating mechanism for glymphatic flow is interesting. This is
highly relevant in studying the glymphatics of CADASIL, as migraines with aura are present
in 30-40% of patients as the earliest symptom, happening decades before stroke(6),
implying that early treatment of migraines may improve the clearance of GOM deposits way
before vascular pathology sets in.
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2. Cerebrovascular Pulsatility

Avrterial pulsatility secondary to the cardiac cycle has long been shown to contribute to
perivascular and interstitial fluid flows(25, 26, 79). A previously mentioned study that used
ultra-fast MR showed that pulsations derived from the R-wave of the cardiac cycle drive
fluid movement in the periarterial spaces while oscillations due to the respiratory cycle drive
perivenous flows(17). Respiratory pulsations function as a low-pressure counter-system that
may provide a driving force for ISF convection (17). During inspiration, intrathoracic
pressure becomes negative, reducing blood volume in the cerebral veins, which is
hypothesized to increase the PVS allowing solute to accumulate. Exhalation does the
converse, it raises intrathoracic pressure, increases cerebral venous blood volume, and closes
the PVS, driving fluid out into the CSF(17). Although compelling, more research is needed
to fully describe the roles that these physiological variables play in glymphatic system
circulation. Vascular pathologies including arteriolosclerosis, fibrinoid necrosis, and
lipohyalinosis may be found in all subtypes of SVD(4, 50). It is plausible that a connection
between changes in vascular pulsatility in cerebrovascular disorders may have profound
effects on glymphatic homeostasis.

In CAA, vascular Ap deposition independently affects microvascular pulsatility. At the early
stages CAA impairs leptomeningeal and cortical vessels and may later spread to the vessels
of other brain regions(80), with the posterior areas of the cerebrum often heavily
affected(81). CAA also leads to secondary vessel pathology involving loss of medial smooth
muscle cells, fibrinoid necrosis, fibrohyalinosis, microaneurysms, thrombus formation, and
luminal stenosis(81). Although these changes presumably lead to decreased arterial
vasomotion and vascular reactivity due to permanent changes in the basement membrane,
the loss in vessel wall compliance secondary to arteriosclerosis increases arterial
pulsatility(77). Increased stiffness of large elastic arteries, also seen in aging, causes
excessive propagation of the systolic pulse wave to the microcirculatory bed, increasing the
pulsatility index (large and small artery cross-talk)(82-85).

Increased arterial pulsatility was shown to drive glymphatic influx by systemic
administration of dobutamine (1 adrenergic agonist) in mice(79). Dobutamine acutely
increased systolic, diastolic, and mean arterial blood pressure. After 30 minutes, blood
pressure returned to normal and CSF tracer was infused. Dobutamine caused a 60% increase
in pulsatility and significantly increased CSF influx, without any changes to vessel
diameter(79). Interestingly, the 60% increase in arterial pulsatility only caused about a 25%
increase in CSF-ISF exchange, suggesting that there are additional factors driving
influx(79). Similarly, in an independent study that increased blood pressure and heart rate by
intravenous epinephrine in rats demonstrated faster interstitial convective clearance of
fluorescently-labeled albumin, liposomes, and viral vectors(26). Of relevance to SVD, a
recent study evaluated glymphatic function in DM2, a known vascular risk factor for
arteriolosclerosis(3, 34). MRI analysis using contrast agent (Gd-DTPA) showed that DM2
rats had enhanced areas of perivascular arterial influx and increased signal intensity.
Fluorescent tracers confirmed the MRI findings; more tracer accumulated in the periarterial
spaces up to 6h later(34). This is extremely noteworthy as DM2 is the first instance of
glymphatic influx enhancement, in contrast with all previously described studies of
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glymphatic pathology that have found reductions in glymphatic influx. This is a novel
finding as it allows us to speculate that pathological glymphatic fluxes are not only on the
side of inhibition, but also on the side of overstimulation. Curiously, cluster analysis of CSF-
ISF exchange in DM2 rats(86), suggested that there was a significantly larger perivascular
space in DM2 (34). Taking the latter into account, is it possible that EPVS may cause a
paradoxical increase in glymphatic influx by reducing the resistance to flow in the PVS?

