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Abstract
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Because it lacks a lymphatic circulation, the brain must clear extracellular proteins by an
alternative mechanism. The cerebrospinal fluid (CSF) functions as a sink for brain extracellular
solutes, but it is not clear how solutes from the brain interstitium move from the parenchyma to
the CSF. We demonstrate that a substantial portion of subarachnoid CSF cycles through the brain
interstitial space. On the basis of in vivo two-photon imaging of small fluorescent tracers, we
showed that CSF enters the parenchyma along paravascular spaces that surround penetrating
arteries and that brain interstitial fluid is cleared along paravenous drainage pathways. Animals
lacking the water channel aquaporin-4 (AQP4) in astrocytes exhibit slowed CSF influx through
this system and a ~70% reduction in interstitial solute clearance, suggesting that the bulk fluid
flow between these anatomical influx and efflux routes is supported by astrocytic water transport.
Fluorescent-tagged amyloid β, a peptide thought to be pathogenic in Alzheimer’s disease, was
transported along this route, and deletion of the Aqp4 gene suppressed the clearance of soluble
amyloid β, suggesting that this pathway may remove amyloid β from the central nervous system.
Clearance through paravenous flow may also regulate extracellular levels of proteins involved
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with neurodegenerative conditions, its impairment perhaps contributing to the mis-accumulation
of soluble proteins.

INTRODUCTION

$watermark-text

The lymphatic vasculature represents a second circulation, parallel to the blood vasculature,
that accounts for the clearance of interstitial fluid (ISF) with its constituent proteins and
other solutes not absorbed across postcapillary venules (1, 2). In most vascularized tissues,
the lymphatic system is critical to both hydrostatic and homeostatic maintenance. Yet, the
brain does not have histologically identifiable lymphatic vessels and thus lacks the discrete
pathways for interstitial solute and fluid clearance present in other peripheral tissues (3–5).
This is surprising, because the high metabolic rate and exquisite sensitivity of neurons and
glia to alterations in their extracellular environment suggest a need for rapid clearance of
ISF and solutes.

$watermark-text

The cerebrospinal fluid (CSF) of the central nervous system (CNS) has been thought to play
a role in solute clearance from the brain (6). CSF formed in the choroid plexi flows through
the cerebral ventricles and the subarachnoid space to its ultimate sites of reabsorption into
the bloodstream via arachnoid villi of the dural sinuses, along cranial nerve sheaths or
through the nasal lymphatics (3, 7, 8). Interstitial solutes have been thought to be cleared to
the CSF by the convective bulk flow of ISF, which courses diffusely through brain tissue,
rather than through an anatomically or functionally discrete structure (3, 4, 9). Here, we
have used in vivo two-photon imaging and other techniques to investigate the flow of
subarachnoid CSF into and through the brain interstitium.

