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a b s t r a c t
Cerebrospinal ﬂuid (CSF) circulation and turnover provides a sink for the elimination of solutes from the brain
interstitium, serving an important homeostatic role for the function of the central nervous system. Disruption
of normal CSF circulation and turnover is believed to contribute to the development of many diseases, including
neurodegenerative conditions such as Alzheimer's disease, ischemic and traumatic brain injury, and
neuroinﬂammatory conditions such as multiple sclerosis. Recent insights into CSF biology suggesting that CSF
and interstitial ﬂuid exchange along a brain-wide network of perivascular spaces termed the ‘glymphatic’ system
suggest that CSF circulation may interact intimately with glial and vascular function to regulate basic aspects of
brain function. Dysfunction within this glial vascular network, which is a feature of the aging and injured
brain, is a potentially critical link between brain injury, neuroinﬂammation and the development of chronic neurodegeneration. Ongoing research within this ﬁeld may provide a powerful new framework for understanding
the common links between neurodegenerative, neurovascular and neuroinﬂammatory disease, in addition to
providing potentially novel therapeutic targets for these conditions.
This article is part of a Special Issue entitled: Neuro inﬂammation: A common denominator for stroke, multiple
sclerosis and Alzheimer's disease.
© 2015 Elsevier B.V. All rights reserved.

1. Introduction
Cerebrospinal ﬂuid (CSF), a clear, secreted ﬂuid ﬁlling the cerebral
ventricles and surrounding the brain and spinal cord within the subarachnoid space (SAS), serves several functions in the central nervous
system (CNS). CSF provides buoyancy to support the weight of the
brain and acts as a protective layer to cushion it from injury. CSF also
serves regulatory functions, including distribution of neurotrophic factors and stabilization of brain pH and chemical gradients, in addition
to supplying an excretory pathway out of CNS for solutes that cannot
readily cross the blood brain barrier (BBB). Contributions to CNS development and repair mechanisms have also been noted [1].
Throughout the course of the 20th century, painstaking surgical,
physiological and biophysical experiments led to the development of a
classical description of CSF secretion, circulation and reabsorption that
remains the principal model to this day. Within this model, CSF is
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secreted actively by the choroid plexuses (CPs), secretory epithelia in
the lateral, third and fourth cerebral ventricles [2]. CSF moves by bulk
ﬂow, driven by arterial pulsation and respiration, through the ventricular system, exiting into the SAS via the foramina of Luschka and
Magendie [3]. From the SAS, CSF is believed to be reabsorbed into the
blood stream either through arachnoid villi, valve-like structures within
the walls of dural sinuses, or by traveling along cranial or spinal nerve
sheaths to reach the peripheral lymphatic drainage. The excretory function of CSF did not come to prominence until the second half of the 20th
century with the work of Davson, who suggested that CSF and the brain
interstitial ﬂuid (ISF) interacted, and the CSF served as a “sink” for
solutes from the brain parenchyma [4].
Recent research, aided by advances in imaging technology, suggests
that CSF circulation may not be as linear as the classical model suggests,
and that CSF and brain ISF exchange dynamically along organized anatomical pathways. The movement of CSF through and the clearance of
ISF and its associated solutes from the brain parenchyma along
perivascular pathways has important implications for current understanding of basic physiological processes such as CNS waste clearance,
distribution of trophic factors, nutrients, and neuroactive compounds,
and peripheral immune surveillance of the CNS. Derangement of the
functions of CSF circulation may play a key role in the development of
a wide range of CNS pathologies, including neurodegenerative diseases
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such as Alzheimer's disease (AD), neuroinﬂammatory conditions such
as multiple sclerosis (MS) and neurovascular conditions such as cerebral ischemia, traumatic brain injury (TBI) and subarachnoid hemorrhage [5–10]. Alterations in CSF secretion, circulation and reabsorption
are also directly involved in the pathogenesis of different CNS pathologies, including hydrocephalus, pseudotumor cerebri, and neoplasms of
the choroid plexus [11–13].
Basic aspects of CSF circulation and CP biology have been the subject
of several excellent recent reviews [2, 3,14–16]. Thus in the present
review, we will focus on the implications that recent insights into the
interactions between CSF circulation and the brain ISF may have for
current understanding of AD, MS and neurovascular diseases.
2. Central nervous system ﬂuid dynamics
2.1. Choroid plexus and CSF secretion
CSF is produced primarily by the CPs which are found in the lateral,
third and fourth ventricles (Fig. 1) [17]. The CPs were identiﬁed as the
primary source of CSF by Dandy in 1919, when he observed that
hydrocephalus induced by the blockage of the foramina of Monro

could be prevented by removal of the CP [18]. Further work has identiﬁed extrachoroidal sources, including ependymal cells, limited transcapillary ﬂuid ﬂux, and metabolic water production that contribute to
CSF production [19–21]. It is widely agreed, however, that approximately 80% of total CSF is secreted by the CP [3].
In 1960, De Rougemont et al. demonstrated that the electrolyte content of the CSF extracted at the CP was distinct from that of blood plasma, physiologically linking the CPs to CSF production [22]. The secretion
and composition of the CSF is tightly regulated by the CPs, which are
complex structures comprised of a plexus of fenestrated capillaries
surrounded by a layer of cuboidal epithelial cells, with an intervening
stromal space between these two components (Fig. 1). The epithelial
cells are polarized, with the apical CSF-facing side possessing microvilli
and tight junctions that constitute the blood-CSF barrier (BCSFB), which
is in many respects analogous in function to the BBB of the cerebrovascular endothelium [23].
Under physiological conditions, CSF is actively secreted, largely independently of choroidal blood ﬂow, through the concerted activity of numerous membrane proteins. These include apical Na+/K+ ATPase, the
aquaporin-1 (AQP1) water channel, and numerous secondary ion transporters and channels localized speciﬁcally to basolateral and/or apical

Fig. 1. Schematic of CSF production and circulation in the brain. Cerebrospinal ﬂuid (CSF) is formed in the choroid plexuses in the 3rd (3V), 4th (4V) and lateral ventricles (LV, bottom
right), then exits into the subarachnoid space (SAS) at the cisterna magna. Classically, CSF is cleared by bulk reabsorption into the bloodstream via arachnoid villi or by clearance to peripheral lymphatic vessels accessed along cranial nerve sheathes. More recent research suggests that from the SAS, a portion of the CSF circulates into the parenchyma of the brain along
perivascular spaces (PVS) surrounding penetrating arteries, exchanging with surrounding brain interstitial ﬂuid (ISF, top right). ISF and its associated solutes and wastes are in turn cleared
along PVSs surrounding large caliber draining veins. This processes is supported by astroglial water transport through the aquaporin-4 (AQP4) water channel, which is localized to the
perivascular astrocytic endfeet that surround the cerebral vasculature (bottom left). Interstitial solutes are cleared along peri-venous spaces into cisternal CSF spaces, where they have
access to sinus-associated lymphatic vessels (top left). Abbreviations: Astrocyte (AST), basement membrane (BM), epithelial cells (EpC), pia mater (PM), vascular smooth muscle cell
(VSM), sigmoid sinus (SmS), superior saggital sinus (SSS), transverse sinus (TS). Adapted from [129].