Despite an increase in arterial pulsatility due to changes in vascular wall elasticity, it would
be wrong to ignore the heavily documented literature on the changes of cerebral blood flow
seen in several SVD subtypes. One such example is the impaired reactivity of small vessels
seen in CADASIL during increasing changes in blood pressure. Evidence shows that
parenchymal arteries constrict less in response to the increased intravascular pressure due to
upregulation of potassium channels(87). This ultimately alters the autoregulatory
mechanisms of the cerebrovascular network causing hypoperfusion. Hypoperfusion causes
reduced arterial pulsatility and reduced CSF-ISF bulk flow, as demonstrated by several
groups including our own(25, 26, 79). Internal carotid artery ligation in rodents decreases
arterial pulsatility by ~50% and shows markedly reduced CSF tracer influx (73%)(79).
Experimental reduction of cranial artery pulse pressure by ligation of the brachiocephalic
artery in dogs slowed paravascular CSF flow significantly(25). Similarly, decreasing blood
pressure and heart rate by induction of hypovolemia in rats reduced ISF movement of
solutes in the parenchyma(26). In support of these findings, and perhaps of glymphatic
impairment in SVD, an MCAO model of embolic ischemic stroke in mice also found
temporarily decreased paravascular CSF influx, that returned to normal by 24h.
Normalization of CSF influx coincided with spontaneous arterial recanalization(31).
Pulsatility of the deep penetrating arteries was also shown to be reduced by 27% in old mice
(18 months), and this reduction correlated with the amount of CSF tracer influx compared to
young (2-3 months) controls(28). Vascular wall compliance is reduced as a function of
aging. A loss in compliance would be expected to result in an increase in pulsatility, counter
to the results seen in old mice(28). It is possible that in cases of healthy aging without frank
vascular pathology, age-related causes of glymphatic dysfunction reside in the pial sheath
and AQP4 polarization on astroglial endfoot processes. It is important to note that DM2, an
important cause of sporadic SVD, was shown to have larger PVS (on MRI cluster analysis,
not confirmed by histology) and dramatically enhanced glymphatic influx. This model is
perhaps the most useful in understanding the glymphatics of SVD to date. Although
hypoperfusion maybe an important driver in SVD pathology, and with it, glymphatic
inhibition, these most likely occur towards the later stages of disease. The DM2 model
provides a better snapshot of the preclinical component of most SVD subtypes. This phase is
likely characterized by vascular and PVS remodeling due to endothelial cell and BBB
damage changing pulsatility without altering perfusion. AQP4 expression was not
characterized in this study, but chronic inflammation in DM2 has shown to cause reactive
astrogliosis and alter the expression of AQP4(88, 89). These changes will have small effects
on overall brain function, but when compounded over years or decades (the average
prodromal phase of SVD), it may be of significant clinical importance.
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3. CNS Clearance