RESULTS
Ventricular CSF minimally enters the brain parenchyma
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We first evaluated whether CSF enters the brain from the ventricular compartment by
infusing fluorescent tracers of differing molecular weights into the lateral ventricle of
anesthetized mice (Fig. 1A). After 30 min of continuous infusion, we assessed the
movement of tracers [Alexa Fluor 594 hydrazide (A594): molecular size, 759 daltons; Texas
Red–dextran-3 (TR-d3): molecular size, 3 kD; fluorescein isothiocyanate–dextran-2000
(FITC-d2000): molecular size, 2000 kD] into the brain parenchyma ex vivo by fluorescence
imaging of fixed vibratome slices. Small amounts of A594 and TR-d3 crossed the ependyma
of the lateral and third ventricles (Fig. 1, B, C, E, and F). However, the tracer was not
observed at sites remote from the immediate periventricular region (Fig. 1, D and G).
Subarachnoid CSF rapidly enters the brain parenchyma
We next evaluated whether CSF from the subarachnoid compartment enters the brain
parenchyma by injecting both fluorescent and radiolabeled tracers into the cisterna magna
(Fig. 1A). Thirty minutes after injection, fluorescent tracer distribution differed radically
from the pattern observed after the tracers were injected into the ventricles (Fig. 1, H and K,
compare to Fig. 1, B and E). Large–molecular weight FITC-d2000 (molecular size, 2000
kD) entered the brain along paravascular spaces, was confined there, and did not enter the
surrounding interstitial space (Fig. 1, K and L). TR-d3 (molecular size, 3 kD) concentrated
in the paravascular spaces but also entered the interstitium both from the paravascular space
(K and L) and from the pial surface (M) (Fig. 1, K and L). TR-d3 was more widely
distributed than FITC-d2000, which is mainly localized paravascularly. The lower–
molecular weight A594 (molecular size, 759 daltons) moved quickly throughout the brain
interstitium, and only small amounts concentrated within paravascular spaces (Fig. 1, H and
J). Both A594 and TR-d3 moved slowly and uniformly into the brain from the pial surface
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(Fig. 1, H, K, and M). We then quantified parenchymal distribution of tracers of different
molecular weights by image analysis (fig. S1). Whereas A594 permeated virtually the entire
brain volume within 30 min of injection, penetration of the higher–molecular weight tracers
proved more restricted (Fig. 1N).
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These findings were confirmed by intracisternal radiotracer injection. Within 45 min of
injection, ~40% of injected [3H]mannitol (molecular size, 182 daltons; fig. S2) was
detectable in the brain (Fig. 1O). A larger tracer ([3H]dextran-10; molecular size, 10 kD)
accumulated in the brain more slowly (Fig. 1O). Because water has a 10-fold lower
molecular weight than mannitol, the CSF flux reflected by [3H]mannitol accumulation
(~40% of total subarachnoid CSF) likely underestimates the true movement of CSF into the
brain parenchyma. Previous studies that have evaluated the penetration of subarachnoid CSF
into the brain have used tracers such as inulin (molecular size, ~5 kD), albumin (molecular
size, 66 kD), and dextrans (molecular size, 3 to 2000 kD) (10, 11). Our findings show that
higher–molecular weight tracers are preferentially excluded from the brain parenchyma,
suggesting that previous studies may have systematically underestimated “retrograde”
subarachnoid CSF flow into the brain by basing their analyses on larger tracers.
In vivo imaging reveals paravascular CSF influx
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We next used two-photon laser scanning microscopy to visualize in real time the routes and
kinetics of subarachnoid CSF influx into the brain parenchyma. By imaging through a
closed cranial window in anesthetized mice (Fig. 2A), we visualized the movement of
intracisternally injected fluorescent dextrans into the cerebral cortex. The cerebral
vasculature was labeled with blood-brain barrier (BBB)–impermeant fluorescent dextran
(CB-d10) (intravenously), and penetrating arteries and veins were identified
morphologically (Fig. 2B).
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After injection, the tracers rapidly entered the brain along the outside of cortical surface
arteries and penetrating arterioles (Fig. 2, B and C, and fig. S3) through a pathway
immediately surrounding the vascular smooth muscle cells (Figs. 2, F to J, and 3, C and E)
and bounded by perivascular astrocytic endfeet (Figs. 2, K and L, and 4, B to D). This paraarterial CSF movement was seen as FITC-d40 (molecular size, 40 kD) influx more than ~35
min after intracisternal injection at the cortical surface, 60 and 120 μm below the cortical
surface (movie S1). Rapid tracer movement along the margins of surface arteries, rather than
through the subarachnoid CSF, is consistent with the presence of paravascular sheaths
surrounding cerebral surface arteries, as described by Weller (12). These paravascular
spaces are continuous with the subarachnoid space yet provide distinct channels for the rapid
para-arterial bulk flow of CSF into the parenchyma, driven by arterial pulsation (13–15).
When TR-d3 (molecular size, 3 kD) and FITC-d2000 (molecular size, 2000 kD) were
injected, both rapidly entered the paravascular spaces along penetrating cortical arteries,
despite large differences in their respective molecular weights (fig. S3, C and D). This
suggested that their transit occurs via bulk CSF flow through the paravascular spaces (4, 16).
In contrast, movement from the paravascular spaces into the surrounding tissue differed
between FITC-d2000 and TR-d3. TR-d3 readily entered the interstitium, whereas the larger
FITC-d2000 remained confined to the paravascular space (Fig. 2, C to E, and fig. S3, B to
D). A recent study demonstrated that astrocytic endfeet cover most of the surface area of the
murine cerebral microcirculation so that access to the parenchyma is provided only by ~20nm clefts between overlapping endfeet (17). This suggests that perivascular astrocytic
endfeet may serve a sieving function, thereby accounting for the size dependence of
paravascular solute entry into the interstitium. Although water and small solutes may freely
enter the brain interstitium from the paravascular spaces by bulk flow, large–molecular
weight solutes [FITC-d2000; diameter of hydration (dH) >32 nm (9)] are excluded, whereas
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smaller solutes [for example, ovalbumin and TR-d3; dH = 2 to 3 nm and 6.1 nm,
respectively (9)] pass the endfeet in a size- and structure-dependent manner (Fig. 2E and fig.
S3, B to D).
Paravascular CSF influx and clearance occur throughout the brain

