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Application of fluorescent dextrans to the brain
surface under constant pressure reveals
AQP4-independent solute uptake

Alex ). Smith2@®, Gokhan Akdemir?, Meetu Wadhwal, Dan Song?®, and Alan S. Verkman?

Extracellular solutes in the central nervous system are exchanged between the interstitial fluid, the perivascular
compartment, and the cerebrospinal fluid (CSF). The “glymphatic” mechanism proposes that the astrocyte water channel
aquaporin-4 (AQP4) is a major determinant of solute transport between the CSF and the interstitial space; however, this is
controversial in part because of wide variance in experimental data on interstitial uptake of cisternally injected solutes. Here,
we investigated the determinants of solute uptake in brain parenchyma following cisternal injection and reexamined the role of
AQP4 using a novel constant-pressure method. In mice, increased cisternal injection rate, which modestly increased
intracranial pressure, remarkably increased solute dispersion in the subarachnoid space and uptake in the cortical perivascular
compartment. To investigate the role of AQP4 in the absence of confounding variations in pressure and CSF solute
concentration over time and space, solutes were applied directly onto the brain surface after durotomy under constant
external pressure. Pressure elevation increased solute penetration into the perivascular compartment but had little effect on
parenchymal solute uptake. Solute penetration and uptake did not differ significantly between wild-type and AQP4 knockout
mice. Our results offer an explanation for the variability in cisternal injection studies and indicate AQP4-independent solute

transfer from the CSF to the interstitial space in mouse brain.

Introduction

Exchange of solutes between subarachnoid cerebrospinal fluid
(CSF) and brain interstitial fluid (ISF) via the perivascular
compartment, which has long been recognized, has important
implications for brain physiology, pathology, and drug delivery
(Abbott, 2004; Bakker et al., 2016; Pizzo et al., 2018). To enter
the brain, solutes injected into the CSF initially disperse in the
subarachnoid space and then cross the pia or the arterial sheath
via pores (stomata) between the leptomeningeal cells (Zervas
et al.,1982; Pizzo et al., 2018). Solutes can then be transported
deeper into the brain via periarterial spaces and cross the
basement membrane and glial endfoot layer for entry into the
parenchyma (Ichimura et al., 1991; Iliff et al., 2012; Kutuzov
et al., 2018; Pizzo et al., 2018). Solutes in the parenchymal in-
terstitial space can be cleared to the subarachnoid space via
the periarterial spaces (Albargothy et al., 2018), and possibly the
perivenous spaces (Iliff et al., 2012). Controversy exists regard-
ing the barriers to solute uptake by the perivascular pathways,
the direction and rate of solute transport in the perivascular
compartment, and the relative contributions of diffusive and

advective solute transport in the parenchyma (Iliff et al., 2012;
Hladky and Barrand, 2014; Smith and Verkman, 2018; Abbott
et al,, 2018).

The “glymphatic” mechanism (Iliff et al., 2012; Nedergaard
2013) posits that solute exchange between CSF and ISF involves
the astrocyte water channel aquaporin-4 (AQP4), which has
been proposed to regulate advective flow of CSF through the
brain parenchyma from periarterial to perivenular spaces.
Modeling studies have reported that the hydraulic resistance of
brain parenchyma is far too high for significant advective
transport (Jin et al., 2016; Holter et al., 2017). Experimental
studies have demonstrated that clearance of interstitial solutes
occurs via the periarterial spaces (Albargothy et al., 2018) or the
ventricles (Rosenberg et al., 1980; Bedussi et al., 2015) and that
injected tracers are not seen surrounding the walls of veins
(Carare et al., 2008). Additionally, we showed that solute move-
ment in parenchyma is diffusive and nondirectional (Smith et al.,
2017), in agreement with longstanding theories on extracellular
transport in brain parenchyma (Sykovéa and Nicholson, 2008).
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Nonetheless, a role for AQP4 in perivascular solute movement
is conceivable given its prominent enrichment at the adluminal
face of astrocyte endfeet (Verbavatz et al., 1997; Rash et al.,
1998).