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membranes that facilitate ionic ﬂux comprised largely of Na+, HCO3and Cl- into the ventricular lumen [24–26]. The respective contributions
of these transporters and channels to CSF secretion are complex and recently have been comprehensively reviewed [15]. The net result of this
secretory process is that CSF is produced with stable ionic composition
that is distinct from that of plasma.
The CP also utilizes systems of transporter proteins to coordinate
both the entry and efﬂux of speciﬁc solutes essential to normal function
of neuronal and glial cell types into and from the CNS [27]. One such example of nutrient delivery is folate transport. Folate receptors (FRα) are
localized to the membrane of the CP and package reduced folates
(MeTHF) from the blood into endosomes where they are acidiﬁed. The
MeTHF is then ferried out of the endosome by a proton-coupled folate
transporter (SLC46A1), and is ultimately delivered into the CSF via facilitated diffusion mediated by the reduced folate carrier (RFC) [28,29].
In contrast, CP can also mediate solute clearance from the CSF, as occurs with the removal of L-glutamate, an excitatory neurotransmitter
associated with neuroexcitatory conditions such as epilepsy. Excitatory
amino acid transporter 3 (EAAT3) is localized to the apical (CSF) side of
the CP and facilitates transport into the CP [30].
2.2. CSF circulation and reabsorption
Due to the nature of CSF circulation, which occurs dynamically
across large anatomical distances, the majority of contemporary research on the topic utilizes phase-contrast magnetic resonance imaging
(PC-MRI). These approaches, however, are limited by the scales of CSF
movement that occur. CSF ﬂow is comparatively slow and generally
not observed across many voxels during any given measurement. Additionally, the space that CSF travels through is typically very small in any
given plane and therefore total available voxels for detection are limited. Despite these limitations, PC-MRI has provided key insights into
the basic principles of CSF ﬂow. Earlier approaches evaluating rates of
CSF production, ﬂow and reabsorption including tracer infusion and
CP lesion studies also often produced conﬂicting or controversial results
[3]. Here we will attempt to summarize the current leading perspectives
in the ﬁeld.
As detailed above, CSF is largely generated by the CPs. The exact rate
of CSF formation varies with neuroendocrine and hormonal modulation
and also across species. In humans, the production rate lies between
0.3–0.6 ml/min, turning over a total CSF volume of 150 ml 4 times per
day. In mice, CSF is produced at a rate of ~ 350 nl/min, turning over a
total CSF volume of 40 μl 12–13 times per day [16,31].
PC-MRI studies indicate that through the course of each cardiac or
respiratory cycle, bi-directional CSF ﬂow through narrow segments of
the ventricular system such as the cerebral aqueduct may occur. Net
ﬂow of CSF however, originates in the ventricles (primarily the third
and lateral ventricles) and travels through the cerebral aqueduct, to
the 4th ventricle where it exits into the SAS through the foramina of
Luschka and Magendie (Fig. 1) [32]. Conventional understanding dictates that a portion of the subarachoid CSF will continue through the
SAS along the spinal cord, exiting along spinal nerve roots, while the remainder will exit the cranium via arachnoid villi and the cranial nerves
[15]. As detailed below, the recently described lymphatic vessels associated with the dural sinuses may also be involved in CSF reabsorption
(Fig. 1) [33,34].
Reabsorption of the CP-derived CSF circulating through the ventricles and SASs into the peripheral lymphatic system or blood stream is
critical to the clearance of metabolites and waste products. CSF bulk
ﬂow and reabsorption are driven by pulsations within the cranium,
but are supported by CSF pressure maintained by equalization of the
rates of CSF secretion and reabsorption. Due to enclosure within the cranium, changes in CSF pressure can occur rapidly when the rates of CSF
secretion and reabsorption are not balanced, leading to conditions
such as hydrocephalus [15,16]. The pulsations driving CSF from its origin at the CPs to the efﬂux pathways from the cranium are generated
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by both the respiratory and cardiac cycles. Utilizing PC-MRI Feinberg
and Mark illustrated that CSF velocity at the cerebral aqueduct varies
across the cardiac cycle and has peak velocities phase-locked to cardiac
systole [35]. Recent studies using PC-MRI have also implicated respiration in the bulk ﬂow of CSF as changes in CSF movement through the
ventricular system varied with the respiratory cycle and could be manipulated by alterations in the respiratory patterns of study participants
[32,36]. Interestingly, the magnitude of respiration-associated changes
in CSF velocity were substantially greater than those occurring in
phase with the cardiac cycle. In addition, other long term factors may
modulate pulsatile CSF ﬂow in the cranium, which will be discussed in
subsequent sections.
2.3. CSF communication with brain extracellular ﬂuid
Classical CSF studies demonstrate that the CSF serves as a sink to interstitial solutes, as tracers injected into different brain regions drain to
different CSF compartments [37]. Two modes of movement, diffusion
and bulk ﬂow (or convection), could potentially account for the movement of solutes within the brain extracellular space and their clearance
either to internal or external CSF compartments. Diffusion results from
the thermal motion of a molecule down its concentration gradient.
The speed of diffusion is strongly inﬂuenced by the mass of the solute,
with large macromolecules moving only slowly through the brain extracellular space [38]. Bulk ﬂow occurs on a larger scale and refers to movement of ﬂuid in which all solutes move at the same rate, regardless of
size [20,39].