$watermark-text
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In vivo imaging demonstrated para-arterial influx of subarachnoid CSF into the cortex.
However, because two-photon imaging cannot image tracer fluxes through deeper brain
structures, we next used an ex vivo approach to map paravascular CSF influx and clearance
throughout the brain. The distribution of the moderate molecular weight tracer ovalbuminconjugated Alexa Fluor 647 (OA-647; molecular size, 45 kD) was analyzed in fixed
vibratome sections of the Tie2-GFP:NG2-DsRed double-transgenic reporter mouse, in
which we could easily distinguish arteries from veins (fig. S4A). Immediately after
intracisternal injection, the tracer moved rapidly inward along penetrating arteries and
arterioles to reach the terminal capillary beds throughout the brain (Fig. 3A), with the largest
influxes occurring along large ventral perforating arteries of the basal ganglia and thalamus
(Fig. 3D and fig. S4, C to E). The tracer was not observed around veins at early time points
(<10 min after injection). At longer time points (>1 hour), tracers that had been injected
intracisternally accumulated along capillaries and parenchymal venules (Fig. 3, F and G).
The tracer exited the brain primarily along two paravenous routes: the medial internal
cerebral veins and the lateral-ventral caudal rhinal veins (Fig. 3H). Intraparenchymal tracer
injected directly into the cortex, striatum, or thalamus was cleared along the same common
anatomical pathways, traveling either posterior-medially toward the internal cerebral veins
or posterior-lateral-ventrally along the external capsule until its exit from the parenchyma
along the caudal rhinal veins (fig. S5, A to E). These results demonstrated that ISF and CSF
that is moving through the brain parenchyma are cleared along the same paravenous
drainage pathways.
Astroglial water transport supports CSF flux into the parenchyma
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The localization of astroglial aquaporin-4 (AQP4) water channel is highly polarized to
perivascular endfeet (Fig. 4A) that bound the para-arterial CSF influx and the paravenous
ISF clearance pathways (Fig. 4, B to D). We propose that these astrocytic water channels
provide low-resistance pathways for fluid movement between these paravascular spaces and
the interstitium, linking paravascular and interstitial bulk flow and maintaining convective
currents (3, 9) that drive the clearance of interstitial solutes from the brain parenchyma. To
test this, we determined whether increasing parenchymal resistance to fluid flux by the
global knockout of the Aqp4 gene altered CSF flux through the interstitium. When CSF
tracer influx was imaged ex vivo, tracer movement into the brain parenchyma was markedly
reduced in Aqp4-null compared to wild-type control mice (Fig. 4, E and F, and fig. S6, A
and B). In vivo imaging confirmed these findings. After intracisternal injection, FITC-d2000
movement along the para-arteriolar inflow path was not significantly slowed in Aqp4nullmice (Fig. 4, G and H), demonstrating that bulk flow through the proximal segment of
the para-arterial influx pathway (the Virchow-Robin space) was not compromised by Aqp4
deletion. In contrast, TR-d3 movement from the paravascular space into the surrounding
interstitium was effectively abolished in Aqp4-null mice (Fig. 4, G and I). We confirmed
that in Aqp4-null mice, the paravascular spaces surrounding penetrating cortical arterioles
were ultrastructurally normal through the depth of the cortex (fig. S6, C to E) and that
intracisternally injected FITC-d40 was detectable within the paravascular space of Aqp4null as well as in that of wild-type mice by electron microscopy (fig. S6, C and D).
We surmised that differences in AQP4 expression may contribute to the polarization of bulk
flow along these para-arterial CSF influx and paravenous ISF clearance pathways. We
therefore assessed AQP4 immunoreactivity in NG2-DsRed animals (in which veins and
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arteries can be distinguished) to define the relative amount of AQP4 expression in
periarterial, perivenous, and pericapillary endfeet. Whereas perivenous and pericapillary
endfeet did not differ in AQP4 expression, periarterial endfeet exhibited significantly less
AQP4 immunoreactivity (fig. S7, A to C). When non-endfoot AQP4 expression around
arteries and veins was compared to expression around capillaries, reduced periarterial
expression was clear (fig. S7, A, B, and D). This effect was largely due to a subpopulation
of penetrating arteries that exhibited sharply diminished AQP4 immunoreactivity (fig. S7, A
and D).
Astroglial water transport facilitates bulk ISF solute clearance from the parenchyma
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These data demonstrate that astroglial water flux facilitates the movement of subarachnoid
CSF into and through the brain interstitium. One possible function for this transparenchymal
CSF flux is the clearance of fluid and solutes from the brain interstitium. We tested this by
examining the effect of Aqp4 gene deletion upon the clearance of radiolabeled [3H]mannitol
from the brain parenchyma (fig. S8A). In Aqp4-null mice, [3H]mannitol clearance from the
brain interstitium was reduced by ~70% compared to that of wild-type animals (Fig. 5A). In
wild-type mice, the rate of clearance for [3H]dextran-10 (with a 55-fold larger molecular
size than mannitol) was identical to that of [3H]mannitol (fig. S8B), confirming that bulk
ISF flow rather than diffusion is responsible for the clearance of these interstitial-delivered
tracers (4, 9). The clearance of [3H]dextran-10 was also significantly reduced in Aqp4nullmice (fig. S8B). Our analysis moves beyond the early work of Cserr et al. (4),
demonstrating that astroglial AQP4 supports the bulk ISF flow that drives the clearance of
interstitial solutes from the brain parenchyma.
AQP4 facilitates the para-vascular clearance of interstitial amyloid β