Efflux routes for glymphatic fluid after its exit from perivenous spaces, are still being
elucidated. Among presumed pathways are clearance through the lymphatics in the nasal
mucosa, perineural spaces around cranial and peripheral nerves, elements of the cervical
neurovascular bundle and lymphatic vessels in the meninges(90-92). Tracers injected into
CSF drain into superficial cervical lymph nodes (scLNSs) via the cribriform plate (50%), and
to the blood stream via arachnoid granulations in the dural sinuses(50%)(90, 93, 94).
Arachnoid granulations are not found in rodents and recent studies have shown that a
significant efflux site for CSF macromolecules in the rodent brain is meningeal
lymphatics(92, 95). These lymphatic vessels travel parallel with the dural sinuses and
meningeal arteries, exit the skull, and drain into the deep cervical lymph nodes (dcLNSs) in
the neck(92, 95). On the other hand, tracers injected directly into the brain exit primarily
along two perivenous routes: the medial internal cerebral veins and the lateral-ventral caudal
rhinal veins(20). In turn, the internal cerebral vein drains directly into the great vein of Galen
and the straight sinus and the caudal rhinal vein drains into the transverse sinus (20). Tracers
have also shown to be capable of exiting into the ventricular system, but these
transependymal convective flows will require further description(96). Perivenous spaces are
thought to drain directly into meningeal lymphatic vessels as they exit the skull but this still
requires further elucidation (92, 95). The exact role that dysfunction of extra-CNS clearance
pathways play in disease is unclear. However, mice lacking functional vascular endothelial
growth factor receptor 3 (VEGFR3), a critical regulator of lymphangiogensis, develop LN
hypoplasia and demonstrate decreased clearance of tracers injected into the brain(95).
Reduced CSF clearance at the nasal mucosa in humans has also been linked to AD and
increased AP burden(97). These data suggest that disruption of peripheral efflux sites
significantly affect CNS solute clearance. A variety of solutes involved in brain energy
metabolism (i.e. lactate and apoE) and toxic metabolic waste products (Ap and tau) depend
on physiological clearance via glymphatics(14, 20, 98, 99). However, fluorescent- or radio-
labeled inert tracers like mannitol (182 Da), inulin (6 kDa), albumin (66 kDa), and dextrans
(3-2000 kDa) have proved to be the most useful for studying this drainage. Not only can
tracers be chosen by size, they also have no putative receptors or transporters that may alter
measurements of bulk flow-mediated clearance via glymphatics. Intracortical injection

of 3H-mannitol and 3H-dextran (10 kDa) show identical clearance rates in wildtype animals,
indicating bulk flow ISF clearance(20, 100), a finding that had been previously
confirmed(100, 101). Clearance rates after intrastriatal injection of 1251-AB40, exceeded that
of 3H-mannitol or 3H-dextran (10 kDa), presumably because AP has specific transporters
(e.g. RAGE and LRP-1) that can move it across the BBB(102). However, injection of
fluorescently-tagged AP and tau show that both are transported through the glymphatic
pathway and drain along subcortical white matter tracts and large-caliber draining veins (20,
99). Whether these pathways are modified as pathology progresses remains to be
established. The role of AQP4 in CNS drainage was demonstrated by a dramatic reduction in
clearance from the brain interstitium of about ~70% in Agp4 '~ mice(20). This same study
identified that 75% of tracer injected into the brain parenchyma is cleared into the
subarachnoid CSF, highlighting the importance of perivenous localization of AQP4.(20,
101). A separate study showed similar results, observing reduced clearance of an adeno-
associated viral-9 (AAV9) vector in a different strain of Agp4~/~ mice(103). AB clearance
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was also reduced ~55% in Agp4~'~ mice, suggesting that glymphatics are responsible for
about half of the clearance of soluble Ap in the brain(20). Besides AQP4 manipulation,
several other strategies have shown to reduce efflux to deep cervical lymphatics including
intracranial depressurization (cisterna magna cisternotomy), acetazolamide (inhibitor of
HCOj3 anhydrase that blocks CSF production), head position (45° slope downward, neck
flexion) and sleep deprivation (inhibits the increased convective flows seen during sleep)(98,
104).

Impaired clearance has been proposed as the main cause of Notch3 accumulation in
CADASIL. There is no significant increase in NMotch3 mRNA levels, suggesting that
accumulation is either the result of impaired clearance or impaired degradation(75). A
quantitative assay of protein clearance demonstrated that a CADASIL-inducing mutation
caused a decrease in Notch3ECP clearance and turnover(105). Additionally, mutant
Notch3ECP has decreased solubility, and an increased ability to spontaneously aggregate and
form multimers(106, 107). Additional support for the hypothesized role of glymphatic
impairment in accumulation processes is the increase of not only the insoluble bound form
of TIMP3, but also a free active soluble form(108). Nevertheless, it has been clearly
demonstrated that reducing TIMP3 or vitronectin levels can reduce pathological burden of
CADASIL(108), providing a window for increased glymphatic clearance as a therapeutic
target in this disease.