A series of seminal studies by Cserr and colleagues demonstrated
that interstitial solutes are cleared from the brain by bulk ﬂow and
that ISF and CSF exchange along perivascular spaces surrounding cerebral blood vessels. In a study carried out in the rat caudate nucleus,
Cserr et al. reported that inert extracellular tracers with masses spanning 2 orders of magnitude (900 Da–69,000 Da) were eliminated from
the brain at the same rate, suggesting that clearance occurred by bulk
ﬂow rather than diffusion [40]. These ﬁndings were conﬁrmed in a
later pharmacokinetic study by Groothuis et al. [41], and more recently
in a radio-tracer study in mice using mannitol (182 Da) and dextran (10
kD) [7]. Cserr and colleagues estimated the rate of brain ISF ﬂow to be
0.11–0.29 μl*g−1*min-1, a value in line with the rate of lymph ﬂow
throughout the peripheral organs [37].
Bulk ﬂow within the brain parenchyma has repeatedly been attributed to speciﬁc anatomical domains, as opposed to being a feature of
the wider extracellular compartment. Rosenberg et al. [42] reported
that bulk ﬂow within the brain extracellular space occurred primarily
along white matter tracks, however no difference was observed by
Cserr and colleagues when comparing efﬂux kinetics between the caudate nucleus and internal capsule [37]. In this and subsequent studies,
these investigators observed that much of the tracer injected into the
brain parenchyma could be detected in perivascular spaces surrounding
cerebral blood vessels [37,43], leading them to propose ‘the subarachnoid perivascular space is part of a large, interconnecting network of intracranial extracellular channels’, facilitating efﬂux of interstitial solutes
and exchange with the surrounding CSF compartments [43]. The
ensheathment of leptomeningeal blood vessels perivascular ‘sleeves’
comprised of the pia mater described by Weller and colleagues [44] is
believed to provide the anatomical basis for the free movement of
ﬂuid and solutes along these cerebral blood vessels. In their extensive
pharmacokinetic study, Groothuis et al. reported that for molecules
exhibiting uptake across the BBB, efﬂux from the parenchyma was dependent upon local diffusion, while other solutes appeared to be cleared
from the brain interstitium by a combination of bulk ﬂow and diffusion
[41]. This is in line with the notion that efﬂux of interstitial solutes results from the combined inﬂuence of diffusion within the dimensions
of the brain extracellular space coupled to efﬂux via bulk ﬂow along
‘privileged’ long-distance pathways such as white matter tracks and
perivascular spaces [3].
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A related and widely accepted hypothesis articulated by Weller,
Carare and colleagues proposes that ISF and solutes are cleared along
these perivascular pathways, moving ﬁrst along the capillary basal lamina, then vascular smooth muscle basement membrane, then traveling
through perivascular spaces to reach the cervical lymphatics along the
internal carotid arteries [45]. This hypothesis is supported by parenchymal tracer injection experiments in which signal was detected along
capillaries and within the walls of cortical arteries. This group has proposed that in cerebral amyloid angiopathy (CAA), amyloid β acts as a
sort of endogenous tracer and that the deposition of amyloid β within
the walls of cerebral arteries in this condition reﬂects aggregation within the brain's clearance pathway for interstitial solutes. [46]. However,
whether the patterns of tracer accumulation observed in these experimental studies, and whether patterns of vascular amyloid β aggregation
observed in human CAA cases reﬂect pathways of endogenous interstitial solute clearance remains to be determined.
2.4. Rapid perivascular transport and the glymphatic system
A series of studies from Grady and colleagues reported that CSF from
the SAS rapidly entered the brain along perivascular spaces surrounding
penetrating arteries [47,48]. In these studies, horseradish peroxidase (a
44 kD protein) injected into the cat and dog ventricular and subarachnoid CSF compartments moved rapidly (within minutes) into the cortex
along perivascular spaces surrounding penetrating arteries. These ﬁndings are in conﬂict with subsequent studies by Cserr and colleagues that
found little evidence for bulk ﬂow of CSF tracers into the brain under
control conditions after injection into the SAS or into perivascular
spaces of leptomeningeal arteries [43,49]. While Cserr and colleagues
proposed that ISF exchanged slowly with CSF by bulk ﬂow through
the perivascular network, Grady and colleagues proposed that CSF–ISF
exchange was rapid and polarized along the vasculature, with CSF entering the brain along perivascular spaces surrounding arteries and ISF
exiting the brain along perivascular spaces surrounding veins.
A series of recent studies, utilizing novel in vivo approaches that permit the dynamic imaging of CSF tracers, have brought new perspectives
to these questions. Studies employing dynamic in vivo 2-photon imaging after injection of ﬂuorescent CSF tracers in mice indicates that subarachnoid CSF from the cisternal compartments enters and travels
along perivascular spaces surrounding cerebral arteries, gaining access
to the brain parenchyma and exchanging with the surrounding ISF
(Fig. 1) [6,7,50,51]. This ﬁnding has been conﬁrmed in rats and by visualizing brain-wide CSF contrast movement along perivascular pathways
by dynamic contrast-enhanced MRI (DCE-MRI) [9,52–54]. Further studies demonstrate that macromolecules introduced across the nasal mucosa circulate along these perivascular pathways and gain access to
the brain parenchyma [55]. Using these dynamic and depth-resolved
imaging techniques, many of the questions surrounding timing, rates
and direction of perivascular ﬂow that were left unresolved by earlier
investigations in ﬁxed or frozen tissue can now be deﬁned.
Using intra-parenchymal injections of inert tracer molecules such as
ﬂuorescent dextrans, or proteins including amyloid β or tau, it was observed that ISF and interstitial solutes are cleared from the brain along
distinct anatomical pathways, following subcortical white matter tracks
and perivascular spaces surrounding large-caliber draining veins and
emerging into cisternal CSF compartments associated with dural sinuses, including the quadrigeminal and basal cisterns (Fig. 1) [5,7].
The anatomical pathway permitting communication of cisternal CSF
with CSF ﬂowing along perivascular spaces is not clear. One possibility is
that subarachnoid CSF enters perivascular spaces proximally, through
fenestrations of the ensheathing pia mater within the cisterns containing the circle of Willis. CSF could then be conducted distally through
these perivascular spaces to enter the brain parenchyma along penetrating arteries. As of yet, no ultrastructural description of the
leptomeningeal investment of the communicating arteries comprising
the Circle of Willis or the proximal segments of the conduit arteries

that branch off of them has been conducted, making it difﬁcult to deﬁnitively identify the mode of exchange between subarachnoid CSF of the
cisterns and CSF within perivascular spaces surrounding cerebral arteries. As discussed below, interstitial solute clearance along perivascular
spaces surrounding large caliber draining veins appears to provide a
route for the delivery of interstitial solutes from within the brain parenchyma to the putative lymphatic vessels that have been recently
described in association with dural sinuses (Fig. 1) [33,34]. Thus,
although the precise anatomical bases have not yet been fully deﬁned,
it appears that perivascular spaces surrounding both cerebral arteries
and large caliber draining veins provide pathways for the bidirectional exchange of CSF from the cisternal compartments with the
ISF throughout the brain parenchyma.