$watermark-text

Soluble amyloid β (Aβ) is present in the interstitium of the healthy young brain, yet
interstitial Aβ levels are correlated with amyloid plaque burden (18). We thus evaluated
whether AQP4-dependent ISF bulk flow contributes to the clearance of soluble Aβ from the
brain. After intrastriatal injection of 125I-amyloid β1–40, the compound was rapidly cleared
from the brain (Fig. 6A). In agreement with the receptor-mediated efflux of Aβ across the
BBB (19), the rate of 125I-amyloid β1–40 clearance from the brain exceeded that of either
[3H]mannitol or [3H]dextran-10, which lacks specific efflux receptors (fig. S8). In Aqp4null mice, the rate of 125I-amyloid β1–40 clearance was reduced by ~55% (Fig. 6A)
compared to that of wild-type controls. This suggests that a large proportion of soluble Aβ is
removed by bulk flow along the gliovascular clearance system rather than locally across the
BBB. In support of this conclusion, we found that fluorescent-tagged Aβ moved rapidly
along the vasculature when injected in the striatum, accumulating along the
microvasculature and large-caliber internal cerebral and caudal rhinal veins (Fig. 6, B to D).
Soluble Aβ is also present in the CSF, from which it may be cleared by transport across the
choroid plexus (20), as well as by bulk CSF turnover (21). We thus asked whether soluble
Aβ1–40 within the CSF compartment recirculates through the brain parenchyma. After
intracisternal 125I-amyloid β1–40 injection, brain 125I-amyloid β1–40 levels increased in a
manner comparable to [3H]dextran-10 (Fig. 6E, compare to Fig. 1O). In the Aqp4-null
mouse, bulk influx of 125I-amyloid β1–40 was significantly reduced compared to wild types
(Fig. 6E). These data suggest that although interstitial soluble Aβ is cleared along the
gliovascular pathway, a portion of Aβ within the CSF compartment may recirculate through
the brain along this same route.
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DISCUSSION
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We have identified a brain-wide pathway for fluid transport in mice, which includes the
para-arterial influx of subarachnoid CSF into the brain interstitium, followed by the
clearance of ISF along large-caliber draining veins. Interstitial bulk flow between these
influx and efflux pathways depends upon trans-astrocytic water movement, and the
continuous movement of fluid through this system is a critical contributor to the clearance of
interstitial solutes, likely including soluble Aβ1–40, from the brain. In light of its dependence
on glial water flux, and its subservience of a lymphatic function in interstitial solute
clearance, we propose that this system be called the “glymphatic” pathway (Fig. 5B and fig.
S9).
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The relationship between the CSF compartment and the peripheral lymphatics is well
established (8). In mammals, ~50% of radiolabeled albumin injected into the CSF drains to
the cervical lymphatics via the cribriform plate, whereas the remainder is cleared to the
bloodstream via arachnoid granulations of the dural sinuses (22–24). These recognized
patterns of drainage initially led to the concept that CSF serves a “lymphatic” function
through its exchange with brain ISF along paravascular spaces (6, 25). Consistent with our
findings reported here, studies in the rat demonstrated that as much as 75% of tracer injected
into the brain interstitium was cleared to the subarachnoid CSF, accounting for about 11% of
total CSF production (26). Our identification of paravenous pathways, particularly those
surrounding the medial internal cerebral and caudal rhinal veins, as the primary route for
clearance is in contrast to some studies identifying para-arterial sheaths as pathways for
tracer clearance (26, 27). We surmise that this para-arterial labeling after intraparenchymal
injections is largely an artifact of high local intraparenchymal pressure from the injection
and does not reflect the natural pathway for solute efflux. We observed that with
intraparenchymal injections, para-arterial spaces accumulated tracer close to the injection
site. If observations are limited to these sites, then it might mistakenly be concluded that
tracer efflux is occurring primarily along para-arterial efflux pathways. However, at
locations most remote from the injection site, tracer accumulation was greatest surrounding
large-caliber draining veins (Fig. 3H and fig. S5E).
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Our results confirm, in part, the basic observations of Rennels et al. (15, 28) in which
horseradish peroxidase (molecular size, 40 kD) injected into subarachnoid space at the
cisterna magna in the cat moved rapidly into the brain along para-arterial pathways. These
findings were rebutted by Cserr and colleagues, who concluded that paravascular influx of
subarachnoid CSF was “slow and variable in direction” (11, 29). Our present findings,
including in vivo two-photon imaging (Fig. 2, fig. S3, and movie S1), ex vivo analysis with
double-transgenic reporter mice (Figs. 1 and 3 and figs. S4 and S5), and quantitative
radiotracer experiments (Fig. 1O), refute this conclusion. One possible reason for these
discrepant findings is the previous studies’ choice of larger–molecular weight tracers. Our in
vivo (Fig. 2, B to E, and fig. S3) and ex vivo (Fig. 2N) imaging, as well as radiotracer influx
data (Fig. 1O), demonstrate that tracer influx from the subarachnoid space into the brain
parenchyma is dependent upon molecular weight. In previous studies evaluating the
movement of subarachnoid CSF into the brain parenchyma, inulin(molecular size, ~5kD),
albumin (molecular size, 66 kD), and dextrans (usually 2000 kD) are typically used as CSF
tracers (3, 10, 11, 29). On the basis of our findings, these studies underestimated the extent
and rate of subarachnoid CSF influx into the brain interstitium. Other methodological
differences appear to be at play as well. Pullen et al. used an open ventriculo-cisternal and
cisterno-cisternal perfusion method that left the cisternal outflow tube open to the
atmosphere for sample collection (29). Ichimura et al. pressure injected tracer directly into
the paravascular and subarachnoid space at the site of observation(11). In our own
experiments, we found that when the dura was pierced, as in the methodology used by Cserr
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and colleagues (11, 29), paravascular tracer flux was virtually abolished, suggesting that the
maintenance of the hydraulic integrity of the subarachnoid and paravascular spaces is
critical for maintaining paravascular bulk flow.
Role of AQP4 in paravascular pathway function

