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SUMMARY

Glymphatic fluid transport eliminates metabolic waste from the brain including amyloid-B, yet the methodol-
ogy for studying efflux remains rudimentary. Here, we develop a method to evaluate glymphatic real-time
clearance. Efflux of Direct Blue 53 (DB53, also T-1824 or Evans Blue) injected into the striatum is quantified
by imaging the DB53 signal in the vascular compartment, where it is retained due to its high affinity to albu-
min. The DB53 signal is detectable as early as 15 min after injection and the efflux kinetics are sharply reduced
in mice lacking the water channel aquaporin 4 (AQP4). Pharmacokinetic modeling reveal that DB53 efflux is
consistent with the existence of two efflux paths, one with fast kinetics (T4,2 = 50 min) and another with slow
kinetics (T1,2 = 240 min), in wild-type mice. This in vivo methodology will aid in defining the physiological vari-

ables that drive efflux, as well as the impact of brain states or disorders on clearance kinetics.

INTRODUCTION

Biological activity generates metabolic waste. In peripheral tis-
sues, waste is exported primarily by the lymphatic system for re-
cycling in the liver or excretion by the kidney (Miller and Inker,
2020; Rabinowitz and Enerbéack, 2020; Vilstrup, 1980). The brain
is devoid of lymphatic vessels, and as such clears waste by
glymphatic fluid transport (lliff et al., 2013a; lliff and Nedergaard,
2013). Our current understanding of brain fluid transport is that
cerebrospinal fluid (CSF) enters the glymphatic system along
periarterial spaces, mixes with interstitial fluid in the paren-
chyma, and exits the brain via multiple routes, including perive-
nous spaces, arachnoid granulations, cranial and spinal nerves,
and meningeal lymphatic vessels, which all drain into the cervical
lymphatic vasculature (Benveniste et al., 2017b). Several of the
functional and anatomical details of brain fluid transport were
already described decades ago (Rennels et al.,, 1985, 1990).
Yet, it was the finding that amyloid-f is cleared by the glymphatic
system (lliff et al., 2012; Peng et al., 2016) that articulated a func-
tional role of brain fluid transport and a renewed interest in the
topic (Abbott et al., 2018; Hladky and Barrand, 2014; Rasmussen
et al., 2021).

CSF influx along periarterial spaces in vivo has been docu-
mented using multiple approaches including two-photon micro-
scopy (lliff et al., 2012; Kress et al., 2014; Mestre et al., 2018b; Xie
et al., 2013), macroscopic transcranial fluorescent imaging (Ha-
blitz et al., 2019, 2020; Kress et al., 2014; Peng et al., 2016),
contrast-enhanced MRI (Davoodi-Bojd et al., 2019; lliff et al.,
2013a; Lee et al.,, 2015; Ringstad et al.,, 2017, 2018), and
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MREG (Kiviniemi et al., 2016). In contrast, little information exists
on the pathways and kinetics of efflux of interstitial fluid and sol-
utes. Most studies measure solute clearance from brain by intra-
parenchymal injection of fluorescent or radioactive tracers fol-
lowed by quantification of tracer remaining in the brain as a
function of time (Cserr et al., 1981; Groothuis et al., 2007; lliff
et al.,, 2012; Kress et al., 2014; Peng et al., 2016; Xie et al.,
2013). This approach requires that the brains of a large number
of animals are harvested at discrete time points. Here, we
develop a method to assess the kinetics of in vivo glymphatic
efflux in real-time in individual mice.

Direct Blue 53 (DB53; also named T-1824 or Evans Blue) is a
small (960 Da) blood-brain barrier (BBB) impermeable molecule
used extensively to assess the integrity of the BBB (Manaenko
et al., 2011; Reeve, 1957; Saria and Lundberg, 1983; Saunders
et al.,, 2014, 2015; Wolman et al., 1981). DB53 exhibits low
toxicity when used at high concentrations in humans (Dawson
et al., 1920; Evans and Schulemann, 1914; Giger et al., 1974).
Due to its high water solubility and affinity for albumin (Steinwall
and Klatzo, 1966; Wolman et al., 1981; Yen et al., 2013), DB53
remains in the circulation for at least 3 days post injection (Wol-
man et al., 1981; Yao et al., 2018). DB53 has a fluorescence exci-
tation peak at 620 nm and emission at 680 nm, a range of wave-
lengths with modest tissue auto fluorescence. Thus, the DB53
signal can be detected in vivo in blood vessels with a high
signal-to-noise ratio.

Here, we introduce a methodology that quantifies the kinetics
of DB53 efflux from the brain parenchyma by continuous mea-
surement of DB53 signal in the periphery (femoral vein). This

Cell Reports 40, 111320, September 13, 2022 © 2022 1

This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


mailto:maiken_nedergaard@urmc.rochester.edu
https://doi.org/10.1016/j.celrep.2022.111320
http://crossmark.crossref.org/dialog/?doi=10.1016/j.celrep.2022.111320&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/

¢ CellPress

OPEN ACCESS

approach enables the quantification of total DB53 efflux from the
parenchyma in vivo in a single animal, avoiding postmortem ar-
tifacts and sharply reduces the number of animals needed to
establish the temporal kinetics of glymphatic clearance. We
use this technique to test how the molecular size of the tracer
may restrict export from the brain and test the importance of
the water channel aquaporin 4 (AQP4) in DB53 efflux kinetics.
Pharmacokinetic modeling of the data provides insights into
the basic principles underlying brain clearance.

RESULTS

DB53 exhibits a dose-dependent and stable signal in the
vascular compartment

Pilot experiments showed that imaging of the exposed femoral
vein provided the highest DB53 signal relative to background
(tissue autofluorescence) compared with other vessels, such
as the tail vein. To evaluate the sensitivity of the clearance assay,
the DB53 fluorescent signal was first quantified at the femoral
vein using a slow rate of infusion (intravenously [i.v.], 0.2 ul/
min, 15 min), capturing an image every 5 min (Figure S1A). The
DB53 signal was detectable after injection of 1 uL DB53
(+218% from baseline, Figures S1B and S1C; Table S4) corre-
sponding to ~0.6 pg/mL DB53 in venous blood. The stability of
the DB53 signal was evaluated by i.v. delivery (3.0 uL, 0.1%
[w/v] bolus injection) through the contralateral femoral vein (Fig-
ure S1D). Baseline fluorescence (t = 0 min) was comparable
across all animals (Table S2). The DB53 signal reached
maximum value in less than 1 min and remained constant during
the 120 min imaging period (t = 30 min: 128.3 + 41.8 a.u,; t =
135 min: 142.3 = 36.8 a.u., Figures S1D and S1E; Table S4),
consistent with previous studies that have shown that the
DB583 signal is stable in blood (Connolly and Wood, 1954; Yao
etal., 2018). We also compared i.v. injection of DB53 with a poly-
meric tracer (fluorescein poly(ethylene glycol) [FITC-PEG] 1 kDa)
that is biologically inert and does not bind albumin (Roberts et al.,
2002). Both DB53 and FITC-PEG are detected in the vascular
compartment after i.v. injection, but FITC-PEG is rapidly cleared
from blood by kidney filtration and is therefore unusable as a
glymphatic clearance tracer (Figures S2A-S2E). These studies
showed that DB53 is detected in the vascular compartment
with high sensitivity, where it remains stable for hours after
injection.

DB53 freely distributes within the brain parenchyma

Unbound DB53 is relatively small (960 Da). This, combined with
the near absence of albumin in the brain parenchyma (Spector
et al., 2015), should allow DB53 to move freely in the brain. To
test this, we compared parenchymal distribution of DB53 with
FITC (389 Da), which is freely diffusible (Bedussi et al., 2015;
Binder et al., 2004; Naessens et al., 2021; Nicholson and Sykova,
1998; Nicholson and Tao, 1993; Simmons et al., 2018). DB53 and
FITC (both 0.25%) were co-injected via a micro-cannula in the
striatum (1 pL, 0.2 pL/min). Tracers were dispersed for 20 min
before the brain was rapidly harvested after decapitation
(<2 min), followed by preparation of vibratome sections and im-
aging to map the regional distribution of FITC and DB53 (Fig-
ure 1A). No significant differences were noted between DB53
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and FITC dispersion (Figure 1C, FITC: 8.9% + 1.0% area,
DB53: 6.5% + 3.4% area, Table S1), or their radial distribution
from the injection site (Figure 1D, FITC: 82.0 + 14.5 area,
DB53: 68.6 + 15.3 a.u., Table S1). These data support the
conclusion that DB53 diffusion is unrestrained in the brain
parenchyma.

