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Spatial model of convective solute transport in brain extracellular
space does not support a “glymphatic” mechanism

Byung-Ju Jin,"?* Alex J. Smith,"?* and Alan S. Verkman'?

"Department of Medicine and 2Department of Physiology, University of California, San Francisco, San Francisco, CA 94143

A "glymphatic system,” which involves convective fluid transport from para-arterial to paravenous cerebrospinal
fluid through brain extracellular space (ECS), has been proposed to account for solute clearance in brain, and
aquaporin-4 water channels in astrocyte endfeet may have a role in this process. Here, we investigate the major
predictions of the glymphatic mechanism by modeling diffusive and convective transport in brain ECS and by
solving the Navier-Stokes and convection—diffusion equations, using realistic ECS geometry for short-range
transport between para-arterial and paravenous spaces. Major model parameters include para-arterial and para-
venous pressures, ECS volume fraction, solute diffusion coefficient, and astrocyte foot-process water permeabil-
ity. The model predicts solute accumulation and clearance from the ECS after a step change in solute concentration
in para-arterial fluid. The principal and robust conclusions of the model are as follows: (a) significant convective
transport requires a sustained pressure difference of several mmHg between the para-arterial and paravenous
fluid and is not affected by pulsatile pressure fluctuations; (b) astrocyte endfoot water permeability does not
substantially alter the rate of convective transport in ECS as the resistance to flow across endfeet is far greater
than in the gaps surrounding them; and (c) diffusion (without convection) in the ECS is adequate to account for
experimental transport studies in brain parenchyma. Therefore, our modeling results do not support a physiolog-

ically important role for local parenchymal convective flow in solute transport through brain ECS.

INTRODUCTION

Transport of soluble macromolecules through the brain
extracellular space (ECS), also called the interstitial
space or parenchymal ECS, is facilitated by convection
of cerebrospinal fluid (CSF) in the paravascular space
(Ichimura et al., 1991; Weller et al., 2002; Abbott, 2004).
More recently, a “glymphatic” mechanism has been
proposed to mediate the clearance of solutes and mac-
romolecules from the ECS, such as f-amyloid in neuro-
degenerative disease and metabolic waste during sleep,
as well as to facilitate the distribution of nutrients to
brain cells (Iliff et al., 2012; Jessen et al., 2015). In con-
trast to prior models, the glymphatic mechanism postu-
lates that solute clearance in the ECS requires vectorial,
advective flow of CSF from para-arterial to paravenous
spaces though the brain parenchyma. As diagrammed
in Fig. 1 A, advective flow entraps interstitial solutes in
ECS fluid and enhances their clearance from brain tis-
sue. The water permeability of astrocyte endfeet at the
paravascular space/ECS interface and the ECS volume
fraction in brain parenchyma have been proposed as
important determinants of glymphatic flow (Iliff et al.,
2012; Xie et al., 2013).

Glymphatic, advective flow in brain ECS represents a
major departure from the generally accepted paradigm
of diffusive solute transport in brain ECS. If correct, the
glymphatic mechanism has broad implications to nor-
mal brain function, the neurophysiology of sleep, and
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the pathogenesis of neurodegeneration, stroke, edema,
and other brain disorders. However, direct measure-
ments of ECS fluid transport by photobleaching or
tracer injection do not support directional movement
of solutes in gray matter (Rosenberg et al., 1980; Papa-
dopoulos et al., 2005) or in the paravascular space
(Hladky and Barrand, 2014; Spector et al., 2015), and
size-dependent penetration of CSF tracers into the
brain parenchyma appears consistent with diffusive
transport (Binder et al., 2004; Wolak and Thorne,
2013). It is also unclear how the water permeability of
the astrocyte plasma membrane could influence advec-
tion of cellimpermeant solutes (Smith et al., 2015). We
reasoned that an improved theoretical understanding
of how variations in paravascular space hydrostatic pres-
sure, ECS structure, and endfoot water permeability
might alter advective flow in brain parenchyma would
help to resolve some of the controversies surrounding
the glymphatic hypothesis.

Prior theoretical work has modeled advective fluid dy-
namics in the paravascular space (Bilston et al., 2003;
Schley et al., 2006; Wang and Olbricht, 2011; Coloma et
al., 2016) and the effect of membrane water permeabil-
ity on intracellular advective flow in astrocyte networks
(Asgari et al., 2015); however, the effect of ECS geome-
try on advective movement of fluid and solutes between
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Figure 1. Spatial model of convec-
tive fluid movement from para-ar-
terial to paravenous spaces in brain
ECS. (A) Schematic showing the major
features of the proposed glymphatic
mechanism, including convective fluid
movement from para-arterial to para-
venous spaces through brain extracel-
lular (interstitial) space. (B) Hexagonal
spatial arrangement of arterioles and
venules in brain parenchyma, showing
triangular computational domain. (C)
Diagram of water and solute movement
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the paravascular space and the ECS and through the
ECS has not been explicitly modeled previously. Here,
we developed a model of diffusion and advection in
brain ECS that utilizes realistic paravascular and ECS
geometry. Using the model, we determine the para-arte-
rial/paravenous pressure difference required to drive
significant ECS advection, quantify the role of astrocyte
endfoot water permeability in ECS solute transport, and
determine the adequacy of ECS diffusion to explain ex-
perimental data. The results provide a quantitative basis
to understand advective transport mechanisms in the
brain and suggest that purely diffusive transport in the
parenchyma can explain existing experimental data.