Although the ﬁndings reported most recently by Nedergaard and
colleagues are in many ways simply an elaboration of earlier tracer
studies deﬁning exchange of CSF and ISF along perivascular pathways
[7,37,43,47,48,50,52], these studies have provided additional details
concerning the role that glial cells including astrocytes play in
perivascular CSF–ISF exchange. Moreover, they provide strong evidence
for the physiological regulation of the dynamics of perivascular ﬂuid exchange that may offer key insight into the interrelationship between
CSF–ISF dynamics, physiological brain function, and the development
of neurological disease.
One key ﬁnding from these studies was the observation that the
astroglial water channel aquaporin-4 (AQP4), which is localized primarily to perivascular astrocytic endfeet ensheathing the cerebral vasculature, supports both perivascular inﬂux of CSF into and through the
brain interstitium as well as the clearance of interstitial solutes from
the brain parenchyma [7]. Owing the dependence of perivascular CSF–
ISF exchange upon glial water transport and its assumption of the conventional peripheral lymphatic function of interstitial solute clearance,
Nedergaard and colleagues termed this brain-wide perivascular
network the ‘glymphatic’ system [56].
In a follow-up study, Xie et al. reported that glymphatic pathway
function was a feature of the sleeping, rather than the waking brain
[51]. Compared to both naturally sleeping and anesthetized mice, the
rate of perivascular CSF tracer inﬂux into the waking cortex after
infusion into the cisterna magna was reduced by ~95%. In parallel experiments, the authors reported that both the clearance of the inert
radio-tracer 14C-inulin and radio-labeled 125I-amyloid β were reduced
by approximately one half in the waking compared to the sleeping or
anesthetized brain. These data are in agreement with the ﬁndings of
Groothuis et al. who reported that the clearance of the inert tracer
14
C-Sucrose from the brain interstitium was markedly slowed in
awake behaving rats compared to those under ketamine-xylazine anesthesia [41]. This study may shed light on the discrepancies between experimental work carried out by Cserr and colleagues and more recent
work focusing on the so-called ‘glymphatic’ system. In their study,
Groothuis reported similar efﬂux kinetics under pentobarbital anesthesia to those observed in the studies by Cserr and colleagues. However
compared to pentobarbital anesthesia, tracer efﬂux was more than 5–
10 times more rapid under other anesthesia regimes or in the awakebehaving brain [41]. Here it is important to note that in the recent
studies focusing on the glymphatic system, animals under ketaminexylazine or isoﬂuorane anesthesia exhibited perivascular CSF movement and ISF solute clearance that were nearly identical to those
observed in the naturally sleeping brain [51]. While this has not yet
been evaluated experimentally, methodological difference including
the inﬂuence of anesthesia may underlie observed differences in the
direction and rate of perivascular ﬂuid movement in the CNS.
Underlying these changes in perivascular CSF–ISF exchange in
interstitial solute clearance appears to be sleep-wake changes in the dimensions of the brain extracellular spaces. From in vivo electrophysiological recordings collected in mouse cortex using the gold-standard
tetramethylammonium (TMA) micro-iontophoresis method [38], Xie
et al. reported that during sleep, the brain extracellular space increases

Please cite this article as: M.J. Simon, J.J. Iliff, Regulation of cerebrospinal ﬂuid (CSF) ﬂow in neurodegenerative, neurovascular and
neuroinﬂammatory disease, Biochim. Biophys. Acta (2015), http://dx.doi.org/10.1016/j.bbadis.2015.10.014

M.J. Simon, J.J. Iliff / Biochimica et Biophysica Acta xxx (2015) xxx–xxx

in volume by ~ 60% [51]. This effect, as well as the effect of arousal on
perivascular CSF–ISF exchange and interstitial solute clearance, appeared to be in part regulated by cortical noradrenergic tone, as local
pharmacological blockade of noradrenergic receptors restored waking
extracellular volume fraction, perivascular CSF inﬂux and interstitial
solute clearance to levels observed during natural sleep or anesthesia.
These ﬁndings suggest that the processes of CSF circulation, including
its exchange with the interstitial compartment along perivascular pathways, may be under dynamic physiological regulation. In agreement
with this hypothesis, a recent pharmacokinetic study reported that in
the rat, CSF turnover is more rapid during resting compared to the active
portion of the diurnal cycle [57].
2.5. AQP4 and other transporters
The most well-known family of water transporters are the aquaporins (AQPs). Originally discovered in red blood cells, at least 10 different
AQPs are involved in water transport in tissues including the renal ducts
(AQP2 & AQP6), the lens of the eye (AQP1), and the CPs (AQP1) [25,
58–60]. Identiﬁed in 1994, AQP4 is exclusively expressed within the
brain in ependymal cells and astrocytes [61,62]. Astroglial AQP4 in the
perivascular endfeet abutting the cerebral vasculature is organized
into dense crystalline plaques that are visible as square arrays on
freeze-fracture transmission electron microscopy that occupy as much
as 50% of surface area facing the cerebral microvasculature [63,64].
AQP4 is anchored within these endfeet domains by its association
with extracellular proteins of the subendothelial basal lamina [65].
Although many studies have investigated the role of AQP4 in the
movement of water into and out of the CNS under pathological conditions such as cerebral edema, little has been understood regarding the
physiological signiﬁcance of AQP4's perivascular localization [66].
With the observation that CSF and ISF exchange along perivascular
pathways that are bounded by astroglial endfeet exhibiting high levels
of AQP4 localization, Iliff and colleagues proposed that perivascular
AQP4 organizes water transport through the brain along the axes of
the cerebral vasculature, permitting the rapid transport of water into
and out of these perivascular pathways [7]. Because a portion of the
astroglial AQP4 is localized to the vast network of peri-synaptic processes, water that transits AQP4 at perivascular endfeet is readily distributed
to the wider interstitium, just as water from the bulk interstitium can
readily enter the perivascular spaces across these endfeet [67]. Based
on this concept, Iliff, Nedergaard and colleagues have proposed that
the movement of interstitial solutes through the brain parenchyma, including those that are not taken up by astrocytes, is facilitated through
this astrocyte-mediated communication of perivascular and bulk interstitial water compartments [7].