Clearance in models of SVD have not been formally studied. However, clearance of Ap40
and inulin from the caudoputamen in the brain of aged mice was impaired by approximately
40%, providing evidence for the mechanism by which age acts as the single strongest risk
factor for dementia(1). Interestingly, it is possible that certain cerebrovascular pathologies
including AD affect clearance even before the aging process. Clearance of AB40 from the
frontal cortex of young APP/PS1 mice showed a 2-fold reduction compared to littermate
controls before neuropathology developed, suggesting a causal role for glymphatic
impairment in plaque deposition(32). Indirect evidence of the role that glymphatic
impairment plays in AD is seen by the genetic deletion of AQP4 in APP/PS1 mice. This
additional mutation exacerbated the spatial learning and memory deficits normally seen in
APP/PS1 mice(66). The knockout mutants also had more A plaque pathology, and more
AP deposition in cortical and leptomeningeal vessels (findings normally seen in CAA).
These mice also had significantly more soluble and insoluble species of AB40 and Ap42
despite having the same AP overexpressing mutations (APP/PS1), suggesting that AQP4
deletion either increased AP production or inhibited its clearance mechanisms (66). Further
testing, demonstrated that AQP4 deletion did not alter the levels of proteins that play a role
in AB formation or degradation, suggesting that AQP4 knockout only affected clearance
pathways.

An important and not yet completely understood element of AB clearance and CAA
pathogenesis is its association with apoE. ApoE binds and transports lipids and proteins
including AB(109). The apoE e4 allele is a risk factor for CAA(110, 111) because this form
of apoE is not able to provide proper receptor-mediated clearance of Ap(102). ApoE4 results
in a shift in the amyloid deposition from parenchymal to vascular, increasing the ratio of
AP40 to AB42(112). Recent evidence demonstrates that endogenous apoE has a spatial
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distribution within perivascular astrocytes that is higher around arteries and arterioles than
around large veins(14). The non-lipidated form of apoE, preferentially to the lipidated form,
radially distributes from arteries out into the parenchyma in an isoform-specific manner
(apoE2>apoE3>apoE4). The fact that the apoE isoform with the lowest flow pattern is also
the isoform that confers the highest degree of risk to AD, CAA, and other SVDs implies that
effective transport within the glymphatic system may be an important component of normal
apoE function. Of note, inflow of CSF-derived apoE is drastically reduced in Agp4™~ mice
and is likely also due to loss of perivascular AQP4 polarization(14). The authors hypothesize
that decreased influx of apoE and reduced radial distribution of apoE4 causes the deposition
of this isoform and its contents in the abluminal perivascular surface, in addition to its other
well-known functions(102). More research is needed to gain a clear understanding of the
role that glymphatic system function plays in apoE transport and its effects on AP clearance.