Optimizing the clearance assay to limit impact on
glymphatic, glial, and neuronal function

Acute unilateral cannula implantation has been shown to sup-
press global CSF transport (Mestre et al., 2018a). To control
for the undesirable effect on brain fluid transport, we systemati-
cally tested whether increasing the time between cannula im-
plantation and the clearance assay would recover glymphatic
function. Mice were implanted with intrastriatal cannulas, then
received a cisterna magna (CM) injection of FITC-conjugated
10 kDa Dextran (0.5%, 10 pL, 2 pul/min) (Xavier et al., 2018)
immediately following, and 2, 24, or 72 h post implantation to
measure glymphatic influx. The brains were harvested 30 min af-
ter FITC injection, processed, and total tracer amounts within the
brains were compared (Figures 2A and 2B).

We found no difference in tracer influx after anesthesia for
30 min or 2.5 h, indicating that the duration of the procedure
does not interfere with glymphatic function (30 min: 23 + 2 a.u;
2.5h:22 +4 a.u., Figure 2C; Table S2). Regional analysis of tracer
distribution revealed that there was no differential effect on glym-
phatic influx between contralateral or ipsilateral sides of the brain
injection sites when comparing data across the groups (Fig-
ure 2D). In addition, the ratio of CSF tracer distribution between
non-implanted and implanted side was close to 1, showing that
acute, unilateral cannula insertion induced a global suppression
of the glymphatic system rather than a regional effect (Figure 2E).
Neither aCSF nor DB53 parenchymal infusion (4%, 1 puL, 0.2 uL/
min) 24 h after cannula implantation significantly reduced CSF
tracer influx compared with controls (aCSF: 24 + 2 a.u.; DB53:
21 + 4 a.u.). Finally, the time gap between the striatal cannula im-
plantation and DB53 clearance had significant effects on glym-
phatic function. Acute cannula implantation reduced glymphatic
CSF tracer influx to as low as 27% of controls (acute: 6 + 1 a.u.,
Figure 2C). After 24 h, glymphatic CSF tracer transport recovered
to control (non-implanted) levels and remained at control levels
72 h post cannulaimplantation (24 hrecovery: 21 +1a.u.; 72 hre-
covery: 22 + 2 a.u, Figure 2C).

Glymphatic influx was strongly suppressed acutely after can-
nula implantation but recovered to baseline levels at 24 or 72 h
post cannula implantation (Figure 2D). However, cannula place-
ment can cause glial scarring, which has been reported to
change the extracellular space volume and tortuosity (Sykova
and Nicholson, 2008). We assessed astrocytic and microglial
reactivity by immunolabeling against GFAP and Ibal, respec-
tively, in brains harvested at 24 and 72 h post implantation,
and non-surgical controls (Figure S3). The global expression of
GFAP and Ibal was slightly increased at 24 h, and further
elevated at 72 h post surgery. We found no increase in percent
area of GFAP immunoreactivity between the cortex (CX) close
to the injection site and the lateral ventricles after 24 h
(Figures S3B and S3C; Table S4). At 72 h post implantation
GFAP expression was increased in CX (Figures S3B and S3C;
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(A) Experimental design. Animals were co-injected with FITC and DB53 (0.25% [w/V], 1 uL, 0.2 uL/min), and the brains harvested 20 min later, freshly sliced, and

imaged.

(B) Representative slices showing FITC signal (upper panel and green) and DB53 signal (middle panel and blue). Numbers indicate the anteroposterior distance

from bregma in mm.

(C) Quantification of percent area covered by the tracers per slice (center) and mean (right). Six slices per animal were analyzed, and each animal was considered
a biological replicate. Bars are average with SEM. Individual values are shown. Numbers indicate the anterior/posterior distance from bregma in mm.

(D) Radial analysis of fluorescence distribution along the ipsilateral side of slices at 0.0 mm from bregma, normalized by the maximum fluorescence values at the
injection point (center). The right-hand graph shows the percent of initial fluorescence at 600 pm from the origin (approximately half of the distance traveled by the

tracers) showing mean + SEM.

*p < 0.05, **p < 0.01, **p < 0.001, ***p < 0.0001. ST, striatum; a.u., arbitrary units. n = 5.

Table S4). Iba1 expression was increased at 72 hin ipsilateral CX
and striatum compared with controls (Figures S3D and S3E;
Table S4), with no significant differences in the contralateral
side compared with control animals (Figures S3D and S3E;
Table S4), indicating an injury-specific response (Benveniste
and Diemer, 1987; Kozai et al., 2015; Wellman and Kozai,
2017). Based on these data, we conclude that reactive changes
in response to cannula placement peaks at 72 h. Importantly,
DBS53 infusion did not induce additional glial reactivity in the in-
jection area (Figure S4).

DB53 toxicity has been noted in in vitro assays or in vivo at
extremely high doses (>50 mg/kg) during prolonged exposure
times in the range of days or months. To test for potential acute
neurotoxicity, we measured cortical electrical activity via electro-
encephalography (EEG) before and after injection of DB53. EEG
power spectra exhibited no changes after injection of either
aCSF or DB53 compared with baseline (Figure S5), indicating
that DB53 injection does not affect neural activity. These findings
are consistent with the literature reporting that administration of
DB53, under a variety of doses and delivery routes, is not
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Figure 2. Impact of intrastriate cannula implantation on the glymphatic system

(A) Experimental design. CM injections (0.5% [w/v] in aCSF, 10 kDa-dextran-FITC, 10 uL, 2 ul/min, 30 min of circulating time) were performed to evaluate effects
of K/X anesthesia, cannula implantation, and injection of vehicle or DB53. Seven experimental groups were defined.
(B) Representative slices showing influx (green) and DB53 (blue) in all experimental groups. Numbers indicate the anterior/posterior distance from bregma

in mm.

(C) FITC fluorescence: mean pixel intensity quantification in arbitrary units of six slices per animal.

(D) Graph showing mean pixel intensity quantification of IL (solid) and CL (lined) sides of each slice.

(E) Ratio CL/IL was shown to evaluate differences between each side. Graphs show mean + SEM and individual values, with each point corresponding to one
animal. Significance ascribed as: *p < 0.05, **p < 0.01, **p < 0.001, ***p < 0.0001. ST, striatum; CL, contralateral; IL, ipsilateral; AP, anteroposterior; a.u., arbitrary

units.
n=6,96,5,8,5, and 5.

associated with toxicity in vivo. We conclude that the intrastriate
DB583 injection paradigm as used here is not associated with any
signs of acute or chronic neurotoxicity.

Dose dependency of the DB53 clearance assay

We next tested the sensitivity and reproducibility of intrastriate
DB53 injection. Three different infusion volumes of DB53 (4%
[w/v]; 0.2 ul/min): 0.5, 1.0, and 1.5 uL were injected into striatum
24 h after cannula placement (Figure 3A). Percent area of DB53
within brain slices was directly proportional to the injected vol-
ume of DB53 (Figures 3B and 3C). Anterior/posterior fluores-
cence signal distribution in brain slices showed analogous pat-
terns of diffusion of DB53 at all infusion volumes, with peak
intensity in the slice with the probe (Figure 3D). In the femoral
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vein, the DB53 signal was detectible at all concentrations and
as early as 15 min after injection in the 1.5 uL group (Figure 3E).
At 120 min, the DB53 signal was significantly higher with
increased injected volume (Figure 3F; Table S1). The skin open-
ing did not affect the signal detected over the femoral vein. We
also compared injection of DB53 and PEG to test whether clear-
ance to the vascular compartment was tracer specific
(Figures S2F and S2G). Both DB53 and PEG exhibited higher sig-
nals in the vascular compartment at 2 h, although the magnitude
of change was less in the PEG group, most likely due to PEG
clearance by the kidney (Figure S2E) (Brady et al., 1986). We
conclude that intra-parenchymal DB53 injection is reliable,
reproducible, and can be detected in the periphery in a dose-
and time-dependent manner.
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(A) Scheme of the performed experiments. Injecting paradigms used: 0.5, 1.0, and 1.5 pL, 0.2 pl/min.
(B) Representative slices showing the DB53 signal in the brain at the end of the experiment. The anterior/posterior distance from bregma in millimeters is

indicated.