Experimental studies to investigate the contribution of AQP4
to solute exchange between the CSF and brain interstitium fol-
lowing injection of solutes into the cisterna magna of mice have
generated results that diverge widely in both the basal extent of
solute uptake and the effect of AQP4 deletion (Iliff et al., 2012;
Smith et al., 2017; Mestre et al., 2018a; see Discussion). This
experimental variation has been attributed to a variety of fac-
tors, including choice of anesthetic, animal background strain,
fixation conditions, and other technical factors. Here, we report
an additional source of experimental variability: the effect of
solution injection conditions, including injection rate and fluid
volume, on the temporal and spatial pattern of solute uptake. We
found that higher injection rates remarkably enhanced the dis-
persal of solutes in the subarachnoid space and increased solute
uptake at the cortical surface, and that elevated intracranial
pressure (ICP) increased perivascular solute uptake. In addition,
a novel external constant-pressure approach, which does not
suffer from the confounding factors of cisternal injection, clar-
ified the role of pressure on solute delivery from CSF to brain
interstitium and provided additional evidence against the in-
volvement of AQP4 in this process.

Materials and methods

Animals

Experiments were performed on wild-type and AQP4 knockout
mice (Ma et al., 1997; Manley et al., 2000) bred on a CD1 back-
ground at age 6-10 wk. All animal procedures were approved by
the University of California, San Francisco Institutional Animal
Care and Use Committee.

Materials

Fixable fluorescent dextrans (FITC, 2,000 kD; TRITC, 70 kD;
Alexa Fluor 647, 10 kD; Molecular Probes) were dissolved at
10 mg/ml in artificial CSF (aCSF), stored as frozen aliquots at
-70°C, and diluted with aCSF to specified concentrations before
use. Antibody sources were as follows: CD31 antibody (550274;
BD PharMingen), o smooth muscle actin antibody (NB300-
97855; Novus Biologicals), and fluorophore-labeled secondary
antibodies (Molecular Probes). Other chemicals were from
Sigma-Aldrich.

Cisternal injections

Mice were anesthetized with ketamine (100 mg/kg) and xyla-
zine (10 mg/kg) and immobilized on a stereotaxic frame, and the
dura overlying the cisterna magna was surgically exposed. Deep
anesthesia was maintained throughout the experiments with
additional small doses of ketamine as needed. A 30-g needle
attached to a syringe pump via polyethylene tubing, which was
preloaded with the specified volume and concentration of sol-
utes, was inserted into the cisterna magna and cemented in place
with cyanoacrylate glue. In experiments where solutes were
chased with aCSF, a small bubble (~0.2 ul) was used to separate
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the solute solution from the aCSF to prevent mixing. At the end
of injections, the tubing was heat cauterized to prevent back-
flow, and the needle was left in place. Mice remained immobi-
lized on the stereotaxic frame for 25 min after injection and
were then removed from the frame and transported to a fume
hood for transcardial perfusion fixation. Perfusion was initially
with cold, heparinized PBS for 3 min, and then with 4% para-
formaldehyde in PBS for a further 12 min. The total interval
between the removal of mice from the stereotaxic frame to the
arrival of fixative in the brain was estimated at 5 min. After
perfusion, brains were removed and placed in 4% paraformal-
dehyde overnight before sectioning.

Direct solute application to the brain surface

Mice were anesthetized with ketamine and xylazine and im-
mobilized on a stereotaxic frame. A 2-3-mm-diameter parietal
hole was cut with a microdrill and carefully removed to expose
the dura. The dura was then surgically removed using the tip of
a 24-g needle, and a drop of aCSF was placed over the cranial
hole to maintain tissue hydration. A 5-ml polystyrene serological
pipette, which was trimmed at the end to increase its diameter
to ~5 mm, was placed over the hole and cemented in place with
cyanoacrylate glue followed by dental cement. 0.5 ml of aCSF
containing the three fixable fluorescent dextrans was then
loaded into the tip, followed by a covering of high-density
(0.86 mg/ml) mineral oil (330760; Sigma-Aldrich) of appropri-
ate height to generate specified hydrostatic pressures. The col-
umn was left in place for 30 min and then carefully drained and
removed. Mice were then removed from the stereotaxic frame,
and brains were fixed by transcardial perfusion as described
above for cisternal injections.