We will apply current evidence from an animal model of DM2 and VaD to understand how
glymphatic clearance goes awry. In DM2 rats, there was a 3-fold increase in residual Gd-
DTPA in the hippocampal interstitial space, suggesting slower clearance(34). These findings
were confirmed by fluorescence imaging analysis as a Texas Red-dextran (3 kDa) was
undetectable in the brain of non-DM2 rats at 6h but still quantifiable in the DM2 rats. This
data demonstrates retention of both the Gd-DTPA and dextran (3 kDa) dextran despite the
previously discussed increase in CSF influx. More importantly, accumulation of a 3 kDa
dextran and residual intensity of Gd-DTPA in the hippocampus on MRI strongly correlated
(r2 > 0.85) with performance on the Morris Water Maze and odor recognition tests(34).
Whether a failure in glymphatic function plays a causal role in cognitive impairment remains
to be explored. Authors had also found an increase in the perivascular spaces, and surmised
that this larger accumulation of solutes in periarterial spaces may have been caused by
reduced clearance. This idea proposes an alternative hypothesis to explain increased
glymphatic influx. Although compelling, it is hard to envision that the influx of a determined
volume of CSF into an arterial PVS is not matched by the efflux of an equal volume of ISF
downstream. However, this could be explained by a sieving effect, in which increased CSF
influx, drives more tracer into the PVS. However, due to alterations in PVS morphology
(EPVS), AQP4 polarization, and/or changes in the molecular composition of the basal
lamina, the tracer cannot leave the PVS. This state of “solute trapping” could also be
occurring in the parenchyma caused by astrogliosis and changes in the extracellular space
(volume and tortuosity). A recent study from our lab demonstrated the concept of “solute
trapping” and glymphatic impairment in diffuse multiple microinfarcts (VaD)(29). We
showed that 3 days after unilateral microinfarction, CSF tracer influx was virtually abolished
in the ipsilateral cortex. Notably, CSF tracer movement in the contralateral hemisphere was
also markedly reduced(29). We found that glymphatic function was predominately affected
in the subcortical white matter of the corpus callosum and the hippocampus(60). The effect
of multiple microinfarction on glymphatic influx was further reduced when aged animals
were used. Normal glymphatic influx returned to baseline 14 days following injury. The
exact mechanisms behind glymphatic impairment in this model are not completely
understood, but the temporal features seem to fit with the resolution of mild cerebral edema
(~2% increase in brain water content) and increased ICP(~4.2 mmH,0)(60). This in turn,
coincides with the return to baseline patterns of AQP4 expression that normalized by 14
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days, when glymphatic influx was recovered. This redistribution of AQP4 has been
suggested to be a protective mechanism for the resolution of vasogenic cerebral edema,
shown to also occur in this model(61, 62). A similar scenario is seen after TBI, where
glymphatic function is reduced by 60% and lasts for at least 1 month after injury(99). This
was attributed to an increase in AQP4 expression but a loss of perivascular AQP4
polarization. It is also possible, given the recent findings in CSD, that cerebral edema may
cause transient PVS closure and therefore slow down glymphatic function until edema is
resolved(33). The mechanisms underlying PVS closure depending on whether it is cytotoxic
cell swelling or vasogenic edema will eventually need to be addressed. Focal solute trapping
was seen when an ovalbumin (45 kDa) tracer was injected into the CSF 3 days after MMI.
The tracer accumulated in the microinfarct cores (lacunes), and remained at 14 days(29).
Focal solute trapping at the lesion cores persisted despite glymphatic function returning back
to normal(29). Authors hypothesized that trapping of cytotoxic metabolites or cytokines
could perpetuate a neuroinflammatory cycle and predispose to focal BBB disruption (29). A
similar model of VaD in rats, found decreased clearance of a 3 kDa and 500 kDa dextran at 6
h after cisterna magna injection, suggesting impaired ISF clearance in VaD.

There is no direct evidence of glymphatic clearance failure in SVD to date. Nonetheless,
there are several indirect findings that may indicate that clearance is also decreased in SVD.
First and foremost, in cases of type 2 and 3 SVD including sporadic CAA and CADASIL,
accumulation of protein deposits without evidence of increased production strongly suggest
impairments in clearance. In a mouse model of CADASIL, the TgPAC-Notch3R169C [ine,
has demonstrated to have progressive focal alterations in myelination, in part explaining the
many WML found in this SVD. Coincidently, this strain had almost 4 times more myelin
debris at 20 months of age than controls; this debris load increased 4-fold between 12 and 20
months, and was not accounted for by exaggerated oligodendrocyte cell death(113). Authors
hypothesized that ineffective microglial phagocytosis was the basis for this accumulation,
but only 6-13% of myelin debris was in contact with microglia. This could be indirect
evidence of decreased clearance in CADASIL, and would support the recently proposed
hypothesis that GOM deposition is the result of reduced clearance and not increased
production (74). When discussing clearance in type | SVD, the contribution of hypertension
on AP accumulation is also worth mentioning. Epidemiological data has found an
association between hypertension and a strong predisposition for developing AD and AR
plaque burden (114). Animal models of hypertension have also been shown to develop CAA
deposition in the cortex and hippocampus without an amyloidogenic background(115).
Hypertension can also aggravate white matter pathology in patients with CAA, in part by
decreasing Ap clearance (116). However, the exact mechanisms of such contribution remain
unclear and further studies should be directed towards characterizing solute clearance in the
CNS of SVD.