One corollary to this proposal is that the loss of perivascular AQP4 localization should have a similar effect to that of the loss of global AQP4
expression. Loss of perivascular AQP4 localization is a phenotype that
has previously been identiﬁed in several neurological disorders including epilepsy [68], AD [69], and TBI [5,70]. As will be detailed below, loss
of perivascular AQP4 localization in both the aging mouse brain and the
young mouse brain after TBI were associated with impairment of
perivascular CSF-ISF exchange and the clearance of interstitial solutes
[5,6].
The mechanism underlying AQP4 mis-localization in the aging and
diseased brain is currently an area of active research, but is not yet
well understood. In most mammals two isoforms of APQ4, the products
of distinct AQP4 transcripts, are primarily expressed. The longer isoform
M1, contains an extended N-terminus tail and is unable to form the arrays found at the perivascular astrocyte endfeet, and instead ﬂows freely
though the plasma membrane [71]. The shorter M23 isoform forms the
square arrays found at the endfeet and is largely immobile within the
cell membrane [72–74]. It is possible that glial injury results in a change
in AQP4 expression, from the M23 to the M1 isoform, leading to changes
in perivascular AQP4 localization. Alternatively, BBB disruption
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associated with brain injury may disrupt interactions between AQP4
and protein components of the basal lamina, such as agrin, disrupting
the associations that anchor AQP4 at the perivascular endfoot [67]. Neither of these hypotheses, however, have yet been directly evaluated.
In addition to AQP4, other solute transporters and channels are
known to mediate signiﬁcant water ﬂuxes in the brain. For example,
a number of co-transporters move a large number of water molecules with each catalytic cycle. Transporters of this type that are
found in astrocytes include EAAT, NKCC1, KCC4, and GLUT1 [60]. In
addition to playing key roles in the secretion of CSF at the CP, these
transporters may also participate in the movement of water between
glial cells and the surrounding interstitial and perivascular compartments [15].
A signiﬁcant criticism of the glymphatic hypothesis centers around
the proposed role of AQP4 in perivascular ﬂuid movement and interstitial solute clearance. These were articulated by Verkman and colleagues
in reply to a perspective piece by Thrane et al. on the potential role of the
glymphatic system in the formation and resolution of cerebral edema
[75–77]. In their letter, Verkman and colleagues question how hydrostatic pressure can drive water movement through AQP4 channels in
perivascular endfeet given the small amplitude of arterial wall pulsations within the perivascular spaces. They further question how, given
the permeability of AQP4 for water, but not solutes, uptake of water
across the perivascular astocytic endfeet can facilitate the movement
of solutes into or out of the perivascular spaces [76].
As Thrane and colleagues point out in their reply, hydrostatic
pressure originating from the pulsation of the arterial wall is likely
only one of many factors contributing to perivascular ﬂuid movement [77]. Indeed, when cerebral arterial pulsation was reduced surgically by internal carotid artery ligation, perivascular ﬂuid
movement was reduced only a small amount [50], compared to the
reduction observed in the Aqp4 null mouse [7] or in wild type mice
in the waking state [51]. In addition, it is also important to consider
the fact that sources of hydrostatic pressure other than local
perivascular dilation that would be inﬂuenced by arterial ligation
may be present. During each cardiac cycle, a pulse wave propagates
through the brain vasculature. As systolic and diastolic elements
are conducted through the different cisternal compartments,
pressure gradients within discrete CSF compartments are produced.
Some of these are transient, appearing and dissipating with each cardiac cycle, while others produce standing hydrostatic pressure
gradients between CSF compartments. For example, phase-contrast
MRI shows that with each cardiac cycle, a pressure gradient originates in the cisterna magna, propagating to the prepontine,
interpeduncular and suprasellar cisterns. This pressure gradient diminishes toward the detection limit over the cerebral convexity,
but is maintained along the middle cerebral artery [78]. These global
pressure gradients clearly drive bulk CSF ﬂow through larger CSF
spaces, and may drive CSF ﬂow through communicating distal
perivascular spaces. Thus, one limitation of evaluating the biophysics
of perivascular ﬂuid movement and AQP4 only on the microscopic
scale is that global drivers of ﬂuid dynamics are not accounted for.
A similar point is made by Thrane and colleagues, where they cite
global factors such as the direct current (DC) between CSF and ISF
and the effect of posture on tissue ﬂuid dynamics [54,77].
Verkman and colleagues also raise the issue of the ‘salt accumulation
problem’, in which water ﬂow into the astrocyte endfoot would result in
increased osmolyte concentration in the perivascular space and corresponding dilution of osmolytes in the cell. Here it is important to note
that while AQP4 is enriched 10:1 in perivascular endfoot domains compared to other processes, the surface area of these other ﬁne processes
are many times greater than that of the perivascular domains [67,79].
Thus, water entering astrocytes at perivascular endfeet is free to diffuse
out of astrocytes into the wider extracellular space through this large
exchange surface, preventing the accumulation of osmotic gradients
within the astrocytes.
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3. Relationship of CSF dynamics to neurological disease
3.1. Alzheimer's disease
AD, the most common cause of dementia, is a neurodegenerative
disease characterized histopathologically by the formation of extracellular senile plaques composed primarily of amyloid β and intracellular
neuroﬁbrillary tangles (NFTs) comprised of hyperphosphorylated
tau. According to the dominant ‘Amyloid Cascade Hypothesis of AD’, increasing levels of interstitial amyloid β species impair synaptic function,
promoting tau aggregation and NFT formation and resulting in neurodegeneration [80,81]. AD pathology is associated with pronounced neuroinﬂammation, including reactive astrogliosis and microgliosis [82]. CSF
dynamics have also been found to change in the aging brain [83,84].
While both AD-associated neuroinﬂammation and changes in CSF dynamics have been regarded as distinct contributors to the development
of AD within the aging brain, recent studies suggest that these events
may interact with one another during the onset of AD.