$watermark-text

Our data suggest that AQP4-dependent astroglial water fluxes couple para-arterial CSF
influx to paravenous ISF clearance within the brain. AQP4 has been implicated in water
uptake into the brain tissue during the evolution of cytotoxic edema, as well as in water
clearance after vasogenic edema (30, 31). Our observations suggest that perivascular AQP4
facilitates the influx of subarachnoid CSF from para-arterial spaces into the brain
interstitium, as well as the subsequent clearance of ISF via convective bulk flow (3, 4). We
observed bulk flow CSF movement along para-arterial pathways directly using in vivo twophoton imaging of intracisternally injected TR-d3 and FITC-d2000. Both of these agents
moved rapidly along the wall of pial arteries to enter the Virchow-Robin spaces without
mixing with CSF in the surrounding subarachnoid compartment (Fig. 2B and movie S1).
Consistent with ultrastructural analyses of leptomeningeal vessels conducted by Weller (12),
this indicates that the paravascular space around surface arteries and the Virchow-Robin
space into which these penetrate comprise a physically and functionally distinct
subcompartment through which CSF rapidly enters the brain parenchyma by bulk flow. This
CSF flux is likely driven by arterial pulsation (13–15): the directionality of CSF influx into
para-arterial spaces perhaps reflecting the differing pulse pressures between para-arterial and
paravenous pathways.
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Perivascular astrocytic endfeet provide complete coverage of the cerebral microvasculature,
with only 20-nm clefts between overlapping processes providing direct communication with
the interstitium (17). This interposes a high-resistance barrier to fluid and solute flux
between paravascular and interstitial compartments. AQP4, which occupies ~50% of the
surface area of capillary-facing endfeet (32), constitutes a low-resistance pathway for water
movement between these compartments. We speculate that transglial water movement,
presumably driven by the hydrostatic pressure of para-arterial bulk flow, drives solute flux
from the paravascular space into the interstitium, either via specific astroglial solute
transporters or through the intercellular cleft between endfeet. This role for AQP4 is
supported by the effect of Aqp4 gene deletion on the movement of TR-d3 between the
paravascular space and the surrounding interstitium. The sieving effect of the endfeet
(restricting the movement of solutes as they approach a dH of 20 nm) may account for the
influence of molecular weight on tracer penetration into the interstitium (fig. S9).
As subarachnoid CSF enters the interstitium and mixes with ISF, both are cleared together
with any associated solutes (including soluble Aβ) along specific paravenous pathways,
including both the internal cerebral and the caudal rhinal veins. These veins drain directly
into the great vein of Galen and the straight sinus (internal cerebral vein) and the transverse
sinus (caudal rhinal vein) (33). As with the para-arterial influx route, AQP4 localized to
astroglial endfeet around the microvasculature, and these large draining veins provide a lowresistance pathway for water and accompanying solute efflux into the paravenous
compartment. This is consistent with the observation that in Aqp4-null animals, bulk flow–
dependent clearance of interstitial solutes was reduced by ~70%. We speculate that the
relationship between these paravenous spaces and the dural sinuses provides a low pressure
sink that, in combination with arterial pulsations within the subarachnoid space, results in an
arteriovenous hydrostatic gradient that drives paravascular CSF bulk flow and ISF
clearance. In this context, the higher expression of perivascular AQP4 surrounding veins
compared to arteries may help to maintain low resistance clearance routes for ISF. This
notion is supported by the observation that mice lacking the Aqp4 gene exhibit an enlarged
extracellular space in the brain parenchyma compared to wild-type animals (34), which may
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represent a compensatory phenomenon to counteract the higher resistance toward
parenchymal bulk ISF efflux in these mice. Mice with mislocalized or absent perivascular
astrocytic AQP4, including α-syntrophin (35), mdx (36), and Aqp4 (37) knockout mice,
show swollen endfeet and other pathological changes to perivascular astrocytes. These
changes, related to the dysregulation of scaffolding at the perivascular endfoot, might
account for the observed effects of Aqp4 gene deletion on interstitial bulk flow and solute
clearance. Subsequent electron microscopic studies, however, reported no apparent
ultrastructural changes in either the BBB or the perivascular astrocytic endfeet of Aqp4-null
mice (38, 39), and our own analysis demonstrated that the paravascular space of Aqp4-null
mice was structurally intact through the depth of the cortex (fig. S6).