(C) Graph showing the quantification of the percent area covered by DB53 after different volume injections of 4% DB53 in the brain. Bars show mean with SEM.

Individual animals are shown as dots.

(D) The anterior/posterior distribution of DB53 covered by mean percent area for the three injected volumes.

(E) Representative images of the acquired in vivo femoral vein images. Pseudocolor for 90 min images shown for clarity.

(F) Quantification of the mean pixel intensity fluorescence, corresponding to the different injected volumes. Graph showing solid lines for mean values with SEM
shown as shading. Individual animals are shown as semitransparent circles. *p < 0.05, **p < 0.01, ***p < 0.001, ***p < 0.0001.

(©), (D), (G), and (H), n = 6 (0.5 uL), 6 (1.0 uL), and 8 (1.5 uL).

Glymphatic efflux from the parenchyma is dependent on
solute size
Diffusive transport of solutes through the parenchyma is highly
dependent on molecular size (Nicholson and Sykova, 1998; Ru-
sakov and Kullmann, 1998; Sykova and Nicholson, 2008). To test
how this impacts the clearance assay, DB53 (40 pug/uL in aCSF)
was incubated with bovine serum albumin (BSA)-enriched solu-
tion (400 pg/uL in aCSF) (Figure 4A). Final concentrations of
DB53 in the DB53—BSA conjugated solution was comparable
with the free DB53 solution (DB53—BSA: 47.2 + 5.8 nug/uL; free
DB53: 45.4 + 6.9 pg/uL, Figure 4A). Free DB53 or DB53+BSA
were then injected into the striatum (0.2 pulL/min, 5 min) (Fig-
ure 4B). The mean percent area covered across the coronal sli-
ces at the end of the experiment was larger in the DB53+BSA
group (Figures 4C and 4D, free DB53: 9.3% + 1.3%; DB53+BSA:
18.75% + 0.3%; Table S2). There were no significant differences
in distribution along the antero-posterior axis at 15 min post in-
jection (Figures S6A and S6B). At 120 min post injection,
DB53+BSA covered a larger area, but with a lower signal inten-
sity than DB53 (Figure S5B). These observations may reflect that
the larger molecule (DB53+BSA) remains longer in the brain pa-
renchyma while the smaller molecule (DB53) is cleared faster.
The amount of DB53 remaining in the tissue was quantified after
formamide extraction (Graesseretal., 2002; Katayamaetal., 1978;
Radu and Chernoff, 2013) to assess the dynamics of DB53 and
DB53+BSA inthe brain. While free DB53 decreased in the brain be-
tween 10 and 120 min after injection, there was no significant

change inthe DB53+BSA in the brain (Figure 4E). In addition, there
was almost no efflux of DB53+BSA to the vascular compart-
ment after the intrastriate infusion compared with free DB53
(Figures 4F—4H, free DB53: 68.2 + 15.8 a.u., DB53+BSA: 23.5 +
1.8 a.u.,, Table S2). Finally, only plasma concentration of free
DB53ssignificantly increased atthe end of the experiment (Figure 41,
free DB53: 1.6 + 0.4 ug EB/mL plasma; DB53+BSA: 0.1 + 0.1 pg
EB/mL plasma, Table S2), and only free DB53 was found in the
lymph nodes (Figures 4J and 4K). Taken together, these observa-
tions support the hypothesis that conjugated DB53+BSA exhibited
decreased efflux, and that the molecular size of the tracer impacts
its clearance.

To further evaluate the importance of tracer size on brain clear-
ance, a mixture of PEG with distinct molecular weight was infused
inthe parenchyma (4% each of, PEG 1 kDa-FITC and PEG 40 kDa-
Rhodamine, 1 uL total, 0.2 plL/min, striatum). Biologically inert
PEGs were used to minimize the interactions of the tracers with
brain (Hamidi et al., 2006; Pelham et al., 2008). There was no differ-
ence in tracer recovery from the brains immediately after injection
compared with the equivalent amount of tracer in formamide or in
brain homogenate, confirming the efficacy of formamide extraction
in determining PEG concentrations after braininjection (Figures 4M
and 4N). Quantification of brain PEG content at different time points
(1,4, 18, and 28 h from injection) showed that only FITC-PEG 1 kDa
was cleared from the brain, while Rhodamine-PEG 40 kDa content
remained constant for the entire experiment, supporting the exis-
tence of a size-specific barrier to brain efflux.

Cell Reports 40, 111320, September 13, 2022 5




¢ CelPress Cell Reports

A 60 B DBS3 4%
or
ACSF AGSF . STInfusion
4} = 40 L
Initial ] J) 0.2 plimin
So(\ut;on mxmg 30 14, U(ng 30 2 - 5 minutes.
& =
DBS3 40 g/l Bounded S 20-
Solution
BSA400 gL Cen(mugal Filtered Filtered (®8) O.foinS gl 120
Sthgton  iSolton o
Fs2) DBS3 IS _BS_Foi Fos
DB53+BSA
E >0.9999

B DB53
5 [ DB53+BSA

%Area DB53

mm from Bregma

120" 120 15'120' 15'120"
Time Post-injection Time since Injection min]
100 1207 pess-
-e— DB53 ™~ DBS3+BSA I
b =
80 HRRRTA o DBS3+BSA - CL

@
g

Mean Pixel Intensity
-
8
i

Raw Values, a.u
1g EB/mL Plasma
Raw Values, a.u

Mean Pixel Intensity
Raw Values, a.u

Mean Pixel Intensity

°
6
= e

&

Formamide Extraction

T T T 1
0 15 30 45 60 75 90 105 120
Time since Injection [min]

e e e L
0 15 30 45 60 75 9 105 120
Time since Injection [min]

L PEG 1kDa-FITC 49 M FITC-PEG 1kDa
% o~ Rhodamine-PEG 40 kDa
PEG 40kDa-Rhodamine 4% 100 o 3
ST Infusion
| O FITC-PEG 1kDa 2
2 l Y 0.2 pL/min 3 5 60 ©  Rhodamine-PEG 40 kDa =
< 5 minutes 8 £ 2 y:
X o I £ 50
o £ w0 Initial Dose =
15min 1h  4h 18h 28h 3 - 2
Omin 5 min S ) 3
2 Ed 5 I
2 20 H
50 Awake 2
0 Tracer in U f 2 '3 T T T T T T 1
Tracerin o Injected End o 1h 4h 18h 28h 0 4 8 12 16 20 24 28
Formaride,,_ >"" brain Infusion
‘Homogenate Time since Injection rours] Time since Injection [hours]

Figure 4. DB53 clearance from brain is size dependent

(A) Scheme of the preparation of high and low molecular forms of DB53. Graph showing the quantification of the concentration of the DB53 in the different
solutions used, either free DB53, or DB53 bound to BSA (DB53+BSA). Dots are replicates in the spectrophotometric measurements; error bars indicate SEM.
(B) Scheme of the experimental design. Free DB53 or DB53 bound to BSA is injected and clearance to blood measured for 120 min. Brains are then harvested to
quantify remaining solutes.

(C) Representative slices showing the DB53 signal in the brain at t = 15 and 120 min. The AP distance from bregma in mm is indicated.

(D) Graphs showing the percent area covered by DB53 after injections of 4% DB53 or DB53+BSA in the brain. Bars show mean with SEM, individual animals
shown as dots, six slices per animal.

(E) Brain spectrophotometric quantification of the DB53 content at 120 min after extraction by formamide. Bars show mean with SEM of analyzed samples,
individual animals as dots.