Amyloid β is formed from the amyloid protein precursor (APP)
following successive cleavages by β- and γ-secretases to form the proﬁbrillary amyloid β1–42 that is a key component of senile plaques and
the more soluble amyloid β1–40 that deposits in the walls of
leptomeningeal and cerebral arteries in the condition cerebral amyloid
angiopathy (CAA) [85]. Amyloid β is produced in the brain during synaptic activity, and in the healthy young brain is rapidly eliminated by
cellular uptake into microglia and astrocytes, efﬂux across the BBB via
solute transporters including P-glycoprotein (PGP) and low density lipoprotein receptor-related protein 1 (LRP-1), and clearance along the
perivascular glymphatic pathway [6,7,51,86–88]. During waking
hours, when glymphatic pathway function and amyloid β clearance
are markedly reduced, interstitial and CSF levels of amyloid β increase
in mice and humans respectively [51,89]. Then with the onset of sleep,
when perivascular CSF-ISF exchange is active and interstitial amyloid
β clearance is more rapid, interstitial amyloid β levels decline. These
ﬁndings indicate that perivascular CSF-ISF exchange along the
glymphatic pathway is a key contributor to the physiological clearance
of amyloid β from the brain.
In the aging brain, BBB amyloid β efﬂux pathways are impaired, including the down-regulation of PGP and LRP-1, resulting in slowed interstitial amyloid β clearance that may contribute to amyloid β
aggregation and subsequent neurodegeneration [90]. Amyloid β efﬂux
transporter expression within the CP, however, increases in the aging
brain, suggesting a potential compensatory role for the CP and BCSFB
in the elimination of amyloid β from the ventricular CSF and associated
ISF [91]. CSF secretion by the CPs slows with age and with the onset of
AD and the deposition of amyloid β within the CP [92,93], reducing
the rate of CSF turnover and the efﬁcacy of amyloid β clearance with
the bulk reabsorption of CSF via arachnoid villi and along cranial nerve
sheaths.
Impairment of glymphatic pathway function, including perivascular
CSF-ISF exchange and the clearance of interstitial amyloid β, is similarly
a feature of the aging brain [6]. Whether slowing of perivascular CSF ﬂux
through the aging brain is in part the result of reduced CSF secretion by
the CP is unclear. When CSF secretion was experimentally impaired by
the administration of the carbonic anhydrase inhibitor acetazolamide,
glymphatic pathway function was slowed, suggesting that reduced
CSF secretion at the CP may contribute to impaired glymphatic pathway
function in the aging brain [94]. However, perivascular AQP4 localization was also markedly reduced in the aging brain and was signiﬁcantly
associated with slowing of perivascular CSF inﬂux into and through the
brain parenchyma [6]. Whether loss of perivascular AQP4 localization
promotes amyloid β aggregation in the aging brain has not yet been formally evaluated. Yet the ability of amyloid β deposits, either in the form
of senile plaques or in the form of CAA, to cause mis-localization of AQP4
suggests the presence of a feed-forward pathogenic cycle, with reactive
astrogliosis impairing glymphatic pathway function and amyloid β

clearance, promoting amyloid β deposition, which in turn causes further
neuroinﬂammation and glymphatic pathway dysfunction.
NFTs are a second histopathological feature associated with AD. Tau
is a microtubule associated protein that in healthy cells is involved in
stabilization of microtubules and is localized to neuronal axons. Under
physiological conditions, phosphorylation is important for modulation
of tau binding to microtubules and tau is the target of several kinases,
including cdk5, PKA, and CamKII among others [95]. NFTs occur when
tau becomes abnormally phosphorylated, dissociates from microtubules, relocates to the somato-dendritic compartments of the cell, and
forms tangles. Whether aging or disease-related changes in CSF circulation or glymphatic pathway function promote NFT formation in AD remains speculative. Recent studies utilizing in vivo microdialysis in
mice suggests that tau is released into the interstitium of the healthy
young brain during synaptic activity [96]. Other recent studies suggest
that tau aggregates can pass from cell to cell through the extracellular
compartment, seeding aggregate formation in neighboring cells in a
‘prion-like’ manner [97]. These ﬁndings provide a powerful mechanistic
explanation for the classical neuroanatomical spread of neurodegenerative diseases characterized by the mis-accumulation of protein aggregates, including AD. Moreover, they suggest the intriguing possibility
that age- and disease-associated changes in processes that determine
the dynamics of macromolecular movement within and clearance
from the brain interstitium, including CSF circulation and glymphatic
pathway function, may be intimately involved in the spread of protein
aggregates along neuroanatomical pathways.
Another clinical condition frequently associated with AD that may
be affected by changes in CSF circulation is CAA. As described above,
the widely accepted model of CAA pathogenesis proposed by Weller
and Carare posits that under physiological conditions amyloid β is
cleared along perivascular spaces surrounding penetrating and
leptomeningeal arteries in a direction opposite to that of blood ﬂow,
while the impairment of amyloid β clearance along these routes leads
to the deposition of amyloid β within the walls of cerebral arteries in
CAA [45,46,98,99]. In this model, the direction of ﬂow in the perivascular
space is in opposition to the perivascular CSF inﬂux detected with dynamic imaging approaches by Nedergaard and colleagues, and others [5–7,9,
50–52,54,55,100]. One possible explanation for these discrepancies is
that ﬂuid and solutes move both outward and inward along different
glial-vascular elements within the perivascular space, with amyloid β efﬂux occurring along the cerebral arterial basement membrane and subarachnoid CSF inﬂux occurring through a space immediately bounded
by astrocyte endfeet (Fig. 1). A second possibility is that ﬂuid and solute
movement can occur in both directions depending on physiological or
pathophysiological context, and that these differences are revealed
under the different experimental conditions in these studies. Currently,
the basis of these discrepancies remains unclear.
The recent observations of Iliff, Nedergaard and colleagues showing
CSF tracer circulation into the brain along penetrating cerebral arteries
suggest that amyloid β-laden CSF from the SAS may in fact be recirculating into and through the brain along perivascular pathways.
Under physiological conditions, with intact BBB amyloid β efﬂux mechanisms [101], this recirculating amyloid β would be readily eliminated.
However, in the aging or injured brain in which endogenous mechanisms of BBB amyloid β efﬂux are impaired, recirculation along
perivascular spaces may promote amyloid β deposition within the arterial
wall. This model may explain the pattern of amyloid β deposition seen in
post mortem studies, including the ﬁnding that amyloid β deposition is
greatest in pial arteries and decreases in deeper layers of the cortex.