MATERIALS AND METHODS

Model geometry

A model was developed to investigate short-range trans-
port from paravascular to parenchymal spaces in the
cerebral cortex where a pressure difference between
the para-arterial and paravenous spaces could, in princi-
ple, drive advective fluid movement between these
spaces (Fig. 1 A). We modeled advection—diffusion in
brain ECS using paravascular and ECS geometries based
on the cerebral cortex of primates where penetrating
arterioles and ascending venules are arranged in a qua-
si-hexagonal configuration with an ~2:1 ratio of arteri-
oles/venules (Hirsch et al., 2012; Adams et al., 2015).
Based on this anatomical information, the geometry of
the microvascular lobule was idealized as a hexagonal
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lattice with a venule (Fig. 1 B; diameter 40 pm, blue cir-
cle) at the center, surrounded by six arterioles (diame-
ter 30 pm, red circles). The distance between the venule
and the arterioles was 250 pm (Adams et al., 2015). Ex-
ploiting symmetry, the computational domain was taken
as a triangular region in the hexagonal lattice (Fig. 1 C).
As arterioles and venules are arranged perpendicular to
the cortical surface, a single two-dimensional slice pro-
vides a reasonable approximation of the three-dimen-
sional volume, allowing for modeling of diffusion and
advection in two dimensions.

A key feature of our model is the inclusion of specific,
realistic geometry of the ECS rather than use of general
porosity considerations. High-resolution three-dimen-
sional reconstructions of brain neuropil that have been
corrected for tissue shrinkage during fixation suggest
that the ECS consists of an interconnected network of
40-80-nm-diameter tunnels connected by sheets of 10—
40-nm width (Kinney et al., 2013). The interstitial space
between the arterioles and venules in our model geom-
etry was occupied with Voronoi cells, which recapitulate
the structural heterogeneity in brain parenchyma
(Hrabe et al., 2004; Jin et al., 2008). Seed points were
initially positioned on a 5-pm square grid, which deter-
mines mean cell size. The seed points were displaced
randomly in the x and y directions within a range of
two-times larger than the mean cell size, which gives a
Voronoi cell size distribution of 0.9-12.3 pm. Voronoi
cell boundaries were eroded to create an interstitial
space by trimming the corners of the cells and by short-
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ening the edge of the cells to give specified ECS volume
fraction a. This resulted in an ECS width of 10-100 nm
(median ~60 nm). This geometry gave an effective hy-
draulic conductance of ~0.9 x 107 cm4/dyne/s (Fig.
S1), within the range of previous estimates (1.6 x 107"
cm“/dyne/s, Kaczmarek et al., 1997; 5 x 10%cm?*/
dyne/s, Basser, 1992). To model different a values,
changes in ECS width were proportional to the ECS vol-
ume change, Adgcs ~ A x dgcs”, where Adgcs is the ECS
width change, Aa is the ECS volume change, and dgcs”
is the initial ECS width. The gaps between astrocyte
endfeet surrounding the vessels were taken as 0.3% of
astrocyte endfoot area (Mathiisen et al., 2010; 24-nm di-
ameter spacing in the para-arterial space and 31 nm in
the paravenous space).

Model parameter values/units

The model parameter values/units are as follows: Py,
astrocyte water permeability (0-0.4 cm/s); L,, hy-
draulic conductance (L, =P¢/RT/v,), cm/ (ss-mmHg);
vy, partial molar volume of water (18 cm?®/mol); R,
universal gas constant (62.4 mmHg-L/(mol-K)); T,
absolute temperature (273°K); C, and Cg, concentra-
tions of solutes A (sum of all extracellular solutes;
mM) and B (injected dye; pM); C,°, concentration of
solute A in the para-arterial space (300 mM); Cp°,
concentration of solute B in the para-arterial space
(10 pM); D4, diffusion coefficient of solute A in the
interstitial space (107 m?/s; Goodman et al., 2005);
Dy, diffusion coefficient of solute B in the interstitial
space (0.2-5 x 1071 m?/s; Sykova and Nicholson,
2008); p, fluid density (10° kg/mg); u, fluid dynamic
viscosity (107% Pa-s); V, fluid velocity in the interstitial
space (cm/s); P, pressure in the interstitial space
(mmHg); P,, pressure in the para-arterial space (0-10
mmHg); P, amplitude of pulsatile pressure in the
para-arterial space (0-100 mmHg); Jy, water trans-
port through the astrocyte endfoot unit area (cm/s);
Ja, solute A transport through the astrocyte endfoot
gap (mol/(m-s)); Jg, solute B transport through the
astrocyte endfoot gap (mol/(m-s)); and J,"""P, solute
A transport by active pumping through the astrocyte
endfoot (0-1.5 x 107° mol/m?).