$watermark-text

Although we demonstrate that interstitial solutes are cleared by AQP4-dependent bulk flow
along paravenous pathways, these pathways may not necessarily be the terminal route for
solute clearance from the cranium. From previous studies, two routes for such terminal
clearance appear most likely. First, the movement of solutes along the microvasculature and
large draining veins of the brain provide ready access of solutes to specific transport
mechanisms at the BBB. A second possibility is that solutes draining along the internal
cerebral and caudal rhinal veins to their associated sinuses are cleared to the bloodstream via
arachnoid granulations (22–24), providing an exit route for interstitial solutes that do not
interact with or have saturated specific transport pathways at the BBB.
The paravascular pathway and disease
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Our finding that disruption of this pathway in Aqp4-null mice resulted in the failure of
solute clearance may be of clinical relevance for neurodegenerative diseases in which the
mis-accumulation of neurotoxic depositions contributes to disease development. Ball et al.
have reported that intraparenchymally injected Aβ is cleared along paravascular pathways
(40), whereas the failure of paravascular soluble Aβ clearance has been suggested to
underlie the formation of extracellular Aβ aggregates and disease progression in
Alzheimer’s disease (41). We report that fluorescent-tagged soluble Aβ1–40 injected into the
brain parenchyma is cleared along the same paravascular pathways as other fluorescent
tracers and that the clearance of radiolabeled Aβ1–40 from the interstitium was substantially
reduced in Aqp4-null mice. This is intriguing because of the association of Alzheimer’s
disease with reactive gliosis and the increasing gliosis observed in the aging brain (42–44).
Altered AQP4 expression and localization in reactive astrocytes under neuropathological
conditions (45) may contribute to deranged interstitial bulk flow and a resulting failure in
the clearance of neurotoxic solutes such as Aβ.
Soluble Aβ1–40 was cleared from the brain interstitium more rapidly than a comparably
sized dextran molecule, suggesting that interaction between specific BBB Aβ efflux
receptors with bulk flow–dependent clearance (46, 47) may occur. The clearance of Aβ
along specific anatomical paravascular pathways (including the deep venous system) raises
the possibility that transendothelial Aβ efflux may not be uniform throughout the brain
vasculature but may occur at certain specialized clearance vessels. Soluble Aβ moving along
paravenous clearance pathways reenters the CSF compartment, either within the ventricles
(internal cerebral veins) or in the subarachnoid space (caudal rhinal veins). The ventricular
pathway provides a direct route to the choroid plexus, a structure that may contribute to Aβ
clearance from the CSF compartment (48). Aβ sequestered from the aqueous phase into
plaques (primarily Aβ1–42) would not be cleared by bulk flow either to remote sites of
transendothelial or choroidal efflux, or by bulk clearance via the CSF.
These patterns of parenchymal fluid flow suggest a number of therapeutic possibilities. First,
improving the efficiency of AQP4-dependent bulk flow might permit the improved
clearance of soluble Aβ, potentially accelerating either its degradation or its re-uptake into
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the systemic circulation. Conversely, impeding solute clearance could slow the removal of
therapeutic agents, such as antineoplastic agents and immune modulators, from the brain.
AQP4-dependent bulk flow could facilitate immune surveillance of the brain parenchyma
without compromising CNS immune privilege. Both lymphocytes and antigen-presenting
cells in the subarachnoid CSF (49) may detect interstitial antigens delivered to the CSF by
paravenous bulk outflow. Indeed, Aqp4-null mice exhibit reduced neuroinflammation after
intracerebral lipopolysaccharide injection (50). This attenuation of the peripheral immune
response could be a consequence of reduced antigen accumulation in the subarachnoid CSF
compartment in Aqp4-null mice. These paravascular routes could also serve as pathways for
migrating cells and their guidance molecules, thus representing a potential avenue for tumor
cell migration (51). Additionally, paravascular routes may be conduits for cell migration,
molecularly distinct and functionally overlapping with the perivascular niches for cell
genesis and migration in the adult brain parenchyma (52).
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Although this pathway is important to fluid and solute homeostasis in the rodent brain, it
may even be of greater importance for interstitial solute clearance in humans. One of the
hallmarks of bulk flow, compared to simple diffusion, is the independence of solute
movement from molecular size (4, 46), because all solutes are carried along with the moving
medium at the same rate of fluid flow. In contrast, in simple diffusion, because of the
dependence of diffusion rates on molecular size, larger solutes require longer times to clear
from the brain parenchyma into the nearest CSF compartment (16, 46). Thus, whereas urea
(molecular size, 60 daltons) requires 5.4 hours to diffuse 1 cm within the brain, albumin
(molecular size, 66.5 kD) would require 109 hours. On the basis of these values, Cserr
postulated that the larger the brain, the greater the dependence upon bulk flow for the
efficient clearance of interstitial solutes, particularly for larger molecules such as peptides
and proteins that cannot effectively clear via diffusion (16). Thus, in the human brain,
paravascular pathways and AQP4-dependent bulk flow may be substantially more critical to
brain function than in the rodent brain. To evaluate this possibility, less invasive approaches
than those used here for assessing interstitial solute movement in humans, such as magnetic
resonance perfusion imaging, will be necessary.

MATERIALS AND METHODS
Animals
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All experiments were approved by the University Committee on Animal Resources of the
University of Rochester Medical Center. Unless otherwise noted, we used 8- to 12-week-old
male C57BL/6 mice (Charles River). FVB/N-Tg(GFAPGFP)14Mes/J (GFAP-GFP, JAX)
mice were used to visualize perivascular astrocytic endfeet. NG2-DsRed and Tie2GFP:NG2-DsRed were used to identify arteries/arterioles versus veins/venules by
endogenous fluorescence: Arteries and arterioles express endothelial GFP and vascular
smooth muscle DsRed, and veins and venules express endothelial GFP but lack vascular
smooth muscle DsRed. Aqp4−/− (Aqp4-null) mice were generated as described (53).
Anesthesia
In all experiments, animals were anesthetized with a combination of ketamine (0.12 mg/g
intraperitoneally) and xylazine (0.01 mg/g intraperitoneally).
Experimental procedures
Detailed methods are described in the Supplementary Methods.
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Statistics
In all figures, data are presented as means ± SEM. All statistics were performed with the
software Prism (GraphPad). A P value of <0.05 was considered significant. The statistical
treatment of each data set is described individually in the Supplementary Materials.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