Sample preparation and imaging

Fixed brains were cut as 100-pm coronal slices using a vi-
bratome and imaged by confocal microscopy as described
previously (Smith et al., 2017). For costaining with vascular
markers, 20-um-thick frozen sections were cut and stained
with the antibodies and mounted on slides for imaging by
confocal microscopy.

Image analysis

The fractional surface coverage by fluorescent solute was de-
termined by measuring the fraction of the total fluorescently
stained circumference in coronal sections. The fraction of the
area labeled with fluorescent dextran was determined by gray
level thresholding of each image at a fixed value, followed by
division of the thresholded area by total slice area. The extent of
cortical perivascular dye penetration was determined by mea-
suring the distance of the farthest labeled vessel from the sur-
face. The extent of parenchymal dye penetration across the pial
layer was determined by measuring the intensity profile along a
box perpendicular to the brain surface and measuring the dis-
tance at which fluorescence fell to half of its initial value (Smith
et al., 2017). Thresholding and image measurements was done
using Fiji software; graphing and statistical analysis were done
with GraphPad Prism software.
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ICP measurement

Mice were anesthetized with ketamine and xylazine and im-
mobilized on a stereotaxic frame. A 0.9-mm-diameter burr hole
was made above the striatum, and a 1-F pressure transducer
(Millar Research Products) connected to a PC recording system
via an amplifier and digitizer (Biopac Systems Inc.) was lowered
1 mm into the brain and cemented in place. A 30-g needle was
inserted into the cisterna magna, and aCSF was infused at
specified rates using a syringe pump. Recordings were made for
a 10-min baseline period, 30 min during fluid infusion, and
20 min during recovery. The average steady-state pressure el-
evation during the first 10 min of infusion was determined from
the pressure traces.

In vivo imaging

For imaging through intact skull, mice were anesthetized and
immobilized on a stereotaxic frame, and the skin overlying the
skull was removed. The head was imaged with a charge-coupled
device camera on a dissecting microscope at a frame rate of
0.1 Hz using reflected white light illumination. aCSF containing
Evans blue (EB) dye was infused by cisternal injection at spec-
ified rates after a 10-min baseline imaging period. The change
in image intensity, normalized to initial intensity, due to the
presence of EB was then computed.

Online supplemental material

Raw image sequences from representative in vivo imaging
experiments were annotated in Fiji and saved as video files.
Conversion to MP4 format was done with multimedia software
(VLC Media Player). Video 1 and Video 2 show EB dispersal at
the brain surface following low- and high-volume injection,
respectively.

Results

High-volume cisternal injection increases solute uptake in
brain

Experimental measurements of solute uptake in brain after in-
jection into the CSF at the cisterna magna have substantial
variability (Iliff et al., 2012; Smith et al., 2017; Mestre et al.,
2018a). To investigate whether the rate of cisternal fluid injec-
tion is an important determinant of parenchymal solute uptake,
we first compared fixed amounts of fluorescent dextrans (10, 70,
and 2,000 kD) injected slowly (5 ul at 0.5 pl/min) or diluted into
a 10-fold greater volume and injected over the same time period
(50 wl at 5 pl/min; Fig. 1 A, left). Greatly increased fluorescent
dye staining was seen in coronal sections of brain with the high-
volume fluid injection, with notably increased uptake at the
dorsal surface of the brain and in deeper brain regions (Fig. 1 A,
right).