(F) Representative images of the in vivo femoral vein images after intrastriatal injection of 4% DB53 or DB53+BSA.

(G) Quantification of the mean pixel intensity fluorescence in the femoral vein, corresponding to the free DB53 or DB53—-BSA infusions. Graph showing mean with
SEM, each colored point corresponds to one animal.

(H) Fluorescence values in the femoral vein at the end of the experiment (t = 120 min) for both tracers.

(I) Spectrophotometric quantification of the DB53 content in plasma at 120 min by formamide extraction. Bars summarize mean with SEM of analyzed samples
corresponding to one animal, marked as dots.

(J) Representative in vivo images of the cervical lymph nodes after intrastriatal DB53 or DB53+BSA infusion.

(K) Quantification of the mean pixel intensity in the superficial cervical lymph nodes is shown on the right (mean with SEM).

(L) Scheme of the experimental design. Equal amounts of FITC-PEG 1 kDa and Rhodamine-PEG 40 kDa were injected, and brains harvested at varying time
points.

(M) Quantification of the tracer recovery from solutions containing the full dose of tracer mix (40 ug each, FITC-PEG 1 kDa and Rhodamide-PEG 40 kDa) in
formamide, in brain homogenate, and after intrastriatal injection into the brain at t = 15 min (end of infusion). Each dot is an individual animal, bars show average
with SEM.

(N) Quantification of the brain content at the different time points (end of infusion, and at 1, 4, 18, and 28 h). Bars show mean with SEM, each dot is an individual
animal.

(O) Line graph summarizing the mean tracer content change along the time course for both tracers. Shaded area is SEM. *p < 0.05, *p < 0.01, **p < 0.001,
****p < 0.0001.

D)—() n > 4; (K)~(O) n > 5. BS, albumin-bound DB53; IS, initial solution; FS1 and FS2, filtered solutions 1 and 2; BS, albumin-bound DB53; BSA, bovine serum
albumin; CTR, control; DCLN, deep cervical lymph nodes; SCLN, superficial cervical lymph nodes.
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Figure 5. DB53 efflux from CSF to peripheral lymphatic nodes is independent of molecular weight

(A) Scheme of the experimental design. DB53 or DB53 bound to BSA (DB53+BSA) is infused in the cerebrospinal fluid via the cisterna magna. At 30 min post
infusion, tracer is quantified in femoral vein, brain, and lymph nodes.

(B) Representative images of brain slices after CM injection (1 pL, 0.2 pL/min) after 30 min of circulation time for 4% DB53 or DB53+BSA.

(C) Graph showing mean pixel intensity averaged from six representative slices per animal. Bars show mean with SEM. Individual animals are shown as dots.
(D) Representative images from the femoral vein before the infusion and at 30 min post injection of the tracer.

(E) Quantification of the mean pixel intensity fluorescence in the femoral vein, corresponding to the free DB53 or DB53+BSA solutions. Graph showing mean +
SEM, each colored point corresponds to one animal.

(legend continued on next page)
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Efflux of solute from the CSF in the CM is fundamentally
different than from the parenchyma

One potential caveat of the intrastriate delivery of DB53 is that
the tracer is injected directly into the lateral ventricles and
thereby reaches the blood compartment by CSF efflux. To criti-
cally assess this possibility, we compared the efflux kinetics of
DB53 injected either in the striatum or in the lateral ventricle.
DB53 reached the blood compartment faster and at higher con-
centrations after ventricular injection (Figure S7), highlighting the
differences in clearance of tracer from the brain compared with
clearance from the skull.

We then asked whether the size dependency of solute distri-
bution was a general feature of CSF efflux from the skull, or spe-
cific to efflux from the parenchyma by injecting DB53 or
DB53+BSA into CM. The analysis revealed a size-dependent dif-
ference of glymphatic influx into coronal sections of free DB53
compared with DB53+BSA (Figures 5A-5C, free DB53: 14.7 +
3.3 a.u.; DB53+BSA: 8.9 + 1.9 a.u., Table S2), consistent with
previous reports (lliff et al., 2012). The DB53 signal in the vascular
compartment was 4 x higher than after intrastriate injection, yet
exhibited no significant differences after 30 min of circulation
(Figures 5D and 5E, free DB53: 40 + 29 a.u.; DB53+BSA: 44 +
24 a.u., Table S2). Ex vivo fluorescence analysis of the cervical
lymph nodes showed a significantly larger accumulation of
DB53+BSA than free DB53 (Figures 5F and 5G, free DB53: 0.8
+ 0.4 a.u.; DB53+BSA: 1.6 + 0.6 a.u., Table S2), likely reflecting
that larger molecular weight compounds are more likely to be
trapped in lymph nodes than smaller compounds that are
washed out (Clement et al., 2018; Rasmussen et al., 2021). We
conclude that CSF efflux routes from the skull to the vasculature
are much faster and do not have the same size-exclusion princi-
ples as efflux from the brain.

Glymphatic solute clearance is AQP4 dependent

The water channel AQP4 facilitates glymphatic fluid transport
(lliff et al., 2012, 2014; Mestre et al., 2018a). Previous studies
have documented that deletion of AQP4 sharply decreased
glymphatic clearance. In these studies, the tracers were injected
in the striatum, frontal CX, or lateral ventricle (lliff et al., 2012;
Lundgaard et al., 2017; Murlidharan et al., 2016) and clearance
quantified as brain tracer content as a function of time after injec-
tion. We next used the dependence of brain clearance on AQP4
to validate the DB53 assay. Intrastriate DB53 clearance in AQP4
knockout (AQP4KO) mice and littermate wild-types (WT) was
compared. The analysis showed that DB53 signal in the femoral
vein was sharply reduced in the AQP4KO group compared with
the WT after intrastriate DB53 injection (1 uL), with AQP4KO mice
exhibiting 50% less signal at 2 h compared with WT mice (Fig-
ure 6, WT: 91.4 + 30.9 a.u.; AQP4KO: 452 + 17.7 a.u,,
Table S2). There were no significant differences in the diameter
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of the femoral vein and artery (data not shown), mean arterial
pressure (data not shown), intracranial pressure (Figure S8), or
brain distribution of DB53 in the parenchyma (Figures 6D and
6E, WT: 9.7% + 1.2% area; AQP4KO: 11.6% + 2.8% area,
Table S2) between the groups during the experiment, supporting
the hypothesis that DB53 clearance is reduced in AQP4KO mice
due to a decline in glymphatic function. Thus, these findings
confirm and extend previous studies reporting that glymphatic
clearance is AQP4 dependent, and concurrently validate the
DB53 assay.

Efflux kinetics are consistent with the existence of at
least two efflux routes

We next used pharmacokinetic modeling (Roselli and Diller,
2011) of the data generated by this new, in vivo glymphatic clear-
ance assay to better understand how efflux changes over time.
The simplest pharmacokinetic model would assume that the to-
tal mass of DB53 is constant and well-mixed, and that efflux oc-
curs via a single transport mechanism with a constant rate. That
model would predict that DB53 concentration in the blood in-
creases most rapidly immediately after injection, then deceler-
ates asymptotically to a final concentration after a long time
period. However, 0.5 pL injections (Figure 3F) of DB53 show
efflux accelerating at early times and decelerating at later times,
which suggests that the efflux mechanisms are more complex.

A modified pharmacokinetic model better fitted the experi-
mental data, where instead of a single clearance mechanism
we assume the existence of two separate rates of clearance:
DB583 is transported from brain to blood slowly at first, with an
additional, faster transport mechanism activated when the tracer
reaches a tissue boundary at time t, (Figure 7). Based on these
assumptions, we arrived at a four-parameter mathematical
model (see STAR Methods). Fitting to the measurements, we
find the model coefficient of variation is R? > 0.99 in all treatment
groups (all injection volumes: Figure 7). Using the 0.5 pL injection
group, where DB53 reaches sufficiently stable levels for param-
eter estimates to be reliable, the slow route alone would reduce
blood levels of DB53 to half their steady value in T4/ = 240 min,
while the fast route activates after t5 = 40 min and alone would
produce half the stable blood levels in T, = 50 min. The fact
that neither route is sufficient to describe the data alone supports
our hypothesis that both routes must be active to explain the ki-
netics of DB53 clearance.