Model computations

Modeling of advection—diffusion in a single two-dimen-
sional microvascular lobule was implemented using
COMSOL Multiphysics (COMSOL, version 3.4). The
model is specified by advection—diffusion equations de-
scribing ion and fluorescent dye advection—diffusion,

aG;
W = -V N VCi+DV2Ci,
advection diffusion

where C; is concentration of the i™ solute. The velocity
field, V, was computed from the Navier—Stokes equation
for an incompressible fluid and the continuity equation,
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P4 p(V-VIV = —VP+ V2V

V-V =0,

where p is fluid density, P is pressure, and u is dy-
namic viscosity.

Symmetry boundary conditions were imposed for
computations in the triangular area shown in Fig. 1 C
as indicated. The astrocyte endfoot in the para-arte-
rial space was modeled with two gaps (each 24-nm
width) facing the triangular computational area
(Fig. 1 C, left, inset). Solute concentrations were con-
stant at the astrocyte endfoot gaps for advection—dif-
fusion computations,

Ca=Ca% Gy = Gp°,

and constant or pulsatile pressure boundary conditions
were imposed for Navier—Stokes computations,

Py, = P, or Py, = P+ Pyypsin(2mt),

where C, is solute concentration, P, is pressure at the
astrocyte endfoot gap in the para-arterial space, Py is
amplitude of pulsatile pressure, and t is the time. Pulsa-
tile pressure was modeled as a sinusoidal wave with fre-
quency 1 Hz. Water transport through endfeet was
computed as the sum of osmotic and hydrostatic pres-
sure—driven fluxes,

Jv = Lp (RT - AOsm - AP),

where ], is total endfoot water flux, L, is the hydraulic
conductance, Py is the osmotic water permeability coef-
ficient (related by Py = (RT/v,)L,,), v, is the partial
molar volume of water, AP is the pressure difference,
and AOsm is the osmolality difference through the end-
feet. The endfeet and cells in the parenchyma are taken
to be solute impermeable.

The astrocyte endfoot in the paravenous geometry
was modeled to have two gaps (each 31-nm width;
Fig. 1 C, right, inset). An advective flux boundary condi-
tion was imposed at the astrocyte endfoot gaps for ad-
vection—diffusion computations, which allows advective
flux to exit the domain,

VCg = 0, VG, = 0,

and zero-pressure boundary conditions were imposed
for Navier—Stokes computations. Water transport
through endfeet in the paravenous space was modeled
as in the para-arterial space.

Stationary computations were also performed to
obtain steady-state solutions, where the advective flux
or zero-dye concentration (Cp = 0) boundary condi-
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tions were imposed at the astrocyte endfoot in the
paravenous space.

An HP 7600 workstation (12 Xeon E5645 CPUs and
32G RAM; Intel) was used for model computations,
with 450,000-1,000,000 mesh elements. Fig. 1 C (left
top, inset) shows the computational mesh density
around the endfoot gap. The computation time was
1-12 h for kinetic computations and 5-30 min for
steady-state computations.

Online supplemental material

Fig. S1 shows hydraulic conductance computation
of the ECS model. Fig. S2 shows validation of advec-
tion—diffusion computation in one dimension in the
absence of cell barriers. Fig. S3 shows comparison of
predictions of a diffusion-only (AP = 0) model with ex-
perimental data on solute accumulation in ECS. Fig.
S4 shows comparison of predictions of a diffusion-only
(AP = 0) model for the current ECS geometry with ex-
perimental data on diffusion of 3-kD Texas red—dextran
in the ECS. Fig. S5 shows convective fluid movement
from para-arterial to paravenous spaces in brain ECS
with an altered geometry of three arterioles and one
venule. Fig. S6 shows convective fluid movement from
para-arterial to paravenous spaces in brain ECS with
altered geometry. Fig. S7 shows advective fluid move-
ment through versus around astrocyte endfeet. Fig. S8
shows the influence of baseline mean pulsatile pres-
sure in the para-arterial space on solute movement in
brain ECS. Video 1 shows accumulation of solute B in
the ECS for the absence of a pressure difference (AP =
0, diffusion alone). Videos 2 and 3 show accumulation
of solute B in the ECS for pressure difference AP =1
mmHg or AP = 10 mmHg, respectively.

RESULTS

How large a hydrostatic pressure gradient is needed to
drive advective flow in the ECS?

To demonstrate the general characteristics of model
predictions, the advection—diffusion equations were
solved with a constant, artificially imposed, para-arterial
to paravenous pressure difference (AP = 1 mmHg), an
endfoot water permeability (Py) of 0.04 cm/s, and a
tracer solute diffusion coefficient (D = 107!° m?/s) cor-
responding to that of an ~10-kD macromolecule. After
the establishment of a steady state in which all fluid
compartments contained a single solute A (300 mM),
tracer solute B (10 pM) was introduced into the para-ar-
terial space and then entered and spread throughout
the ECS by advection and diffusion (Fig. 2 A). Profiles
of the concentration of solute B showed gradual filling
of the entire ECS (Fig. 2 B, top). The pressure drop was
dispersed into the entire ECS (Fig. 2 B, bottom), though
it was nonlinear because of the convergent geometry
with two arterioles feeding into one venule.
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Control simulations were performed to confirm the
validity of the computations; for one-dimensional ge-
ometry devoid of cellular structure in which the advec-
tion—diffusion equations can be solved analytically, the
computed and analytical equations were in agreement
(Fig. S2). For the two-dimensional computations as in
Fig. 2 A, computed profiles changed by <1% for a five-
fold increase in the density of the computational mesh,
demonstrating that mesh density was adequate for accu-
rate computations.