Quantitative analysis of brain sections from different mice
revealed fluorescence over ~90% of the brain surface with the
high-volume injections (Fig. 1 B, left). Staining was substantially
reduced with the low-volume injections and was not seen on the
dorsal surface of the brain, indicating poor dispersal of fluorescent
dyes in the subarachnoid space. To quantify fluorescent dye entry
into the perivascular compartment, images were thresholded at a
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level where only perivascular staining was included, and the
fractional fluorescently labeled area was determined (Fig. 1 B,
right). The fractional-labeled area was much greater with the
high-volume injection. Fluid injection at the lower rate had little
effect on ICP, whereas injection at the higher rate increased ICP
by ~8 mmHg (Fig. 1 C). As solutes may be rapidly cleared to
lymphatics at the base of the brain (Ahn et al,, 2019; Ma et al,,
2019), we also investigated the effect of infusing a high volume of
dye-free fluid after a low-volume dye injection. Dyes were
injected slowly (5 wl at 0.5 wl/min) and then chased with ei-
ther a high (50 wl at 5 pl/min) or low (5 ul at 0.5 pl/min)
volume of aCSF (Fig. 1 D). The high-volume chase significantly
increased fluorescent staining of brain sections, demonstrat-
ing that the dyes remained in the CSF after the low-volume
injection (Fig. 1, D and E). These results demonstrate that
transfer of solutes from the CSF to the brain parenchyma is
highly sensitive to injection conditions.

Further studies investigated the mechanism of solute entry in
brain with the high- and low-volume injections. Measurements
were made in the piriform cortex, where solute accumulation
was seen with both the low- and high-volume injections (Fig. 2
A). Previously, we and others reported that solute uptake in
the perivascular compartment is independent of solute size,
whereas parenchymal uptake is highly size dependent (Iliff
et al., 2012; Smith et al., 2017), suggesting that solute trans-
port in the parenchyma is primarily diffusive. This result was
seen with the low-volume injections, in which all three dex-
trans penetrated comparably into the proximal perivascular
compartment but penetrated in a size-dependent manner into
the parenchyma (Fig. 2, A and B). For the high-volume in-
jections, each of the solutes was again taken up in the peri-
vascular compartment and visible around both large and small
vessels, and penetration into parenchyma was size dependent.
High-volume injections increased perivascular penetration of
each of the three dextrans by approximately fourfold compared
with low-volume injections, although penetration into paren-
chyma was minimally affected, with significant increase seen
only for the smallest dextran. Dextran uptake under both
conditions was limited to the periarterial spaces and capillaries,
as accumulation was not seen in ascending cortical venules
(Fig. 2 C). High-volume injection thus increases solute uptake
in the perivascular compartment without altering the size de-
pendence of uptake in the parenchyma or inducing CSF flow
into the perivenular spaces.

Increased solute dispersion in the subarachnoid space
following high-volume injection

As fixation may alter the distribution of labeled solutes in the
CSF and brain (Ma et al., 2019), real-time brain surface imaging
was done following cisternal injections of EB dye. With low-volume
injections, EB appeared very slowly over the brain surface and
preferentially accumulated in caudal areas, whereas with high-
volume injections EB rapidly accumulated in all areas (Fig. 3 A,
left panels; Video 1; and Video 2). Image intensity within cir-
cular regions along the rostrocaudal axis (normalized to relative
to initial intensity; Fig. 3 A, right) revealed that high-volume
injections increased both the rate at which EB appeared at
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Figure 1. Cisternal injection volume is an important determinant of solute uptake in brain. (A) Left: Low- and high-volume injection protocols in which a
fixed amount of fluorescent dextran dissolved in 5 ul (1x dye) or 50 pl (0.1x dye) of aCSF was injected over 10 min. Mice were sacrificed by perfusion fixation
30 min after injection. Right: Fluorescence images showing the distribution of 70-kD fluorescent dextran in brain sections at low resolution (left images), with
higher-magnification images in the boxes marked (i)-(iii) (right images). (B) Left: Fraction of brain surface covered by dye (n = 6-7 mice; *, P = 0.0004, t test).
Right: Fraction of brain area labeled with dextran (*, P = 0.0063, t test). (C) Left: ICP during cisternal aCSF injections at 0.5 and 5 pl/min. Right: Mean change in
ICP during injections (n = 4-5; *, P = 0.0002, t test). (D) Left: Low- and high-volume chase injection protocols, with 5 pl of dye-containing solution injected over
10 min and then chased with 5 or 50 ul aCSF over 10 min. Right: Fluorescence images showing the distribution of 70-kD fluorescent dextran. (E) Left: Fraction
of the brain surface covered by dye with low- and high-volume chase protocols (n = 7-8 mice; *, P = 0.0002, t test). Right: Fraction of brain area covered by dye
(*, P = 0.0056, t test).