Altered Glymphatic Function in SVD?

Throughout this review we have covered the available literature pertaining to glymphatic
impairment. A pervading theme in models of aging, ischemic stroke, SAH, TBI, and VaD is
that glymphatic dysfunction occurs over the entire pathway, from CSF influx to ISF efflux.
This makes sense as fluid inflow must be matched by an equal outflow to prevent edema.
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However, a recent paper testing the role of glymphatic impairment in DM2 found a
paradoxical increase in CSF influx with a robust decrease in solute clearance. Most notably
it happens to be a model that is of particular relevance to SVD. Perhaps one of the most
comparable disease models is diffuse multiple microinfarcts. This model recapitulates most
of the pathology of VaD seen in humans. The microinfarcts spread throughout the cortex,
striatum, hippocampus, and subcortical white matter(60). They induced significant white
matter rarefaction, axonal damage, and myelin loss in the corpus callosum and striatal white
matter bundles(30). Despite the overlap with some features of SVD, VaD showed patterns of
glymphatic dysfunction like those seen in acute ischemic stroke and TBI. However, the
discrepancies between glymphatic impairment between VaD and DM2 highlight the issue of
approaching SVD from a purely vasculopathic perspective. The most consistent finding in
the field of glymphatics until now, in the context of pathology, is the loss of normal
clearance. In line with this and the available literature, we surmise that most SVD types will
be accompanied by a decrease in clearance mechanisms, characteristic of an aging brain.
Moreover, we hypothesize that glymphatic influx will resemble that seen for DM2 more than
a global decrease in CSF entry as seen in VaD. We expect that SVD pathogenesis occurs
over decades, and is most likely a subclinical, insidious process as opposed to a repeated,
acute ischemic process. Whether this is due to EPV'S, changes in AQP4 expression, arterial
pulsatility, reduced clearance, or a combination of these requires further study.

There are several limitations in understanding the potential role that glymphatics play in
SVD (Figure 2). The unique evidence of glymphatic dysfunction prior to disease
manifestation and the consequent disruption once pathology is established makes it a
bidirectional risk factor, lying both upstream and downstream of SVD. It will be
increasingly important to determine what factors cause early impairment and if chronic
glymphatic failure could be a pathogenic driver for the deleterious effects on the vessel wall
seen in these diseases.

In recent years, an alternative to the traditional hypoperfusion-centric model has been
presented based on diffuse cerebrovascular endothelial failure and consequent blood-brain
barrier disruption(3). Despite the fact that this new model is more consistent with
experimental data and clinical observations (35), little is known about the sequence of
pathological events that lead up to BBB dysfunction and how this drives the clinical picture
of SVD. It is still not clear whether BBB disruption is universal for all S\VD types. Further
work is necessary in fully describing the forces that govern the decoupling of influx and
efflux mechanisms, as this will likely be relevant in studying subsequent SVD subtypes. An
intriguing finding is the correlation of decreased clearance on cognitive function. In both
VaD and DM2, the amount of tracer trapped in the brain parenchyma is positively correlated
with cognitive deficits in several behavioral tests in rats(30, 34). This would be of interest to
WML as these are also associated to cognitive performance(117). Is it possible that
glymphatic clearance failure is correlated with WML burden? Evidence of EPVS and
intramyelinic edema in pre-clinical mouse models of CADASIL in the absence of BBB
disruption raises questions about glymphatic involvement and the possibility that CSF serves
as a pool of water to drive edema(113). ISF stagnation or altered convective flows could
cause increased cell death within the tissue (118). The novel idea of focal solute trapping
could be of interest in lacunes, seen in several types of SVD(29). The recent discovery about
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the role of PVS closure opens several questions as to the role that astrocytes could play in
the regional control of PVS flows and whether these are dependent on neuronal function or
crucial for brain energy and ion homeostasis.