Normal intracranial pressure is ~10 mmHg and varies
by ~1 mmHg during cardiac and respiratory cycles in
the healthy human brain (Wagshul et al., 2011). These
pressure cycles drive CSF flow in the low-resistance sub-
arachnoid and ventricular compartments (Spector et
al., 2015), but it remains unclear whether they are of
sufficient magnitude to drive advective flow through
the ECS as proposed by the glymphatic hypothesis.
Steady-state pressure differences between the CSF and
brain parenchyma are generally undetectable (<0.5
mmHg; Penn et al., 2005). We initially modeled a hypo-
thetical constant pressure difference between the para-
arterial and paravenous spaces; the accumulation of sol-
ute B in the ECS was computed in the absence of a pres-
sure difference (AP = 0, diffusion alone) and for AP of
1, 5, and 10 mmHg (Videos 1-3). The computations
were performed with a moderately high water permea-
bility of AQP4-containing astrocyte endfeet (Py = 0.04
cm/s) and a solute diffusion coefficient of 107! m?/s.
Fig. 2 C shows concentration profiles of solute B in the
ECS at time = 60 and 300 s (left) and its spatially inte-
grated accumulation in the ECS (right, top). Diffusion
alone gave halffilling time (equal to half-emptying
time) of the ECS of ~600 s, similar to the experimental
time course observed for movement of a 3-kD tracer
from the paravascular space into the parenchyma (from
Fig. 2 in Iliff et al. [2012]; Fig. S3). The half-filling/
emptying time was reduced by twofold with a para-arte-
rial to paravenous pressure difference between 1 and 5
mmHg. £Cp is the area-integrated solute concentration,
normalized to the steady-state solute concentration
after the whole ECS area equilibrates at the para-arte-
rial solute concentration (Cg°). Fig. 2 C (right, bottom)
shows that the steady-state transfer of solute B was ap-
proximately linear with the pressure difference, increas-
ing by ~2.5-fold for a I-mmHg pressure difference.

Influence of ECS structure on convective

solute transport

Changing the spatial distribution of Voronoi cells by
using different initial sets of random numbers did
not affect the computed accumulation of the tracer
solute (Fig. 3 A). Decreasing the median ECS width
from 60 to 45 nm slowed the rate of tracer accumu-
lation slightly while increasing the median ECS width
from 60 to 75 nm increased the rate slightly (Fig. 3 A,
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Figure 2. General model predictions. (A) Pseudocolored images showing tracer concentration (Cg/Cg°) at time = 60, 600, and
1,500 s after a step increase in para-arterial tracer concentration for AP = 1 mmHg, P; = 0.04 cm/s, and D = 107'° m?/s. (B) Cg/Cg°
and P/P, profiles from para-arterial to paravenous space at the indicated times. (C, left) Pseudocolored images showing tracer solute
accumulation in ECS after a step increase in para-arterial tracer concentration for para-arterial to paravenous pressure differences AP
of 0 mmHg (diffusion alone) or 1 or 10 mmHg. Parameters: P; = 0.04 cm/s and D = 107'° m?/s. (right, top) Kinetics of tracer solute
accumulation in ECS for the indicated AP. (right, bottom) Steady-state tracer solute transfer from para-arterial to paravenous spaces

for fixed concentration (Cg = 0) at the paravenous space.

right). Simulations of diffusion alone from a point
source within the structure matched intensity distribu-
tions after tetramethylrhodamine injection into brain
cortex (Thorne and Nicholson, 2006), demonstrating
that the model accurately captured the diffusional tor-
tuosity of brain (Fig. S4).

Changes in ECS volume fraction have been proposed
to reduce convective flow through brain parenchyma
during wakefulness (Xie et al., 2013). The sensitivity of
convective solute transport to ECS volume fraction, «a,
was modeled. Fig. 3 B shows concentration profiles of
solute B in the ECS at time = 600 s for the indicated ECS
volume fractions, a = 0.1, 0.2, and 0.24 (0.24 is mea-
sured o in AQP4-null mouse brain) with AP = 1 mmHg,
D = 107! m?/s, and P; = 0.04 cm/s. Fig. 3 B (right)
shows the kinetics of accumulation of tracer solute B for
the different a. Reducing ECS volume from a = 0.2 to

JGP Vol. 148, No. 6

0.1 slowed the rate of accumulation of the solute tracer
by ~30%, whereas increasing ECS from o = 0.2 to 0.24
increased the rate by ~40%.