Distribution of subarachnoid CSF into the brain parenchyma. (A) The movement of
ventricular and subarachnoid CSF into the brain parenchyma was evaluated after infusion of
fluorescent tracer into the lateral ventricle (LV) or cisterna magna. (B to G) After 30 min of
intraventricular infusion, small– (A594; molecular size, 759 daltons; red), moderate– (TRd3; molecular size, 3 kD; blue), and large–molecular weight (FITC-d2000; molecular size,
2000 kD; green) tracer movement into the brain parenchyma was evaluated. 3V, third
ventricle; 4V, fourth ventricle. (D and G) Absence of tracer in tissue remote from the
periventricular space. Insets, 4′,6-diamidino-2-phenylindole (DAPI) labeling in the same
fields of view. (H to J) Small–molecular weight tracer permeation 30 min after intracisternal
injection. Arrowheads, low-level paravascular accumulation. (K to M) Distribution of
intracisternally injected TR-d3 (dark blue) and FITC-d2000 (green). Merge (light blue)
indicates colocalization of TR-d3 and FITC-d2000. (N) Distributions of intracisternal
fluorescent tracers, quantified as a percentage of total brain volume (integrated slice areas).
A594 occupied the greatest proportion of brain tissue. TR-d3 exhibited an intermediate
distribution, whereas FITC-d2000 was highly restricted (n = 3, *P < 0.05). (O)
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Accumulation of radiotracer within the brain after intracisternal injection of [3H]mannitol
(molecular size, 182 daltons) or [3H]dextran-10 (molecular size, 10 kD). Compared to
[3H]mannitol, [3H]dextran-10 accumulation in the brain was significantly slower (n = 6 per
time point, *P < 0.0001). Scale bars, 100 μm.
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Fig. 2.

In vivo two-photon imaging of para-arterial CSF flux into the mouse cortex. The influx into
the cerebral cortex of tracers injected intracisternally into the subarachnoid CSF was
assessed in vivo by two-photon imaging through a closed cranial window. (A) Schematic of
imaging setup. Imaging was conducted between 0 and 240 μm below the cortical surface at
1-min intervals. (B) The cerebral vasculature was visualized with intra-arterial CB-d10, and
arteries (A) and veins (V) were identified morphologically. Immediately after intracisternal
injection, CSF tracer moved along the outside of cerebral surface arteries, but not veins. Red
circles, arterioles; blue circles, venules. (C to E) Over time, tracer moved rapidly into the
brain along penetrating arterioles, but not venules. The small–molecular weight tracer (TRd3, dark blue) moved readily into the interstitium, whereas the large–molecular weight
tracer (FITC-d2000, green) was confined to the paravascular space. Merge (light blue)
indicates colocalization of TR-d3 and FITC-d2000. (F to H) Along the cortical surface
arteries, the large–molecular weight tracer (FITC-d2000) was present in the paravascular
space (PVS) immediately surrounding the arterial vascular smooth muscle cells (VSM). The
bloodstream (BS) is defined by intravenously injected TR-d70. Low-level labeling of the
basement membrane (BM) shows that a small proportion of CSF tracer moves along the
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basement membrane. (I and J) Intracisternally injected large–molecular weight tracer
(FITC-d2000) entered the brain along paravascular spaces surrounding penetrating arterioles
(TR-d70). (K and L) Glial fibrillary acidic protein (GFAP)–positive astrocytes in transgenic
mice expressing a GFAP-GFP (green fluorescent protein) reporter. The paravascular space
containing TR-d2000 is bounded by perivascular astrocytic endfeet (white). Scale bars, 100
μm [(B) to (E)], 20 μm [(F) to (I)], and 5 μm [(J) to (L)].
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Fig. 3.
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CSF enters and is cleared from the brain interstitium along paravascular pathways. To
evaluate the pathways of subarachnoid CSF flux into the brain parenchyma, we injected
fluorescent tracer intracisternally into Tie2-GFP:NG2-DsRed double reporter mice, allowing
arteries and veins to be directly distinguished. (A and B) Intracisternally injected OA-647
enters (green arrows depict tracer entry) the cerebral cortex along penetrating arterioles
(Tie2-GFP+/NG2-DsRed+ vessels, empty arrowheads), not along ascending veins (Tie2GFP+/NG2-DsRed− vessels, filled arrowheads). (C) CSF tracer moves along both
paravascular space (PVS) and the basement membrane (BM) between the vascular
endothelial and the smooth muscle cell layers. Tracer movement along capillaries proceeds
along the basal lamina. (D) Large amounts of tracer are observed in the basal ganglia and
thalamus, entering along large ventral perforating arteries. (E) Detailed tracer distribution
around lenticulostriate artery. Plot shows intensity projection along white line. Green, tracer;
gray, endothelial GFP; red, vascular smooth muscle. (F to H) At longer time points (>1 hour
compared to 0 to 30 min for tracer influx), OA-647 (molecular size, 45 kD) entered the
interstitial space and accumulated primarily along capillaries (F) and parenchymal venules
(G). Accumulation was greatest along medial interior cerebral veins and ventral-lateral
caudal rhinal veins (H). Orange arrows in (G) to (H) depict the observed route of interstitial
tracer clearance. Scale bars, 100 μm [(A) and (D)], 50 μm (H), 20 μm [(B), (F), and (G)],
and 4 μm [(C) and (E)].
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Fig. 4.
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Paravascular AQP4 facilitates CSF flux through the brain interstitium. (A) AQP4 (purple) is
specifically expressed in brain astrocytes (white), where localization is highly polarized to
perivascular endfeet (arrowheads). (B and C) AQP4-positive perivascular astrocytic endfeet
immediately surround the para-arterial CSF influx pathway. Plots depict fluorescence
intensity projections from (B) and (C), indicated by white rectangles. Tracer (green) is
localized within the paravascular space (PVS), between the vascular smooth muscle (red)
and the astrocytic endfeet (purple). (D) Tracer movement along the capillary basal lamina
(green) is bounded by perivascular AQP4-positive endfeet (purple). (E and F) The
contribution of AQP4-mediated fluid flux to the movement of subarachnoid CSF into and
through the brain parenchyma was evaluated ex vivo. When tracer labeling was quantified,
the movement of intracisternally injected tracer into the brain was significantly reduced in
Aqp4-null mice compared to wild-type (WT) controls 30 min after injection (n = 4 to 5 per
time point, *P < 0.05). (G) The influx of small– (TR-d3) (dark blue) and large–molecular
weight (FITC-d2000) (green) intracisternal tracers into the cortex was evaluated in vivo. The
cerebral vasculature was visualized with intra-arterial CB-d10 (inset). Merge (light blue)
indicates colocalization of TR-d3 and FITC-d2000. (H) The movement of large–molecular
weight tracer (green) along para-arterial spaces [as measured by the mean fluorescence
intensity in green circle region of interests (ROIs)] was not significantly altered in Aqp4-null
versus WT control animals. (I) The movement of small–molecular weight tracer into the
interstitium surrounding penetrating arterioles (as measured by the mean fluorescence
intensity in the blue donut ROIs) was abolished in Aqp4-null compared to WT controls (n =
6 per group, *P < 0.01), demonstrating that Aqp4 gene deletion affects the movement of
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intracisternally injected tracer through the cortical parenchyma. AU, arbitrary units. Scale
bars, 100 μm (G), 40 μm (A), 20 μm (D), and 10 μm [(B) and (C)].
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Fig. 5.