Next, we applied the four-parameter model to the AQP4KO
mice. The second route started similar to WT mice after tg =
30 min, consistent with the existence of two routes of glym-
phatic efflux. However, the first and second rates of transport
were now much slower, with T, = 15-17 h (F{2 = 0.986, Fig-
ure 7), which is consistent with impaired glymphatic clearance
in AQP4KO mice.

(F) Representative images of the ex vivo lymph nodes at the end of the circulation time (30 min for CM and 120 min for ST injection). Ipsilateral and contralateral

sides are indicated to allow comparison.

(G) Fluorescent mean pixel intensity for each lymph node normalized by the autofluorescence at 488 nm at the end of the experiment for both conditions (striatal or
cisterna magna infusion). Fluorescence values for lymph nodes were averaged for each animal. Graph shows mean with SEM and dots are individual animals.

*p < 0.05, **p < 0.01, **p < 0.001, ***p < 0.0001.

(B)-(D) n > 5, (F) n > 3. DB53+BSA, albumin-bound DB53; BSA, bovine serum albumin; CM, cisterna magna; DCLN, deep cervical lymph nodes; IL, ipsilateral;
CL, contralateral; ST, striatum; SCLN, superficial cervical lymph nodes. (C) and (G)n > 4; (E)n > 5.
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DISCUSSION

DB53 has been extensively used in studies of BBB integrity
because of its high affinity for binding blood albumin and long-
lasting presence in plasma (Freedman and Johnson, 1969; Wol-
man et al.,, 1981; Yao et al., 2018; Yen et al., 2013). Here, we
demonstrate that after intrastriate injection DB53 is freely diffus-
ible in the parenchyma and is stable in the vascular compartment
for hours. A 24 h recovery period after cannula implantation al-
lows the glymphatic fluid transport to recover (Figures S3 and
S4). EEG recordings detected no changes in neural activity during
DB53 infusion, and DB53 did not aggravate reactive gliosis
compared with vehicle injection (Figure S5). Interestingly, DB53
and DB53+albumin exhibited the same pattern of dispersion in
the parenchyma (Figure S6), but DB53+albumin failed to clear
out of the brain, pointing to the existence of an efflux barrier for
larger solutes. However, it cannot be excluded that DB53 and
DB53+BSA interact differently with the neuropil. Different
biochemical properties of the two tracers can potentially interfere
with their clearance process independently of their molecular
weight. Yet, clearance of two intrastriate-delivered PEG tracers
(1 and 40 kDa) (Figures 6 and 7), which are biologically inert,
also exhibited size-dependent clearance kinetics. A sharp reduc-
tion of DB53 clearance was noted in AQP4KO mice (Figure 6),
providing real-time in vivo kinetic data demonstrating that glym-

B) Quantification of mean pixel intensity: solid lines are mean values, shaded areas are SEM.

C) Graph summarizing the values at the end of the assay (t = 120 min). Bars show mean and SEM, dots correspond to individual animals.

D) Representative brain slices showing DB53 anterior/posterior distribution. Inset numbers show relative distance to bregma in millimeters.

E) Graph showing mean percent area covered by DB53 in WT and AQP4KO animals, averaged six slices per animal, dots correspond to individual animals, error

phatic clearance is dependent upon the water channel AQP4.
Pharmacokinetic modeling of the data predicted that two sepa-
rate efflux mechanisms coexist in healthy young adult animals
(Figure 7). The DB53 clearance assay thus represents a unique
quantitative in vivo methodology to study brain solute clearance
in real time. In future studies, the assays can be used to study
the effects of physiological manipulations or pathologies in vivo.

To our knowledge, quantitative in vivo data on the efflux of in-
traparenchymal tracers has not been collected previously. Previ-
ous studies are based on injection of fluorescent or radioactive
tracers followed by quantification of the tracer remaining in the
brain at different time points (Bradbury et al., 1981; Cserr et al.,
1981; Yamada et al., 1991). This approach has documented a
reduction of glymphatic influx in aging (Kress et al., 2014), in
mice with deletion of AQP4 water channels (lliff et al., 2012), in
a murine model of Alzheimer’s disease (Peng et al., 2016), and
in awake compared with naturally sleeping or anesthetized (keta-
mine/xylazine) mice (Benveniste et al., 2017a; Xie et al., 2013).
Our assay requires significantly fewer animals because the efflux
kinetics of each animal is collected in real time, does not require
tissue harvest thus avoiding postmortem artifacts (Ma et al.,
2019; Mestre et al., 2018b), and does not require invasive blood
sampling. This is a clear advantage as repeated withdrawal of
blood is not feasible due to the low blood volume of mice
(<2 mL in adult mice) (McGuill and Rowan, 1989). Finally,
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et al., 2005; Rosenberg et al., 1980).
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previous studies investigating the CSF efflux from the skull do
not provide information on solute efflux from the brain paren-
chyma because ~80% of CSF (Lee et al., 2018) is shunted out
of the CNS without entering the brain (Bachmann et al., 2018; liff
etal., 2012; Kwon et al., 2017; Lee et al., 2018). In the future, mo-
bile detection devices can be used to quantify DB53 clearance in
awake mice.

Previous studies suggest that efflux of solute from the paren-
chyma occurs by a combination of advection and diffusion (Ben-
veniste et al., 2019; Ray et al., 2019). Our pharmacokinetic model
does not contradict advection-assisted diffusion. Our tracer is
small, which always increases the relative importance of diffu-
sion, and our assumption of well-mixed tracer distributions
may well be justified exactly because bulk flow spreads the
tracer. Furthermore, histological evaluation of coronal sections
suggests that DB53 spreads fairly uniformly in the striatum and
surrounding regions (Figures 7E and S9), but spreads more
extensively along white matter tracts and blood vessels
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ter tracts and major vessels. However, we
cannot rule out that the differences in
efflux kinetics may be influenced by
downstream access to lymphatic vessels
or nerve roots (Benveniste et al., 2019).
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Limitations of the study

This analysis established that the ki-
netics of DB53 and DB53+BSA clear-
ance is size dependent (Figures 4A-
4K), a finding that was confirmed by
extended the analysis to include mea-
surements of the clearance kinetics of inert PEG tracers with
a molecular weight of 1 and 40 kDa (Figures 4L-40). Although
additional studies will be needed to determine whether the size
limitation of clearance is a linear or a threshold function, our
analysis establishes that size is a pivotal feature of glymphatic
efflux. One of the most exciting future uses of the DB53 assay
is to establish the importance of brain state (Han et al., 2021;
lliff et al., 2013b; Xie et al., 2013) and brain region on glym-
phatic clearance (Alexander et al., 2007; Maier et al., 2004;
Yuan et al., 2016). Future use of the DB53 assay in pathological
conditions will need to control for inflammatory environments
(Amor et al., 2010; Corlier et al., 2018; Lima Giacobbo et al.,
2019; Sankowski et al., 2015) and confounding factors,such
as age-related changes in BBB transport (Yang et al., 2020)
and autofluorescence (Burns et al., 2020; Singh Kushwaha
et al., 2018). We predict that kinetic data on brain clearance ob-
tained by the DB53 assay will aid in establishing cohesive
mathematical models of brain fluid transport.
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A major role of the glymphatic system is to promote clearance
of brain waste, yet brain fluid and solute clearance is under-
studied. The observation that the rate of tracer efflux is AQP4
dependent supports the notion that AQP4 facilitates solute
clearance. Controversies have surrounded the role of AQP4 in
waste clearance (Mestre et al., 2020). A possible explanation
for the controversies could be that the growing number of rodent
(Hablitz et al., 2020; Kress et al., 2014; Peng et al., 2016; Xie
et al., 2013) and human studies (Eide et al., 2021a, 2021b)
have documented that waste elimination is a dynamic process
dependent on the physiological state. It is thus plausible that
AQP4 plays a more significant role during some physiological
states than others. The DB53 clearance assay represents a
much-needed tool in the studies of brain fluid transport. By im-
plementing a simple pharmacokinetic model, we were able to
provide previously unattainable insights into the kinetics of the
glymphatic clearance process including multiple efflux routes
from the parenchyma. Key questions that can be addressed
with this methodology include the impact of neurological and
systemic diseases on the brain, as well as the importance of
vascular dynamics, including arterial wall pulsatility, heart rate,
slow vasomotion, and the state of brain activity on the kinetics
of brain waste clearance.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-Glial Fibrillary Acidic Protein Antibody, clone GA5 Millipore MAB360;RRID: AB_11212597
Anti-lba1 antibody Abcam ab5076; RRID: AB_2224402