The density of arterioles and venules shows substan-
tial local variation within the primate cortex (Lauwers
etal., 2008; Hirsch et al., 2012). We investigated the ef-
fect of altering the arteriolar density by increasing the
number of arterioles (Fig. S5) and found that the rate
of diffusional filling was somewhat increased compared
with the original geometry. Conversely, decreasing the
number of arterioles and increasing the distance be-
tween them by swapping the position of arterioles and
venules in our model decreased the relative effective-
ness of diffusional transport (Fig. S6). Intervascular dis-
tances in rodent cortex have been reported to be
substantially smaller (~150 pm; Nguyen et al., 2011;
Blinder et al., 2013) than those of the primate modeled
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Figure 3. Pressure dependence of solute movement in brain ECS. (A) Influence of details of Voronoi cell geometry on model
predictions. Four cell geometries were modeled: Voronoi 1 and 2, generated using different initial sets of random numbers with the
same ECS width; Voronoi 3, with 25% reduced ECS width; and Voronoi 4, with 25% increased ECS width (each for the same ECS
volume fraction). Images of Cg/Cg® shown in the triangular computational domain at t = 60 and 600 s (left) and the kinetics of spa-
tially integrated Cp in the ECS (ZCg; right). (B) Influence of ECS volume fraction, a. Computations as in A for AP = 1 mmHg, for the
indicated . (left) Pseudocolored images as in A. (right) Kinetics of tracer solute accumulation in ECS for the indicated a.

here, and therefore, paravascular tracers would accu-
mulate even more rapidly by diffusion alone in this case.

Influence of solute size on ECS diffusive and

advective transport

Transport of solutes into the brain is characterized by
pronounced size-dependent differences in the rate of
solute accumulation (Iliff et al., 2012). We determined
how rapidly large and small solutes would enter the
brain parenchyma under advective or diffusive condi-
tions by performing simulations using tracer solute dif-
fusion coefficients D of 0.2, 1, and 5 x 1071 m?/s, which
covers the range expected for small solutes to macro-
molecules of molecular size ~200 kD. For these compu-
tations, AP was 0, 1, and 5 mmHg, with endfoot P; of
0.04 cm/s. Fig. 4 A shows that for a I-mmHg pressure
difference, a fivefold increase in D from 0.2 to 107!°
m?/s had little effect on solute accumulation in the
ECS. Fig. 4 B summarizes the kinetics of solute accumu-
lation for different AP. Solute accumulation is strongly
dependent on D in the absence of advection (AP = 0)
and becomes largely independent of D for substantial
advection produced by AP = 5 mmHg. These results
demonstrate that, as expected, significant advective
flow is associated with faster accumulation of large sol-
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utes than would be expected from a purely diffusive
mechanism. Comparison of these simulation results
with experimental measurements of size-dependent
tracer segregation from paravascular to parenchymal
compartments might provide a sensitive assay of low-
level advective transport in the parenchyma.

Does astrocyte foot process water permeability
influence ECS solute transport?

In our simulations, the astrocyte endfoot was taken as
single barrier with water permeability Py (Fig. 1 C, in-
sets). AQP4-M23 forms orthogonal arrays in astrocyte
endfeet that typically occupy ~10% of the total area of
the endfoot membrane and sometimes as much as 30%
(Verbavatz et al., 1997; Rash et al., 1998; Smith et al.,
2014). Given the unit water permeability of 2 x 107"
cm?®/s of AQP4 monomers (Yang et al., 1997) and the
5-7-nm periodicity of AQP4 tetramers in orthogonal ar-
rays (Landis and Reese, 1981), the unit water permea-
bility of astrocyte endfoot membrane may be as high
as 0.2-0.6 cm/s.

The effect of astrocyte endfoot water permeability, Py,
on ECS solute transport has been taken as evidence in
support of the glymphatic mechanism (Iliff et al., 2012).
Fig. 5 A (top) diagrams the hypothetical pressure-driven
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indicated tracer solute diffusion coef-
ficients, D, and for AP = 1 mmHg. Pa-
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(B) Kinetics of tracer solute accumula-
tion in ECS for the indicated D and AP.
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advective flow through astrocyte endfeet, as well as os-
motic water transport, with most water moving through
AQP4. For simplicity, we modeled the endfoot as a sin-
gle barrier containing AQP4, ignoring hydraulic resis-
tance from the endfoot cytoplasm and the back
membrane of the endfoot as well as the confounding
osmotic effects of cytosolic dilution during water flow.

Solute accumulation in the ECS was computed for AP =
1 mmHg for astrocyte endfoot P, of 0, 0.004, 0.04, and
0.4 cm/s, with D of 1071 m?/s. Fig. 5 A (bottom) shows
pseudo-color images of solute B concentration at time =
60 and 600 s. There was no apparent effect of P¢ from 0
to 0.4 cm/s on the kinetics of solute accumulation in
the ECS or its transfer from para-arterial to paravenous
spaces (Fig. 5 B, top). Conceptually, this result is not
unexpected because pressure-driven advection is very
inefficient compared with osmotically driven water
transport. The insensitivity of ECS solute transport to Py
was also found for different parameter sets (Fig. 5 B,
bottom), demonstrating the robustness of the conclu-
sion. Computations with a more elaborate endfoot ge-
ometry thatinclude the intracellular environment came
to the same conclusion that trans-endfoot water flow is
minimal (Fig. S7).