Targeting Glymphatics for Treatment and Prevention of SVD

The most notable regulating mechanism of glymphatic activity is its role in brain waste
clearance during sleep(21). The rate of perivascular CSF circulation is reduced by ~95% in
the awake state, while clearance of interstitial solutes such as A is 2 times slower than in
sleep. This appears to be attributable to a 60% expansion of the ECS volume(21).
Interestingly, there is an association between SVD and sleep disorders. Sleep disturbances
have been associated with WML burden(119-121). Subsequently, the presence of EPVS,
negatively correlate with sleep efficiency(122). EPVS volume, especially in the basal
ganglia, tends to be larger as duration of non-rapid eye movement stage 3 sleep decreases
(122). All these findings are particularly interesting considering the strong connection
between sleep and glymphatic system function. The exact relationship between sleep stage,
extracellular space volume, and concentrations of different neurotransmitters with
glymphatic function still remains unclear. Moreover, it is unknown whether glymphatic
dysfunction can lead to sleep disturbances.

The therapeutic role of sleep improvement has not been comprehensively studied, and could
potentially be tested using commonly prescribed sleep aids. To our knowledge, these have
never been fully clinically tested in the context of SVD. A recent study demonstrated that
obstructive sleep apnea (OSA) causes a reduction in the concentration of brain-derived
proteins in CSF after slow wave sleep(123). The authors suggest that OSA causes alterations
in CSF-ISF exchange causing these proteins to become trapped when they would normally
be cleared out into the CSF. Independently, moderate to severe OSA has been associated
with increased EPVS, WML burden, and CMB(124). Treatment of OSA and sleep
improvement offer easily implemented strategies that may improve glymphatic function.

Exercise has long been shown to improve cognitive function in the aging brain. Recently, a
study demonstrated that voluntary running for 6 weeks was able to significantly increase
glymphatic influx and clearance in aged mice(125). The improvement in glymphatic
function coincided with decreased A concentrations (both AB40 and AB42) and higher
synaptic integrity in the cortex and hippocampus of exercised mice. The authors attributed
this to a reduction in reactive astro- and microgliosis and normalization in expression of
AQP4 and its polarization(125). Of note was that this study found no difference in BBB
permeability after quantifying the extravasation of an intravascular dye between the exercise
and control groups. Interestingly, this study supported previous research by showing that the
exercise group had significantly better spatial memory. This evidence might suggest that
enhanced glymphatic function, and not a reduction in BBB permeability, is responsible for
the improved cognitive performance seen after voluntary exercise. With recent studies
showing the pathological increase of glymphatic system function it will be important to find
therapies that aim to both increase and decrease different components of the glymphatic
system pathways. Evidence for SAH showed benefit in treating rats with intraventricular tPA
to induce fibrinolysis of fibrin clots in the PVS(31). Delivery into the glymphatic system
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could provide an optimal strategy to target the lysis of A and GOM deposition in CAA and
CADASIL, respectively.

Conclusion

There is a lack of understanding of how the gamut of pathological hallmarks of SVD relate
to each other and drive progression. The accepted pathophysiology centered around vessel
wall damage is not able to explain the complete picture; however, failure of a previously
unappreciated brain-wide drainage system may be able to reconcile these missing links.
Enlarged PVS, edema, accumulation of abluminal protein deposits (GOM and Ap), and the
association between SVD and sleep, suggest a potential role for glymphatic dysfuction and
perivascular pathology as a crucial component of SVD. It is yet to be determined whether
glymphatic failure is a primary cause or secondary effect of vascular pathology. Regardless
of the extent of glymphatic involvement, enhancing brain clearance mechanisms may
represent an important target for preventive and therapeutic strategies. The recent
development of animal models that successfully recapitulate aspects of several SVD
subtypes provide an exciting opportunity through which to approach these unresolved issues.
In conclusion, further investigation into the factors that contribute to glymphatic system
function and how these breakdown may yield a better understanding of SVD and offer the
possibility of intervening decades before symptomatology has become apparent.
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Abbreviations