Cy™3 AffiniPure Donkey Anti-Mouse IgG
Cy™a3 AffiniPure Donkey Anti-Goat IgG

Jackson ImmunoResearch
Jackson ImmunoResearch

715165151; RRID: AB_2315777
705165147; RRID: AB_2307351

Chemicals, peptides, and recombinant proteins

10kDa-Dextran-FITC emerald Thermo Scientific D1820

Direct blue 53 Sigma-Aldrich E2129
Isotonic saline solution Ricca Chemical Company R7210000
Fluorescein Sigma-Aldrich F2456
FITC-PEG 1 kDa Creative PEGWorks PSB-2256
Rhodamine-PEG 40 kDa Creative PEGWorks PSB-2260
BSA Millipore Sigma A8806
Formamide Sigma-Aldrich 11814320001
Experimental models: Organisms/strains

C57BL/6 mice Charles River Laboratories C57BL/6NCrl
AQP4 knockout and wildtype littermate mice on a C57BL/6 background  University of Rochester Vivarium  AQP4KO/WT
Software and algorithms

MATLAB MathWorks R2020
AxoScope software Axon Instruments pCLAMP 11.1
ImageJ software NIH Version 1.53q
GraphPad Prism Dotmatics Version 8
Other

Guide cannula 26G PlasticsOne C315G SPC
Inner infusion cannula 33G PlasticsOne C315I/SP
Dummy Cannula 33G PlasticsOne C315DC/SP
50 kDa cutoff Amicon Ultra-0.5 Centrifugal Filter Unit Millipore Sigma UFC505024
24G i.v. catheter Surflo® Terumo, Somerset SR-0X2419CA
1 mL syringe Becton& Dickinson 309650
EDTA-tubes MiniCollect® Greiner Bio-One 450474

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources should be directed to and will be fulfilled by the lead contact, Maiken Nedergaard

(maiken_nedergaard@urmc.rochester.edu).

Materials availability

This study did not generate new unique reagents.

Data and code availability

o All data reported in this paper will be shared by the lead contact upon request.

® This paper does not report original code.

® Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Male, C57BL/6 mice (2.5 + 0.4 months old) purchased from Charles River Laboratories (Wilmington, MA, USA) were used for all ex-
periments unless otherwise specified. For assessing the effect of AQP4 water channel on glymphatic clearance, AQP4 knockout
(AQP4KO) and WT littermate mice on a C57BL/6 background (Mestre et al., 2018a; Thrane et al., 2011) bred in the University of Ro-
chester Vivarium were used. We found no significant differences between sexes in glymphatic influx or glymphatic clearance (data
not shown), consistent with previous results (Giannetto et al., 2020). Further details on age and weight of the used animals can be
found in Table S1. Mice were group-housed in a 12h light/12h dark cycle with ad libitum access to food and water. All experiments
were performed in the light phase. Animal husbandry and experimental procedures involving animal subjects were approved by the
University of Rochester Medical Center Committee on Animal Resources. All efforts were made to keep animal usage to a minimum.

METHOD DETAILS

Drugs

Anesthesia was administered as follows: a mixture of racemic ketamine (100 mg/kg) and xylazine (20 mg/kg) intraperitoneally (IP). For
poly(ethylene glycol) (PEG) clearance, isofluorane was used with an initial induction at 4%, maintained at 1% to 2% in oxygen for the
duration of the infusion. Depth of anesthesia was determined by the pedal reflex test. If the mouse responded to toe pinch an addi-
tional 1/10 of the initial dosage was given and the tracer experiment was delayed until full unconsciousness was obtained. Pedal re-
flex was tested every 10 min during the experiment to ensure proper anesthesia throughout the study. A 37°C temperature-controlled
pad was used to maintain body temperature on animals under anesthesia. Banamine (flunixin meglumine, 2.5 mg/kg, subcutaneous)
was given before and after the surgery, and again 3 days after cannula implantation.

Fluorescent tracers

10kDa-Dextran-FITC emerald (D1820, Thermo Scientific, US) was prepared in artificial CSF to a concentration of 0.5% w/v. Direct
blue (DB53, E2129, Sigma-Aldrich, US) for intravenous injections was dissolved at 0.1% w/v in 0.9% sterile isotonic saline solution
(Ricca Chemical Company, TX, US). For stereotaxic intraparenchymal delivery, a mixture of 0.25% w/v FITC (F2456, Sigma-Aldrich,
US) and 0.25% (w/v) DB53 or 4% w/v DB53 in artificial CSF was used. For assessing effect of molecular size, either 4% w/v DB53
(0.96 kDa) or 4% w/v albumin coupled-DB53 (66.96 kDa) was used. To evaluate the feasibility of the assay with other compounds,
two linear monofunctional PEG reagent, either with a fluorescein dye (FITC-PEG 1 kDa, PSB-2256, Creative PEGWorks, NC, USA) or
arhodamine dye (Rhodamine-PEG 40 kDa, PSB-2260, Creative PEGWorks, NC, USA) were used for either intravenous co-injections
(DB53 and FITC-PEG 1kDa at 0.1% w/v each in sterile saline, 3uL, 0.2ul/min) or striatal injection co-injection (4% each w/v in sterile
aCSF, 1 uL, 0.2uL/min). For tracers, circulation time is defined as the time that the substance is moving freely after injection.

Intravenous injections

In anesthetized mice, the skin over the left femoral vein was opened, the vessels exposed. In the right femoral vein, an IV line (30G
needle connected to PE10 tubing) filled with 0.1% DB53 or a mixture of DB53 and FITC-PEG 1kDa (0.1% w/v each), backfilled with
mineral oil (to remove air and ensure accurate tracer delivery), connected to a 10 uL syringe (1700 Gastight, Hamilton) was inserted.
Using a syringe pump (Harvard Apparatus), tracers were injected into the vein as a bolus injection or at a rate of 0.2 ulL/min for 15 min.
Autofluorescence at an unused channel (488 nm for DB53 and 555 nm for FITC-PEG 1kDa) was used to evaluate background prior to
injection and during the whole experiment. FITC-PEG 1kDa and DB53 were imaged at 520 and 680 nm respectively. For urine DB53
or FITC-PEG 1kDa quantification, spectrophotometric signal was determined with a microplate reader at 520 or 620 nm (Model 680
Bio-Rad, Hercules, CA, USA), using a serial dilution standard curve to determine each tracer concentration.

Intracerebral cannula implant

Anesthetized mice were placed on a stereotaxic frame. The skin was opened, and a burr hole was drilled on the coordinates:
AP +0.6 mm; ML - 2.0 mm (striatum) or AP +0.6 mm; ML - 1.2 mm (lateral ventricle), relative to bregma. After ensuring the meningeal
layer break with a 30G needle, and either a guide cannula (26G, C315G SPC, 4.5 mm bellow pedestal) and dummy (33G, C315DC/SP,
0.1 mm projection) (chronic implants) (PlasticsOne, Roanoke, VA) or either only the inner infusion cannula (33G, C315I/SP, 0.1 mm
projection, PlasticsOne, Roanoke, VA) was placed at DV —3.3 mm (striatum) or —2.0 mm (lateral ventricle) relative to bregma. For
chronic implants, the incision was closed, and cannula secured via dental cement (Fisher Scientific, NC9991371).