In considering additional factors that might confer
an effect of endfoot Py on solute accumulation in the
ECS, we modeled solute transport in which ion pump-
ing across astrocyte endfeet generates an osmotic gradi-
ent. An artificial ion flux was added to generate a small,
1 mOsm, or a very large, 25 mOsm, gradient across the
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time (s)

astrocyte endfeet, with computations performed for Py
of 0, 0.004, and 0.04 cm/s, AP of 1 and 5 mmHg, and D
of 107" m*/s. As diagrammed in Fig. 5 C (top), ion
pumping from the para-arterial space to the ECS, or in
the opposite direction, creates an osmotic gradient that
drives water transport across astrocyte endfeet, which
alters pressure and osmolarity and hence pres-
sure-driven fluid advection and diffusion through gaps
in astrocyte endfeet. Fig. 5 C (bottom) shows pseudo-
color images of the concentrations of solutes A and B at
time = 600 s for AP = 1 mmHg, P;of 0.04 cm/s, and D of
107" m*/s. Ion pumping creates a concentration gradi-
ent of solute A (osmotic gradient) in the ECS (center),
which does not significantly alter solute B concentra-
tion gradient (bottom). The kinetics of solute accumu-
lation in the ECS was not altered by ion pumping for AP
=1 or 5 mmHg (Fig. 5 D).

Can pulsatile pressure in the para-arterial space drive
parenchymal advection?

Though the experimental evidence suggests minimal or
no steady-state pressure difference between CSF and
ISF (interstitial fluid; Penn et al., 2005), there may be
small pulsatile pressures in the para-arterial space pro-
duced by arterial pulsations (Bilston et al., 2003). We
modeled the effect of a sinusoidal pressure pulsation in
the para-arterial space with frequency 1 Hz, mean pres-
sure 0 mmHg, and amplitudes of 0, 1, 5, and 100 mmHg
(Fig. 6 A). Fig. 6 B shows pseudo-color images of solute
B at time = 60 and 700 s for each pulsation amplitude.
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Figure 5. Influence of astrocyte endfoot water permeability, P, on solute movement in brain ECS. (A, top) Schematic showing
hydrostatic and osmotic water transport across the astrocyte endfoot barrier and hydrostatic (advective) fluid movement in the gaps
between endfeet. (bottom) Pseudocolored images showing tracer solute accumulation in ECS, as in Fig. 3, for P = 0, 0.004, and
0.04. For all computations in this figure, D = 107" m%/s and « = 0.2. (B, top) Kinetics of tracer solute accumulation in ECS for the
indicated P:. (bottom) Half-filling time for the indicated parameter sets. (C) Influence of active ion pumping to create an osmotic im-
balance between the para-arterial space and ECS. (top) Schematic of possible effects of ion pumping into and out of the ECS across
astrocyte endfeet, in which osmotically driven water transport across endfeet changes pressure in the ECS and hence the driving
force for advective fluid movement from the para-arterial space into the ECS. (bottom) Pseudocolored images at time = 600 s for P =
0.04 cm/s showing accumulation of solutes A and B in ECS for the indicated active ion pumping flux, J,>*™ = 1.5 x 1073 mol/m?
(active pumping into the ECS) and J,>*™ = —1.5 x 1073 mol/m? (pumping from the ECS). (D) Kinetics of tracer solute accumulation
in ECS for AP = 1 and 5 mmHg.

Pulsatile pressures up to an amplitude of 5 mmHg did  nonphysiological amplitude of 100 mmHg to deter-
not change the kinetics of solute accumulation in the = mine how large an amplitude is required to produce an
ECS (Fig. 6 C). We also tested an exceptionally high, effect (Fig. 6 C). A small increase in the rate of tracer
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Figure 6. Influence of pulsatile pressure in the para-arterial space on solute movement in brain ECS. (A, left) Schematic show-
ing hydrostatic pressure driven in the para-arterial space water transport across the astrocyte endfoot barrier; (right) para-arterial
pressure waveform of amplitude P, and frequency 1 Hz. (B) Pseudocolored images showing tracer solute accumulation in the ECS,
as in Fig 3, for different P,,. Parameters: P; = 0.04 cm/s, D = 107"° m?/s, and a = 0.2. (C) Kinetics of tracer solute accumulation in

ECS for the indicated Pymp.

solute accumulation was found with the 100-mmHg am-
plitude. We also investigated the effect of the sinusoidal
pulsatile pressure with nonzero baseline pressure differ-
ence. A >-mmHg pulsatile pressure on top of a I-mmHg
mean pressure difference did not affect net transport,
compared with a 1-mmHg pressure gradient in the ab-
sence of pulsation (Fig. S8).

DISCUSSION

The glymphatic mechanism proposes that hydrostatic,
pressure-driven advective flow through brain paren-
chyma is responsible for solute clearance from the ECS.
Advective flow represents a major departure from the
conventional understanding of purely diffusive move-
ment in the parenchyma, and it has been unclear what
magnitude hydrostatic pressure difference would be
needed to drive such a system and how it would respond
to alterations in brain anatomy or physiology. Here, we
applied computational fluid dynamics modeling to in-
vestigate the plausibility of advective fluid movement
through brain parenchyma using physiologically realis-
tic geometry and model parameters. Simulations in
which hydrostatic pressure differences were applied be-
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tween para-arterial and paravenous spaces predicted
that (a) relatively high (>1 mmHg) steady-state pressure
differences are needed to augment solute accumulation
and clearance in brain parenchyma; (b) pulsatile hy-
drostatic pressure transients in the para-arterial space
do not enhance solute transport; (c) changes in extra-
cellular volume fraction may produce only minor
changes in convective solute transport in the ECS; (d)
advection preferentially accelerates transport of slowly
diffusing molecules; and (e) water permeability of the
perivascular glial sheath does not affect solute move-
ment into the parenchyma. These findings differ from
the predictions of a glymphatic mechanism, as (a) little
or no advective solute transport is predicted to occur
with physiological paravascular pressure differences;
(b) AQP4-dependent water permeability of endfeet
does not influence advective transport in the paren-
chyma; and (c) diffusive transport in ECS is sufficient to
account quantitatively for experimental measurements
of solute movement in the ECS.