the brain surface and the peak amount of EB (Fig. 3 B). Whena extent of solute dispersion in the perivascular compartment as
low-volume EB injection was followed by a high volume of aCSF  determinants of solute uptake in brain parenchyma, we re-
(as in Fig. 1 D), EB dispersal was greatly increased by the aCSF  examined the role of AQP4 in parenchymal solute uptake using
chase (Fig. 3 C). These results are consistent with the distri- high-volume cisternal injections and direct solute application.
bution of fluorescent dextrans observed at the brain surfacein ~ Solute uptake following high-pressure cisternal injections was
fixed samples and demonstrate that dispersal of cisternally similar in wild-type and AQP4 knockout mice (Fig. 4 A), with
injected solutes in the CSF is highly dependent on injection quantitative analysis showing no significant differences in either
conditions. the extent to which fluorescent dextrans covered the brain

A major tenet of the glymphatic hypothesis is AQP4- surface or the area of uptake as determined by thresholding
dependent solute movement from CSF to brain parenchyma. (Fig. 4 B). The extent and size dependence of fluorescent dex-
Having demonstrated the effects of injection volume and the tran accumulation in the cortical parenchyma and perivascular
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Figure 2. Routes of fluorescent dextran en-
try into the brain from CSF. (A) Left: Distri-
bution of 70-kD dextran in brain after low- and
high-volume cisternal injections. Center and right:
Fluorescence images of the boxed regions at
the left, showing the distribution of 2,000-kD
FITC dextran, 70-kD TRITC dextran, and 10-kD
Alexa Fluor 647 dextran in brain perivascular
space and parenchyma. (B) Left: Depth of dye
penetration into the perivascular spaces of cor-
tex (n = 6 mice, *1, P = 0.0074; *2, P = 0.0165;
*3, P = 0.0188, repeated-measures two-way
ANOVA with Bonferroni posttest). Differences
with dextran size not significant. Right: Depth of
dye penetration into parenchyma (*, P = 0.0451;
ns? P > 0.999 ns3 P > 0.999, repeated-
measures two-way ANOVA with Bonferroni
posttest). (C) Routes of solute uptake of cister-
nally injected 70-kD TRITC dextran, counter-
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compartment were also not significantly altered by AQP4
deletion.

Direct application of fluorescent dextrans to the brain surface
under constant pressure

Because of the complex time-, pressure-, and location-dependent
effects following cisternal solute injections, an approach was
developed to continuously apply a specified concentration of
solute at the brain surface at a specified pressure. After crani-
otomy and removal of a small area of the dura covering the
cortex, a plastic pipette containing aCSF with dissolved fluores-
cent dextrans, with an overlying oil layer, was glued to form a

Smith et al.
AQP4-independent solute uptake in brain

watertight cylindrical reservoir over the craniotomy (Fig. 5 A).
After durotomy, the pia at the brain surface was intact, without
evidence of swelling or inflammation (Fig. 5 B). A small volume
(300 pl) of aCSF containing fluorescent dextrans contacted the
brain surface and was overlaid with a 0.5- or 30-cm column of
high-density mineral oil (0.85 g/ml, equivalent to 0.3 or 18.7
mmHg) to clamp pressure.