Intra-striatal acute tracer injections

The cannula was attached to PE10 tubing connected to a 10 uL Hamilton syringe containing a mixture of 0.25% FITC and 0.25% DB53in
sterile aCSF. After the end of the injection (1 uL, 0.2 pL/min), cannula was left in place for 5 min then removed slowly to avoid backflush.
Skin over the incision was closed and animals were kept under anesthesia 30 min from the start of the infusion to allow intraparenchymal
movement of the tracers (25 min of total circulation time). That time point was selected to isolate the intraparenchymal tracer dispersion,
avoiding possible confusing effects caused by the efflux component, that should be limited at short times (lliff et al., 2012, 2013a). An-
imals were killed by decapitation; their brains were quickly harvested and immediately vibratome fresh-sliced in ice-cold aCSF (300 um).
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Representative slices separated 600 pm were placed in glass slides and imaged using a fluorescent macroscope (microscope: MVX10,
Olympus; light: PRIOR Lumen 1600-LED; camera: Flash 4.0 digital, Hamamatsu). To help to minimize ex vivo diffusion, only one animal
was processed at a time. As average, 30 min passed between the end of the circulation time and the end of the image acquisition.

Clearance assay

Animals were anesthetized, the dummy cannula was replaced by the inner cannula (33G, C315I/SP, 0.1 mm projection), connected
by a PE10 tubing to a 10 uL Hamilton syringe containing 4% (w/v) DB53, 4% (w/v) albumin coupled-DB53 solution or 4% (w/v) FITC-
PEG 1kDa in sterile aCSF. Mice were placed under a fluorescent macroscope (microscope: MVX10, Olympus; light: PRIOR Lumen
1600-LED; camera: Flash 4.0 digital, Hamamatsu) in the lateral position. The left femoral vein was exposed via skin resection and
baseline images collected. It is important to note that opening the skin over the femoral vein is not needed to detect the DB53 signal
(data not shown). We chose to expose the vessels to ensure consistent placement of the ROIs. The pump infusion (1 pL, 0.2 pL/min)
was triggered simultaneously with the imaging over the vein, once every 15 min for 2 h for the intraparenchymal delivery. Exposed
tissue was kept hydrated with 0.9% saline during the experiment. At the end of the experiment, animals were killed by decapitation
and their brains were harvested for postmortem analysis. Data obtained from mice with incorrect cannula position were excluded.

Cisterna magna (CM) tracer injections

Anesthetized mice were fixed in a stereotaxic frame, the CM surgically exposed, and a 30 gauge needle connected to PE10 tubing
filled with the tracer (10 kDa FITC-dextran or 4% (w/v) DB53 or albumin coupled-DB53) was inserted into the CM. Either 10 or 1 pL
(10 kDa FITC-dextran or either DB53 solutions, respectively) of CSF tracer was infused at a rate of 2 or 0.2 uL/min (FITC-Dextran or
DB583 solutions) for five min with a syringe pump (Harvard Apparatus) (lliff et al., 2012; Xavier et al., 2018). Animals were killed by
decapitation and brains removed 30 min after the start of intracisternal infusion (note: the needle was left in place after infusion to
prevent backflow of CSF).

For imaging of glymphatic influx, the brain was fixed overnight by immersion in 4% paraformaldehyde in PBS and subsequently,
coronal vibratome slices (100 um) were cut and mounted. Tracer influx into the brain was imaged ex vivo by macroscopic whole-brain
(MVX10, Olympus) and whole-slice conventional fluorescence microscopy (montage epifluorescence microscope BX51 Olympus
and CellSens Software), keeping constant exposure parameters. Tracer influx was quantified by a blinded investigator using FIJI (Im-
ageJ) software as described previously (Hablitz et al., 2019; lliff et al., 2012; Mestre et al., 2018a). The perimeter in each slice was
manually outlined, and the mean fluorescence intensity within the ROIs was measured. An average of fluorescence intensity was
calculated between six slices for a single animal, resulting in a single biological replicate. Equivalent slices were used for all biological
replicates.

In vivo lymph node imaging

Anesthetized mice, with striatal cannula implanted, were placed in supine position under the macroscope (MVX10, Olympus) and skin
over the neck was resected to show the superficial lymph nodes. Once exposed, a baseline image before the tracer infusion was
taken (t = 0), and the pump was started (1 pL, 0.2 pl/min). Images at 488 and 620 nm were taken every 15 min for 120 min
(ORCA Flash 4.0 CMOS Camera, Hammamatsu). Lymph nodes fluorescence was quantified at 680 nm by placing and ROI over their
anatomical location, using the autofluorescence at 488 nm to ensure proper identification.

Intra-striatal PEG tracer co-injections

24-h striatal cannula implanted mice received a light dose of isoflurane (initial induction at 2%, maintained at 1 to 2% for the duration
of the infusion). Then, the dummy cannula was replaced by the inner cannula (33G, C315I/SP, 0.1 mm projection), connected by a
PE10 tubing to a 10 uL Hamilton syringe containing a mixture of 8% (w/v) FITC-PEG 1kDa and 8% (w/v) Rhodamine-PEG 40 kDa in
sterile aCSF (final concentration of each, 4% (w/v)). Tracers were co-injected (1 pL, 0.2 ulL/min) and the inner cannula was kept for 10
additional minutes to avoid backflush, before replacing it by the dummy cannula. Once the infusion was completed, animals were
allowed to wake up and behave normally. For all the animals, tracers were infused at 12 pm (middle of the resting period) and samples
were collected at 15 min (end of the infusion), 1h, 4h, 18h and 28h. At the required timepoints, animals were killed, and brains quickly
collected over ice. Tracers were immediately extracted with formamide.

Immunohistochemistry

Quantitative immunohistochemistry on free floating sections analyzed immunolabeling for GFAP (MAB360, Millipore) and Ibat
(@ab5076, Abcam). To suppress nonspecific binding, brain sections were incubated in 10% normal donkey serum-PBS containing
0.1% Triton X-100 and 0.2% gelatin for 1 h at room temperature. Incubations with primary antibodies (1:500) were carried out over-
night at room temperature in PBS containing 5% normal donkey serum, 0.1% Triton X-100 and 0.2% gelatin followed by 3, 5-min
washes in PBS. The sections were incubated with a secondary Cy3-conjugated donkey anti-mouse or goat (1:250; Jackson Immu-
noResearch; catalog 711,165,151 and 705,165,147, respectively) antibody for 2 h at room temperature. The specificity of the immu-
nostaining was tested by omitting the primary antibodies (data not shown).

Cell Reports 40, 111320, September 13, 2022 e3




¢ CelPress Cell Reports

The immunolabeled coronal slices were imaged using confocal microscopy (SP8, LASX software, 20x, Leica Microsystems, IL,
US). Multichannel Z-stacks (20-um, 1 um step size) were acquired using the same acquisition parameters for all samples. Ipsi-
and contra-lateral images were acquired in the same anatomical positions in both hemispheres in mice with cannula implantation.

Electroencephalogram recordings

Anesthetized animals were placed on a stereotaxic frame, where commercial telemetric electrodes (Pinnacle Technology, US) were
implanted for electroencephalogram (EEG) recordings. The electrode plate was secured to the skull through EEG wire leads, inserted
between the skull and underlying dura on small burr holes drilled in the skull 2.5 mm lateral and 2 mm posterior to bregma on left side
of the midline. EEG leads were secured to the skull with dental acrylic and an electromyogram (EMG) lead was inserted in the neck
muscles. Animals were kept under anesthesia and an additional burr hole was drilled to implant a guide cannula (26G, C315G SPC,
4.5 mm bellow pedestal) and dummy (833G, C315DC/SP, 0.1 mm projection) (PlasticsOne, Roanoke, VA) into the striatum (coordi-
nates relative to bregma: AP +0.6 mm; ML - 2.0 mm; DV —3.25 mm). Animals were allowed to wake up and recover for 24 h.

On the experiment day, animals were anesthetized, placed over a 37°C temperature-controlled pad, and dummy replaced by the
inner cannula (33G, C3151/SP, 0.1 mm projection) connected by a PE10 tubing to a 10 uL Hamilton syringe containing either 4% DB53
solution in sterile aCSF or sterile aCSF alone. First, the EEG and EMG were recorded for 20 min to stablish baseline for each animal.
Next, infusion with either aCSF or DB53 solution was performed (0.2 uL/min, 5 min) and additional 20 min recordings were acquired
beginning at different timepoints (5-, 70- and 100-min post-injection). Signals were collected with Clampex 10.2 (sampling rate,
1000 Hz). EEG data were analyzed using a customized MATLAB script.