The present model is based on a diagram reported by
Iiff et al. (2012) that indicates a short-range clearance
mechanism between descending arterioles and ascend-
ing venules in cortex. However, a long-range pathway
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through the medial internal cerebral veins and the lat-
eral ventral caudal rhinal veins was also proposed in the
text of Iliff et al. (2012), though it was not described
whether the proposed short- and long-range pathways
are independent or combined, or how a solute can
avoid the shortrange pathway and reach distant veins.
The long-range clearance pathway was not addressable
using the present computation model because of limita-
tions in computing power and information on long-
range geometry. However, it is useful for qualitative
analysis to consider simple scaling relations such as the
Peclet number (Pe = UL/D), which is the ratio of the
rate of advection by flow to the rate of diffusion, where
U is the velocity, L is the characteristic length scale, and
D is diffusion coefficient. For a long-range clearance
pathway, a much higher pressure gradient is necessary
to generate the same flow velocity even though the
characteristic length scale increases (for example, from
250 pm to 1 or 2 mm). Thus, theoretical considerations
would suggest that long-range parenchymal advection
through gray matter is unlikely for physiologically plau-
sible local pressure gradients, and it remains unclear
what mechanism can account for the experimental ob-
servations of Iliff et al. (2012).

The hydrostatic pressure differences required to
drive significant advective solute movement predicted
by our model (>1 mmHg) are substantial when com-
pared with typical intracranial pressures (7-15 mmHg).
There are currently no experimental measurements of
local hydrostatic pressure in paravascular compart-
ments, but modeling studies suggest that pulsatile
movement of the arterial wall can create fluctuations in
hydrostatic pressure that might facilitate bi-directional
mixing in the para-arterial space (Bilston et al., 2003;
Schley et al., 2006; Wang and Olbricht, 2011). Iliff et al.
(2013) proposed that arterial wall pulsations might also
drive advective flow through the parenchyma. It re-
mains unclear whether pulsatile fluid movement in the
para-arterial space can create a net pressure difference
between the para-arterial space and parenchyma. Alter-
native mechanisms, including gravity, electrodiffusion,
and vasomotor contractions, may facilitate advective
distribution of solutes in the paravascular space (Thrane
etal., 2015), though itis unclear how these mechanisms
could drive directional fluid transport as proposed by
the glymphatic hypothesis.

Previous measurements of solute transport in the ECS
have shown that movement of tracers in gray matter is
generally well described by simple diffusion but have
not ruled out the possibility of an advective component
being important for movement of large macromole-
cules (Sykova and Nicholson, 2008; Verkman, 2013).
The modeling here confirmed that, as expected, signif-
icant advection would increase the movement of large
molecules relative to small molecules through brain pa-
renchyma. Experiments have generally observed the
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opposite, that large solutes move more slowly in vivo
than would be predicted from in vitro diffusion mea-
surements (Thorne and Nicholson, 2006; Zador et al.,
2008), suggesting size-dependent constraints on diffu-
sion through the parenchyma and an insignificant role
for advection. It might be argued that classical measure-
ments have not captured the contribution of advective
flow, as craniotomy releases the pressure differences
that drive this mechanism. Quantitative analysis of the
distribution of coinjected tracers with a wide range of
sizes might help to resolve whether there is a significant
advective component to transport in the parenchyma.

Changes in the size of the ECS during sleep have
been proposed to activate the glymphatic system to
clear unwanted solutes from the ECS, offering a novel
role for sleep (Xie et al., 2013). Our modeling suggests,
however, that changes in extracellular volume fraction
produce relatively modest effects on solute transport in
the ECS. The relationship between hydraulic conductiv-
ity and aqueous fraction (porosity) is complex and
strongly dependent on the microstructure of the po-
rous substance under consideration. Existing models
generally consider structures with overlapping barriers
where small reductions in porosity can produce large
reductions in conductivity caused by blockage of spe-
cific paths for solute flow, resulting in substantially in-
creased hydraulic tortuosity (Koponen et al., 1996).
This is not the case for brain parenchyma, where elec-
trostatic repulsion between adjacent cell membranes
prevents complete blockage of flow between cells as
ECS volume fraction is decreased, which offers an ex-
planation of the relative insensitivity of advective flow to
changes in ECS volume fraction.

The glymphatic mechanism proposes that enrich-
ment of AQP4 at endfeet is required for trans-astrocytic
advective flow of water across the endfoot layer (Iliff et
al., 2012) and that loss of polarization in reactive astro-
cytes prevents clearance of toxins from the parenchyma
(Iliff et al., 2014). Problems with this proposed mecha-
nism include the fact that AQP4 is only enriched at the
perivascular membrane of endfeet and that cytosolic
dilution creates osmotic gradients that oppose hydro-
static pressure-driven water flow (Smith et al., 2015).
The modeling here showed no significant effect of end-
foot water permeability over a wide range of parameter
values. The experimental data of Iliff et al. (2012) show-
ing greatly reduced movement of cisternally injected
tracers into the brain in AQP4-null mice thus remains
puzzling, particularly given the ~20% increased base-
line ECS volume fraction in AQP4-null mice (Yao etal.,
2008), which is predicted to increase rather than re-
duce tracer accumulation in brain parenchyma.