Under the low-pressure condition, there was limited and
size-dependent fluorescent dextran uptake at the brain surface,
without apparent accumulation in the perivascular compart-
ment (Fig. 5 C, top). In contrast, under the high-pressure con-
dition, fluorescent dextran was seen in both the perivascular
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compartment and the parenchyma (Fig. 5 C, bottom). Analysis of
fluorescence as a function of distance from the brain surface
showed size-dependent parenchymal dextran accumulation un-
der both conditions (Fig. 5 D). Analysis of the extent of
perivascular uptake demonstrated robust, size-independent
perivascular dextran penetration under the high-pressure
condition, but little perivascular uptake under the low-
pressure condition (Fig. 5 E, left). Size-dependent parenchy-
mal dye uptake was observed under both conditions, with
significantly increased penetration of the 10-kD dextran under
the high-pressure condition (Fig. 4 E, right). These results
demonstrate that direct solute application to the brain surface
can result in uptake in both parenchymal and perivascular
compartments if solute is applied at sufficiently high pressure.

AQP4 deletion in mice does not affect pressure-driven
fluorescent dextran accumulation in brain

Lastly, we applied fluorescent dextrans directly onto the brain
surface under constant pressure to investigate the role of AQP4 on
solute uptake under conditions in which dextran concentration
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10 min

and pressure at the brain surface are held constant. Similar pa-
renchymal and perivascular uptake was observed in slices pre-
pared from wild-type and AQP4 knockout mice following direct
fluorescent dextran application to the brain surface (Fig. 6 A). No
significant differences were seen in the extent of parenchymal or
perivascular fluorescent dextran uptake in wild-type versus AQP4
knockout mice (Fig. 6 B). These results provide further support
for the conclusion that AQP4 is not required for uptake of CSF
solutes in the brain.

Discussion

The original aim of this study was to identify the sources of
variability in experimental studies of solute movement from CSF
to ISF in brain following cisternal fluid injection. This work was
motivated by the ongoing controversy over the existence of a
glymphatic system in brain, whose major tenet is AQP4-
dependent, advective transport of solutes into and through the
ISF space. Our results suggest that the high variability of solute
uptake into the interstitial space following cisternal injection is
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Figure 4. AQP4 deletion does not alter the
distribution of fluorescent dextrans in brain
following high-volume cisternal injection. (A) Left:
Low-magnification images showing distribution of
70-kD dextran. Right: High-magnification images
showing distribution of 2,000-, 70-, and 10-kD
fluorescent dextrans in brain cortex after high-
volume injection in wild-type (AQP4*/*) and
AQP4 knockout (AQP4~/~) mice. (B) Top: Frac-
tion of brain surface labeled with dextrans
(eight mice per genotype; n.s., not significant,
P = 0.9616, t test). Bottom: Fraction of brain
covered with perivascular label after thresh-
olding (eight mice per genotype, n.s., not sig-
nificant, P = 0.6969, t test). (C) Distance of dye
penetration in parenchyma and perivascular
spaces in animals fixed 30 min after cisternal
injection (differences between genotypes are not
signiﬂcant at P > 0.999, repeated-measures two-
way ANOVA with Bonferroni posttest; n = 8 mice
each).
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the consequence of variable solute exposure at the pial surface,
which depends on injection conditions and anatomy in a com-
plex time-, space-, and pressure-dependent manner. These
findings offer an explanation for the marked variability in brain
solute uptake observed following cisternal injection. To avoid
the confounding sources of variability in cisternal injection ex-
periments, we developed a constant pressure and concentration
approach to investigate solute transfer from CSF to the ISF
compartment. As discussed below, these experiments clarified
the mechanisms of solute transport in brain and permitted di-
rect examination of the role of AQP4 in solute transport.