AD Alzheimer’s disease

AHT arterial hypertension

apoE apolipoprotein E

AQP4 aquaporin-4

Ap amyloid-p

AB40 amyloid-B1_40

Ap42 amyloid-B1_42

BBB blood-brain barrier

CAA cerebral amyloid angiopathy
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CADASIL

CARASIL

CMB
CSD
CSF
DM2
ECS
EPVS
GFAP
GOM
ICH
ICP

I SF
MCAO
MMI
MREG
MRI
Notch3ECD
OSA

PVS

SHR
SHRSP
SvD
TBI
tPA

VaD

cerebral autosomal dominant arteriopathy with subcortical ischemic strokes

and leukoencephalopathy

cerebral autosomal recessive arteriopathy with subcortical ischemic strokes

and leukoencephalopathy
cerebral microbleeds

cortical spreading depression
cerebrospinal fluid

type 2 diabetes mellitus
extracellular space

enlarged perivascular spaces

glial fibrillary acidic protein
granular osmiophilic material
intracerebral hemorrhage
intracranial pressure

interstitial fluid

middle cerebral artery occlusion
multiple microinfarcts

magnetic resonance encephalography
magnetic resonance imaging
Notch3 ectodomain

obstructive sleep apnea
perivascular space

subarachnoid hemorrhage
subarachnoid space

spontaneous hypertensive rat
spontaneous hypertensive rat-stroke prone
small vessel disease

traumatic brain injury
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Figure 1. Overview of the Glymphatic System
Convective flow of cerebrospinal fluid (CSF) enters the PVS of pial arteries and dives down

into the brain through penetrating artery PVS. These PVS are surrounded on the outside by a
sheath of astroglial endfeet lined with aquaporin-4 (AQP4) water channels. AQP4 facilitates
the bulk flow movement of CSF into the parenchyma where it mixes with interstitial fluid
(ISF). Convective ISF flow propels waste products, such as amyloid-p and tau, towards
veins where they enter PVS for efflux out of the CNS. This process is regulated by changes
in the extracellular space volume of the parenchyma as is seen during sleep-wake state
transitions. Adapted with permission from the AAAS(126).
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Figure 2. Potential M echanisms Driving Glymphatic System Impairment in SVD
(1) PVS: Abluminal deposits of Ap in CAA and GOM in CADASIL block PVS flows and

may cause loss of AQP4 polarization and astrocyte endfoot and pericyte detachment.
Increased PVS fluid and structural remodeling causes enlarged PVS. (2) Cerebrovascular
pulsatility: Vascular pathology causes a decrease in vessel wall compliance increasing
cerebrovascular pulsatility and mechanical stress against the PVS. Diffuse endothelial cell
failure and impaired neurovascular unit cross-talk results in a net decrease in ISF formation
offering a larger driving force for CSF entry. (3) CNS Clearance: Parenchymal changes
associated to injury such as astrogliosis and lacunar infarcts, change the extracellular space
volume and tortuosity, predisposing to solute trapping and reduced clearance of toxic
metabolic byproducts (e.g. Ap and tau). These changes would also decrease ISF efflux and
cause fluid stasis. PVS inflammation due to extravasation of plasma proteins gives rise to
perivascular edema and WML.

Clin Sci (Lond). Author manuscript; available in PMC 2017 September 01.



	Abstract
	Introduction
	Cerebral Small Vessel Disease
	Glymphatic System
	1. Perivascular Spaces
	Enlarged Perivascular Spaces
	Aquaporin-4
	Protein Aggregates
	PVS Dynamics

	2. Cerebrovascular Pulsatility
	3. CNS Clearance

	Altered Glymphatic Function in SVD?
	Targeting Glymphatics for Treatment and Prevention of SVD
	Conclusion
	References
	Figure 1
	Figure 2