3.2. Neurovascular disease: stroke, traumatic brain injury and
subarachnoid hemorrhage
Brain injury, including ischemic and traumatic injury (TBI), are two
key contributors to human death and disability and are associated
with substantial disruption of CSF circulation, which in turn, may
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promote secondary injury and impede recovery of surviving tissue. The
CP may be directly damaged by either ischemic or traumatic injury,
leading to the breakdown of the BCSFB and the accumulation of ﬂuid
within the cranium. Compounding these effects, debris mobilized within the CSF from the ischemic or traumatic lesion may interrupt CSF ﬂow
and block CSF reabsorption sites, leading to a dangerous increase in intracranial pressure that can result in further tissue ischemia and ultimately brain herniation [102,103]. Breakdown of the BCSFB following
ischemic or traumatic brain injury may also increase its permeability
to leukocyte trafﬁcking, promoting immune cell inﬁltration into the injured brain [104].
Beyond the acute and subacute effects of ischemic or traumatic brain
injury, these conditions are also associated with the development of dementia, including vascular dementia and Alzheimer's disease, in the
years following injury [105,106]. In addition to regional ischemic
infarcts, small ischemic lesions, including microinfarcts and lacunar infarcts, are key contributors to the development of vascular dementia
[107]. Similarly, although moderate-to-severe TBI is most widely reported to be associated with an increase in AD risk, exposure to even a
single episode of mild TBI (or concussion) may be sufﬁcient to confer
vulnerability to the development of early onset dementia [108–110].
Recently published studies suggest that the association between TBI, including mild TBI, and ischemic injury, including relatively small microvascular lesions, may exert widespread and long-lasting effects upon
glymphatic pathway function, rendering the injured brain vulnerable
to protein mis-aggregation and neurodegeneration.
In a mouse model of moderate-to-severe TBI, perivascular AQP4 localization was lost in reactive astrocytes throughout the cortex for at
least 28 days post-injury [70]. In the same model, a subsequent study reported that impairment of perivascular AQP4 localization after TBI is associated with persistently impaired glymphatic function, slowing
perivascular CSF inﬂux into the brain and the clearance of ISF solutes
from the brain [5]. Importantly, when glymphatic pathway function
was reduced by genetic deletion of the Aqp4 gene, levels of phosphorylated tau in the post-traumatic cortex increased and neurocognitive
function worsened 28 days post-injury, suggesting that chronic impairment of glymphatic function after TBI may promote protein misaggregation and neurodegeneration in the post-traumatic brain.
Although glymphatic function has not yet been evaluated in an experimental model of mild TBI, perivascular AQP4 localization was lost to a
similar extent after mild TBI as for moderate-to-severe TBI, suggesting
that similar processes may be at work [70].
Similar results are observed in experimental models of cerebral ischemia. In a mouse model of focal cerebral ischemia, the inﬂux of
intracisternally-injected MRI contrast agent was evaluated. During the
acute ischemic period, glymphatic pathway function was impaired in
the ipsilateral cortex, while 24 h after ischemia after re-canalization of
the occluded artery had occurred, CSF tracer inﬂux returned to baseline
values [9]. In another mouse model of transient cerebral ischemia,
Badaut and colleagues reported that AQP4 expression was increased
while perivascular AQP4 localization was reduced 48 h after ischemic
injury [111,112]. In a third model of diffuse cerebral microinfarcts,
Wang et al. reported that microscopic vascular lesions were associated
with wide ﬁelds of reactive astrogliosis, with persistently reactive astrocytes exhibiting reduced perivascular AQP4 localization for up to
28 days after injury [113]. These ﬁndings suggest that in the chronic
phase after ischemic injury, persistent loss of perivascular AQP4 localization in reactive astrocytes may impair glymphatic pathway function
and the associated clearance of harmful interstitial solutes such as amyloid β, promoting neurodegeneration in the post-ischemic brain.
Traumatic and ischemic brain injury share many common pathological features, such as BBB disruption, cerebral edema, and the development of neuroinﬂammation including the induction of reactive
astrogliosis. As observed in the aging and AD brain, loss of perivascular
AQP4 localization appears to be a general feature of reactive astrocytes
in the post-traumatic and post-ischemic brain [70,114,115]. Based
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upon these ﬁndings, Iliff, Nedergaard and colleagues have proposed
that persistent reactive astrogliosis in the injured brain chronically
impairs glymphatic pathway function, promoting protein misaggregation and neurodegeneration, and perhaps providing the basis
for the association between ischemic and traumatic brain injury and
the development of dementia later in life [116].
In the setting of subarachnoid hemorrhage (SAH), blood entering
the subarachnoid CSF compartment causes a direct increase in ICP.
Changes in CSF circulation, including the blockage of CSF efﬂux routes
such as the arachnoid villi by ﬁbrin clots and other blood components
contribute to the occurrence of hydrocephalus after SAH [117]. Studies
in experimental animal models of SAH in monkeys, cats, and mice
suggest that intrathecal anti-coagulation or ﬁbrinolysis can restore CSF
outﬂow resistance to normal levels and restore CSF ﬂow through the
subarachnoid space [10,118,119]. In two studies carried out in mice,
perivascular CSF inﬂux into the brain was reduced after induction of experimental SAH. In both cases, glymphatic function was at least partially
restored with the intrathecal administration of the ﬁbrinolytic tissuetype plasminogen activator (tPA) [9,10]. Siler et al. reported that improvement of perivascular CSF circulation with intrathecal tPA was associated with both reduced ICP and improved cortical blood ﬂow 24 h
after hemorrhage, suggesting that impairment of glymphatic function
after SAH may contribute to secondary injury progression in this
neurovascular condition.
3.3. Multiple sclerosis
In addition to neurodegenerative diseases and brain injury, another
class of neurological disorders afﬂicting the CNS closely tied to CSF function are neuroinﬂammatory disorders. The most common and extensively studied of these is multiple sclerosis (MS). MS is characterized
by loss of oligodendrocyte myelination of CNS neurons thought to result
from the autoimmune destruction of these cells.
A key determinants to CNS autoimmune disease progression is access of peripheral immune cells to their CNS targets. Within the cerebral
vasculature, inﬁltration of peripheral immune cells is restricted by the
BBB. Interestingly, in the rodent experimental autoimmune encephalomyelitis (EAE) model of MS, clinical indicators of disease progression
are only observed when immune cells leave perivascular spaces surrounding post-capillary venules to reach the wider brain parenchyma,
suggesting that both the glial limitans and the perivascular astroglial
ensheathment of the cerebral vasculature function to restrict immune
access to the CNS [120,121]. In addition, CNS endothelial cells constitutively express CXCL12 which binds CXCR4 expressing T-cells, and
prevents their exit from perivascular and leptomeningeal locations
during immune surveillance [122,123].