We found that high injection volumes were required to ef-
fectively disperse solutes in the subarachnoid space, implying
that endogenous CSF flow does not efficiently move solutes from
the ventral to dorsal surfaces of the brain before they are
cleared. This finding is consistent with MRI studies showing that
tracers do not accumulate at the dorsal surface of mouse brain
following cisternal injection (Lee et al., 2018), and with studies
demonstrating enrichment of meningeal lymphatics and rapid
solute clearance at the ventral surface of the mouse brain (Ahn
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et al., 2019). Peristaltic solute movement around vessels in the
subarachnoid space at the dorsal surface of the mouse brain has
been observed and proposed to link long-range solute transport
in the subarachnoid space with entry into the brain (Bedussi
et al., 2018; Mestre et al., 2018b). However, this concept has
been challenged on the basis that the observed transport is likely
in the subarachnoid space surrounding vessels and not within
the vessel wall itself (Smith and Verkman, 2019). Our findings
demonstrate that significant dispersal during injection is re-
quired for solute to reach the dorsal surface of the brain, im-
plying that paravascular peristalsis alone is not sufficient for
long-range transport of solutes from the cisterna magna to the
brain surface. These findings support computational and ex-
perimental studies demonstrating that high-volume injections
are required for drug dispersal in the CSF and brain uptake
following intrathecal injection (Tangen et al., 2017; Tangen et al.,
2020), in which lower-volume injections resulted in localized
drug uptake and rapid clearance to the periphery.

In addition to injection speed and volume, other experi-
mental factors that alter CSF movement and solute dispersal
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Figure 5. Parenchymal and perivascular uptake of fluorescent dextrans applied directly to the brain surface under constant pressure conditions.
(A) Experimental setup in which dyes in a cylindrical pipette with overlying layer of oil contact the brain surface to clamp pressure at a specified value.
(B) Hematoxylin and eosin staining of brain following craniotomy and durotomy. p, pia; s, skull. The enlarged subarachnoid space is a tissue-processing artifact.
(C) Left: Distribution of 70-kD fluorescent dextran uptake in brain after 20-min application at low and high pressures. Right: Distribution of 2,000-, 70-, and
10-kD fluorescent dextrans in the boxed region at the left. (D) Fluorescence of each dye from the brain surface along the rectangular areas shown in C
normalized to the intensity at the brain surface. (E) Depth of dye penetration in the perivascular and parenchymal spaces of the cortex following 30 min of

direct application at low or high pressure. (*1-3, P < 0.001; n.s.23, P > 0.999, repeated-measures two-way ANOVA with Bonferroni posttest).

following injection can influence the extent of solute uptake in
brain, which may explain the substantial variability in published
experimental results. These factors include injection pipette tip
size, consequent injection velocity, and the angle of the pipette
during injection. Pulsed pressure injection, in which solute is
injected in short bursts at a fixed duty cycle (Smith et al., 2017),
is expected to increase solute dispersal in the CSF and uptake in
the brain when compared with constant flow injection (current
study). Animal posture is also an important determinant of CSF/
ISF exchange (Lee et al,, 2015) and additional factors, such as the use
of mechanical ventilation during anesthesia, may have marked ef-
fects on dye dispersal in the subarachnoid space. It remains unclear
if ICP elevation directly alters the transport of solutes from CSF to
the interstitial space, as sustained pressure gradients between CSF
and ISF are not observed experimentally (Penn et al., 2005); how-
ever, transient pressure differences or secondary effects of ICP el-
evation on vascular function might increase solute penetration in
the CSF (Kedarasetti et al., 2020; Vinje et al., 2020).