The glymphatic system supports interstitial solute and fluid clearance from the brain. (A) To
evaluate the role of the clearance of interstitial solutes, we measured the elimination of
intrastriate [3H]mannitol from the brain (for details, see fig. S8A). Over the first 2 hours
after injection, the clearance of intrastriate [3H]mannitol from Aqp4-null mouse brains was
significantly reduced (*P < 0.01, n = 4 per time point) compared to WT controls. (B)
Schematic depiction of the glymphatic pathway. In this brain-wide pathway, CSF enters the
brain along para-arterial routes, whereas ISF is cleared from the brain along paravenous
routes. Convective bulk ISF flow between these influx and clearance routes is facilitated by
AQP4-dependent astroglial water flux and drives the clearance of interstitial solutes and
fluid from the brain parenchyma. From here, solutes and fluid may be dispersed into the
subarachnoid CSF, enter the bloodstream across the postcapillary vasculature, or follow the
walls of the draining veins to reach the cervical lymphatics.
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Interstitial Aβ is cleared along paravascular pathways. To evaluate whether interstitial
soluble amyloid Aβ is cleared along the same pathways as other tracers, we injected
fluorescent or radiolabeled amyloid β1–40 into the mouse striatum. (A) Fifteen minutes, 30
min, or 1 hour after 125I-amyloid β1–40 injection, whole-brain radiation was measured, as
detailed in fig. S8. At t = 60 min in WT animals, 125I-amyloid β1–40 was cleared more
rapidly than [3H]mannitol or [3H]dextran-10. 125I-Amyloid β1–40 clearance in Aqp4-null
mice was significantly reduced (*P < 0.05, n = 4 to 6 per time point). (B to D) One hour
after injection with HyLyte-555–amyloid β1–40 into Tie2-GFP mice, tracer accumulated
along capillaries (D, arrows) and large draining veins (B and C). Image in (C) depicts (B)
without the endothelial GFP fluorescence signal. (E) To evaluate whether soluble Aβ within
the CSF could recycle through the brain parenchyma, we injected 125I-amyloid β1–40
intracisternally, and we evaluated radiotracer influx into the brain (as in fig. S2) 15, 30, and
45 min after injection. 125I-Amyloid β1–40 entered the brain in a manner comparable to
[3H]dextran-10, and compared to WT controls, 125I-amyloid β1–40 influx was significantly
reduced in Aqp4-null mice (*P < 0.05, n = 4 to 6 per time point). Scale bar, 50 μm.
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