In the healthy brain, the BCSFB at the CP serves as an entry point of
peripheral immune cells into the CSF. From here, peripheral immune
cells appear to circulate through perivascular, leptomeningeal and
ventricular CSF compartments, but do not penetrate into the brain parenchyma. From these locations, it is widely believed that these peripheral immune cells conduct immune surveillance of the brain [8]. In MS,
the CP may provide the route utilized by auto-aggressive T-cells to gain
access to the brain parenchyma. This process includes the breach of the
BCSFB by T-Cells, permitting access to the ventricular CSF compartment.
The mechanisms governing this process are still under investigation,
however some evidence suggests that CCR6 T-helper cells mediate the
crossing of the BCSFB via the CCL20 ligand, which is expressed by CP
epithelial cells [124].
CSF biomarkers are important for the diagnosis of subsets of autoimmune disorders, a role that will likely increase with further research.
The CNS demyelinating autoimmune disorder neuromyelitis optica
(NMO), which was for a long time considered a variant of MS, is characterized by transverse myelitis and optic neuritis which are also seen in
other autoimmune disorders, creating difﬁculty in distinguishing between this and other diseases. Recently it was discovered that patients
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with NMO test positive for AQP4 auto-antibodies while MS patients do
not [125–127]. This distinction permits differentiation of these conditions from one another, and has turned attention toward the CSF for
identiﬁcation of other distinguishing biomarkers.
Discovery of AQP4-targeting auto-antibodies in NMO poses an interesting question regarding the role of CSF circulation in autoimmune disorders. If auto-antibodies target and inhibit AQP4 in astrocytes, then
glymphatic ﬂow through the parenchyma may also be disrupted. In addition, in an EAE model of MS, while antibodies targeting AQP4 have not
been identiﬁed, a loss of perivascular AQP4 localization is observed
[128]. Thus, impairment of AQP4 function, either by targeting by autoantibodies in NMO or by its mis-localization in MS, may lead to further
consequences including accumulation of neurotoxic solutes in the
parenchyma and progression of neurodegeneration.
4. Sinus-associated lymphatic vessels
As detailed above, the brain has long been thought to lack a classical
lymphatic vasculature, resulting in successive models, including most
recently the ‘glymphatic’ system, to account for the exchange of ISF
and CSF to facilitate the efﬂux of interstitial solutes from the brain.
Two studies published recently may shed new light on these issues. Independent research groups recently reported in mice the presence of a
network of putative lymphatic vessels associated with the dural sinuses
throughout the cranium [33,34]. Both studies observed that small vessels expressing lymphatic endothelial cell markers (including LYVE-1,
VEGF3, and others) were found associated both with dural sinuses and
certain dural arteries, exiting the cranium along large veins and arteries
in the base of the skull. In the study conducted by Louveau et al., tracers
infused in the ventricular CSF compartment were taken up into these
sinus-associated vessels and cleared to the deep cervical lymph nodes.
The study by Aspelund et al. reported that tracers injected into the
brain interstitium were similarly cleared to these sinus-associated vessels, and thence to the deep cervical lymphatics. Although neither
study quantiﬁed the proportion of CSF or ISF that is cleared along
these apparently conventional lymphatic pathways, if these results are
validated in other species, then these ﬁndings will suggest that at least
a portion of ISF and CSF are cleared from the cranium along dural lymphatic vessels in addition to other previously identiﬁed clearance
pathways including the arachnoid villi and peri-neural sheaths.
In their description of the glymphatic system, Iliff, Nedergaard and
colleagues reported that while CSF enters the brain along perivascular
spaces surrounding penetrating arteries, ISF was cleared from the
brain along perivascular spaces surrounding large caliber draining
veins that emptied into sinus-associated cisternal compartments, including the quadrigeminal and basal cisterns [7]. The recent description
of sinus-associated lymphatic vessels appears to mesh well with these
observations. Large caliber draining veins form the origin of the dural
sinus structures; for example the internal cerebral veins merge to
form the Great Vein of Galen, which in turn joins the inferior sagittal
sinus to form the straight sinus. The drainage of interstitial solutes
along these peri-venous routes conceivably provides either direct access
to the most distal segments of these sinus-associated lymphatic structures or to the cisternal CSF compartments immediately associated
with them (Fig. 1). In this way, the recently described glymphatic pathway may represent the anatomical route for the movement of CSF into
the interstitium and for the ISF to these lymphatic vessels. Dural lymphatic vessels in turn provide the anatomical route for these solutes
out of the cranium.
Assuming that these vessels are found to be present in primates as
well, the clinical implications of these recent ﬁndings may be great indeed. Sinus-associated lymphatic vessels, if involved in the clearance
of interstitial solutes, may be disrupted in the setting of neurodegenerative, neurovascular or neuroinﬂammatory diseases. An intriguing
possibility in the setting of MS is that dural lymphatic vessels may
serve as an entry point for malfunctioning immune cells into the CSF.

Both studies noted the presence of peripheral immune cells in the
sinus-associated vessels, which may indicate a role for these vessels in
immune-surveillance of the CNS or immune cell migration. Because it
lies outside the BBB, sinus-associated vessels may prove to be an important therapeutic target for the treatment of these conditions. Clearly,
further evaluation of these structures and their functional signiﬁcance
is warranted.
5. Conclusion
Diseases of the CNS, including neurodegenerative, neurovascular
and neuroinﬂammatory conditions, have long been known to be associated with changes in the CSF circulation. Classically, these associations
have tended to center around pathological changes in CSF secretion,
caused by aging, amyloid β loading into the CP, or direct injury to the
CP, or around impairment of CSF reabsorption such as occurs after ischemic or traumatic injury or in SAH. In the case of AD, slowing of CSF
turnover is proposed to impair the clearance of amyloid β from the
brain, promoting amyloid β plaque deposition. In the setting of brain injury, these effects are believed to promote secondary injury by promoting cerebral edema and elevated ICP. Recent studies describing the
glymphatic pathway for the perivascular exchange of CSF and ISF, suggest that CSF circulation, and glial and vascular function are intimately
associated and together facilitate the appropriate clearance of interstitial solutes from the brain parenchyma. Aging, brain injury and neuroinﬂammation, are each associated with persistent reactive gliosis, which
may impair glymphatic pathway function, slowing the clearance of
toxic metabolites from the brain interstitium and setting the stage for
the development of neurodegeneration in the chronic phases of these
conditions.
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