Smith et al.
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As originally proposed, the glymphatic mechanism hypothe-
sized an advective “cleansing flow” from periarterial to perivenular
spaces through brain parenchyma involving AQP4-dependent fluid
transport across astrocyte endfeet (Nedergaard, 2013). This mech-
anism was based on measurements of solute uptake in brain pa-
renchyma following cisternal injections in four wild-type and four
AQP4 knockout mice (Iliff et al., 2012). As mentioned in the Intro-
duction, the glymphatic mechanism remains highly controversial
(Hladky and Barrand, 2014; Smith and Verkman, 2018; Abbott et al.,
2018), and it is now widely accepted that trans-astrocytic paren-
chymal convection has been largely disproven by experimental and
modeling studies (Thomas, 2019; Mestre et al., 2020); however,
whether AQP4 plays a role in CSF/ISF exchange remains disputed.
Studies using cisternal injections to investigate the involvement of
AQP4 in transporting solutes from CSF into the brain have gener-
ated remarkably variable results. Initial studies (Iliff et al., 2012)
suggested that AQP4 is required for solute flow through and around
endfeet following cisternal injection, but not for transport in the
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perivascular compartment. We subsequently reported failure to
detect an effect of AQP4 deletion on brain uptake of cisternally
injected CSF solutes (Smith et al., 2017), which was later challenged
by work from a consortium of authors reporting to have replicated
the AQP4-dependent effect (Mestre et al., 2018a). Their results
suggested (a) very limited parenchymal solute uptake with some
sensitivity to Aqp4 deletion (University of Rochester group, Riken
group); (b) alterations in the extent of perivascular solute transport
(Northern Michigan University group); (c) failure of intrathecally
injected dyes to reach the cortical surface in AQP4-deficient mice
(University of North Carolina group); and (d) a small effect of Aqp4
deletion on solute penetration in the cortex (Riken group). Notably,
in no case was the dramatic reduction in brain uptake of CSF solutes
by AQP4 deficient mice reported by Iliff et al. (2012) reproduced.
Our results suggest that the variability in basal solute uptake ob-
served in the different laboratories may be attributed to differences
in the technical details of cisternal injections.

The data here demonstrate that AQP4 is not required for
parenchymal uptake of solutes from the CSF in mouse brain,
even under conditions where extensive solute uptake occurs. As
a caveat, we cannot exclude the possibility that water transport
via AQP4 may have secondary effects on solute exchange be-
tween the CSF and ISF under different experimental conditions,
for example when the injected solution is anisosmolar with re-
spect to the ISF. Additionally, as in previous studies where the
AQP4 sensitivity of parenchymal solute uptake was determined
(Tliff et al., 2012; Smith et al., 2017; Mestre et al., 2018a), we have
relied on bulk measurements of solute uptake in the cortex to
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Figure 6. AQP4 deletion does not alter the distri-
bution of fluorescent dextrans in brain following
direct application under constant pressure. (A) Im-
ages showing distribution of 2,000-, 70-, and 10-kD
fluorescent dextrans in brain cortex after direct sur-
face application in wild-type and AQP4 knockout mice.
(B) Left: Quantification of dye penetration in the peri-
vascular spaces in mice of each genotype (n.s.%? P >
0.999; n.s.3, P = 0.986, repeated-measures two-way
ANOVA with Bonferroni posttest; n = 5 AQP4*/* and 6
AQP4~/~ mice). Right: Quantification of dye penetration
in the parenchyma in mice of each genotype (n.s.3, P >
0.999; n.s.?, P = 0.922, repeated-measures two-way
ANOVA with Bonferroni posttest; n = 5 AQP4*/* and 6
AQP4~'~ mice).
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determine the AQP4 sensitivity of brain solute uptake, which are
unable to distinguish solute transport from the perivascular
spaces into the parenchyma from transport directly across the
pia and glia limitans. Despite AQP4 being similarly enriched at
perivascular endfeet and the glia limitans, it remains possible
that AQP4 might function differently in regulating parenchymal
solute uptake across these structures. In summary, our studies
demonstrate that uptake of solutes in brain following cisternal
injection is highly sensitive to injection conditions and conse-
quently artifact prone, and thus not well suited to mechanistic
studies.
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Supplemental material

Video 1. Imaging of EB dispersal at the brain surface following low-volume injection (10% EB at 0.5 pl/min). Imaging was at 0.1 Hz for 45 min. Cisternal
injection was from 5 to 15 min. Videos were accelerated to 27 frames/s.

Video 2. Imaging of EB dispersal at the brain surface following high-volume injection (1% EB at 5 ul/min). Imaging was at 0.1 Hz for 45 min. Cisternal
injection was from 5 to 15 min. Videos were accelerated to 27 frames/s.
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