Astrocyte endfeet and cell bodies in vivo are coupled
by gap junctions to form a syncytium that may be in-
volved in buffering transient local increases in specific
solutes by diffusive and electro-diffusive transport.
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Asgari et al. (2015) recently reported a model that at-
tempted to resolve the inherent contradictions of the
glymphatic hypothesis by postulating that a low-resis-
tance intracellular pathway could provide an alternate
route for a modest contribution of AQP4 to bulk flow
in the parenchyma. Similar to our findings, they con-
clude that the water permeability of endfeet does not
make an important contribution to advective flow from
the paravascular to parenchymal space. Quantitative
differences between our findings can be attributed to
the choice of structural parameters, including an ECS
width of 20 nm used by Asgari et al. (2015) (vs. 20-80
nm as discussed here) and an astrocyte process width of
500 nm, instead of the 50-200 nm as observed for fine
astrocytic processes where gap junction coupling occurs
(Lavialle et al., 2011); additionally, the one-dimensional
model of Asgari et al. (2015) does not take into account
the effect of solute dilution in creating an osmotic
gradient that counters pressure-driven flow into cells,
which is accounted for in the spatial model used here.
We have not specifically addressed the relative impor-
tance of intracellular and extracellular advective flow
deeper in the parenchyma where parenchymal AQP4
may play a role in diverting advective flow from the ex-
tracellular pathway through an astrocyte intracellular
pathway (Asgari et al., 2015); however, we believe that
similar geometric considerations may limit the impor-
tance of this pathway for pressure-driven advective flow.
It remains possible that interactions between AQP4 and
gap junction—coupled cells are important for redistri-
bution of osmotic loads in the brain. The contradictory
results generated by modeling and experiment suggest
the need for further experimental investigation of the
mechanisms underlying the proposed contribution of
AQP4 to paravascular/parenchymal solute exchange.

Several limitations of our model are noted; first,
diffusion and advection in brain ECS was modeled in
two dimensions rather than three dimensions because
of practical limitations on computational power. One
of the limitations of a two-dimensional model is the
reduction in degrees of freedom for fluid transport.
In a three-dimensional model, the permeability may
be slightly larger than in the two-dimensional model,
as fluid has another dimension to escape tight obsta-
cles. We have attempted to account for this by using
a parenchymal structure chosen to closely approxi-
mate the likely resistance encountered to advective
flow in a three-dimensional network of tunnels (Kin-
ney et al., 2013). On a macroscopic level, we believe
that a two-dimensional approximation is valid, as a
single slice provides a reasonable approximation of
the three-dimensional volume because of the per-
pendicular arrangement of arterioles and venules,
within the cortex.

Second, the brain ECS boundaries defined by Voro-
noi cells were taken as noncompliant, which is justified
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because high pressure differences are required to pro-
duce small deformations in brain structure (Dutta-Roy
etal., 2008). Third, we use an idealized arrangement of
arterioles and venules in the parenchyma that might
not capture the effects of local alterations in vascular
density. Fourth, we have assumed that advection in the
paravascular spaces is sufficient to effectively clamp sol-
ute concentrations in these regions, which may not be
the case for the paravascular spaces surrounding small
vessels where transport of water and solutes across end-
feet could alter the composition of the paravascular
fluid. Finally, the astrocyte endfeet were taken as single
barriers with uniform water permeability, which could
underestimate the actual hydraulic resistance of end-
feet, though the computations performed using a wide
range of Py support the robustness of the conclusions.
We have specifically modeled short-range convection
between descending arterioles and ascending venules
in the cortical brain parenchyma in this study, as sug-
gested by the in vivo imaging experiments of Iliff et al.
(2012). Advection clearly plays a role in long-range
transport through the brain (Ichimura et al., 1991);
however, this is generally assumed to be entirely through
the paravascular spaces (Abbott, 2004) or along white
matter tracts (Rosenberg et al., 1980). As mentioned in
the second paragraph of the discussion, long-range,
slow convection through parenchymal gray matter to-
ward the deep cerebral veins seems unlikely based on
theoretical concerns.

In summary, the modeling here does not support sig-
nificant advective, glymphatic transport of solutes from
the para-arterial space, through the parenchymal ECS,
into the paravenous space. Our modeling supports the
long-standing idea that diffusion is the primary deter-
minant of solute movement in brain ECS under physio-
logical conditions and that water permeability of
astrocyte endfeet is the major determinant of osmoti-
cally driven, solute-free water transport into and out of
the brain. Though significant advective transport in the
parenchymal ECS is unlikely under physiological condi-
tions according to the modeling, pressure-driven fluid
advection, as occurs with convective drug delivery, can
greatly enhance drug delivery to brain ECS, as sug-
gested from the simulations in Fig. 2 C. Our findings
thus mandate reexamination of the glymphatic mecha-
nism and its implications in brain physiology and disease.
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