Size-selectivity efflux assessment

The initial solution (IS), a mixture of 40 ng/uL DB53 (DB53, 0.9 kDa, E2129, Sigma-Aldrich, US) and 400 ng/uL BSA (66 kDa, A8806,
Millipore Sigma, US) in aCSF was incubated overnight at 37°C to allow complete binding. Next, 50 kDa cutoff Amicon Ultra-0.5 Cen-
trifugal Filter Unit (UFC505024, Millipore Sigma, US) were used to elute the possible remaining free fraction of DB53 by centrifugation
(30 min, 14,000g) (Filtered Solution 1, FS1). An additional volume of aCSF was added to draw out the remaining unbounded DB53 and
another round of centrifugation was performed (30 min, 14,0009) (Filtered Solution 2, FS2). The retained solution, containing DB53-
BSA complexes with a molecular weight higher than 50 kDa, was recovered and reconstituted to the original volume (Bounded So-
lution, BS). Real concentration of 4% w/v DB53 in each solution and IS, FS1, FS2 and BS was spectroscopically determined at
680 nm using a microplate reader (Model 680 Bio-Rad, Hercules, CA, USA) at an excitation wavelength of 620 nm, using a serial dilu-
tion standard curve.

Formamide extraction

After intrastriatal or CM tracer injections, blood was collected through the inferior vena cava using a 24G IV catheter (Surflo SR-
OX2419CA, Terumo, Somerset, NJ, USA) and 1 mL syringe (309,650, Becton& Dickinson, NJ, USA), previously heparinized, and
transferred to EDTA-tubes (MiniCollect, 450,474, Greiner Bio-One, NC, USA) to avoid coagulation. Blood was centrifugated at
600 g for 10 min to precipitate blood cells and plasma was collected. 150 pL of plasma were mixed with 200 pL of formamide
(11,814,320,001, Sigma-Aldrich, US). Immediately after blood collection, animals were transcardially perfused with PBS 0.1M to
eliminate any blood present in the tissue, and brain and cervical lymph nodes were carefully dissected.

Forebrain was either separated in ipsilateral and contralateral sides (DB53) or kept intact (PEG co-injection) and each half was
placed in 200 puL of aCSF, homogenized with a 150 Homogenizer (Fisher Scientific, PA, USA), and 1.8 mL of formamide
(11,814,320,001, Sigma-Aldrich, US) were added. Metencephalon was dissected, weighed (W,yet, 9) and dried at 65°C until constant
weight was achieved (Wqy, g, ~48 h). The resulting water content (Wet-War,/War,) was used to determine relation between dry and
wet weight of the brain tissue (data not shown). Each of the lymph nodes were quantified individually.

All the tissue samples placed in formamide were incubated in a water bath at 55°C for 24 to 72h. At the end of the incubation period,
samples were centrifugated at 16,000g for 20 min to precipitate any remaining tissue and the fluorescence of the supernatant was
spectrophotometrically measured in a microplate reader at 485/538 nm (FITC-PEG 1kDa), 584/612 nm (Rhodamine-PEG 40 kDa) or
620/680 nm (DB53) (Model 680 Bio-Rad, Hercules, CA, USA), using a serial dilution standard curve to determine DB53 concentration.

Intracranial pressure (ICP) measurements

24h striatal cannula implanted WT or AQP4KO mice were anesthetized and placed in a stereotaxic frame and a 30-gauge needle
cannula filled with aCSF was inserted into the CM (Xavier et al., 2018). Then, the same injection paradigm was used (1puL, 0.2 ul/
min) to inject aCSF in the striatum while ICP was monitored through the CM cannula connected to a transducer and a pressure
monitor (BP-1, World Precision Instruments). ICP was acquired at 1 kHz, digitized, and monitored continuously for the duration of
the infusion experiments with a DigiData 1550B digitizer and AxoScope software (Axon Instruments). Arterial blood pressure was
measured through an arterial catheter placed in the femoral artery and connected to a pressure transducer and monitor (World Pre-
cision Instruments) and the same digitizer and recording equipment. Hearth rate and respiratory rate were acquired at 1 kHz and
250 Hz, respectively, using a small animal physiological monitoring device (Harvard Apparatus).
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Quantitative image analysis

Allimages were analyzed using Imaged software (https://imagej.nih.goV/ij/). For in vivo femoral vein imaging: The fluorescence signal was
calculated based on the mean pixel intensity in 8-bit images, acquired at the same magnification and exposure parameters, applying the
same circular region of interest (ROI, 0.011 mm?). The anatomical details visualized by autofluorescence at 488 nm were used to confirm
that the ROl was placed on top of femoral vein from beginning to end of the experiment. Anidentical ROl was placed in surrounding tissue
(at least 1 mm away from the femoral vein, 0.011 mm? to quantify background signal. To measure vessel diameter, the linear length was
quantified with ImageJ, perpendicular to the vessel direction. Representative images are shown after flat field correction vs autofluores-
cence at 488 nm channel to eliminate reflected light artifacts. In all cases, overlay of 488 nm (gray) and 620 nm (blue, DB53) channel is
shown. Forex vivo DB53 in the brain: The distribution of DB53 was assessed in coronal sections by determining the mean pixel intensity of
6 slices placed at 0.6 mm intervals along the brain, starting at bregma 1.2 mm. The average values from these representative 6 slices were
used to compare DB53 from mouse to mouse. For ex vivo lymph node analysis: The mean pixel intensity was calculated for each lymph
node, categorized by deep or superficial and ipsi- or contralateral anatomical position. If more than one lymph node was present at the
same location, the average of their MPI was calculated. To evaluate the DB53 contribution to the signal in regard to tissue autofluores-
cence, same exposure images were acquired at 488 nm and 620/488 nm fluorescence MPI ratio was calculated.

Mathematical model
In our mathematical model, tracer is transported from the well-mixed injection site to the blood in two processes such that the mass
m; of DB53 at the injection site decreases in proportion to its concentration:

dm; 'dC;

gt = Vigr = — @t a2)c)

Here t is time, v; is the injection site volume, ¢; is the concentration of DB53 in the injection site, and g1 and g2 are volume flow rates
associated with two transport processes. The second transport process starts at time ty:

_ 0 t<ty
g2 = @ to<t

DB53 arrives in the blood at the same rate to conserve mass:

am, dc

Ttb = Vbd—tb = (g1 + g2) ¢i(t).
Here my, is the mass of DB53 in the blood and v, is the blood volume. Total mass is conserved according to v;c; + vpcp, = M, where M
is a constant. Combining algebraically and solving, we find that the blood concentration evolves according to

C(1 —e™™) t<ty
Cp = {C<1 _ e7k1toe—(k1+ké)(t7to)> else

HereC = 1, ki = q1/vi,andky = qb/vi.

Our data acquisition model assumes measured intensities are linearly related to the concentration (Figure 1), such that measured
values are in proportion to DB53 concentration after baseline subtraction.

To estimate parameters, we minimized the squared error between the model predictions and the mean of each treatment group
using Scipy (Virtanen et al., 2020) (after shifting their values to get baseline value of 0). R? was calculated as 1 — SSg/SSt, where SStis
total variation in the data and SSg is variation in the residuals. Half-times were found by setting ¢, = % (half the equilibrium value C)
and solving for t, finding therefore T/, = @ (g being the rate in question).

QUANTIFICATION AND STATISTICAL ANALYSIS

When comparations between different animals where done, experiments were performed in parallel. All statistical testing was performed
on GraphPad Prism 8. Tests were chosen based on the dataset being analyzed and are reported in Tables S2 and S3. As common rule,
Kolmogorov-Smirnov normality test was applied preceding further analysis to evaluate normality of the sample distribution; if not passed
Mann-Whitney non-parametrical test was used. For comparing CL and IL sides of the brain paired t tests were used. To evaluate changes
in fluorescence over the same mice ratio paired t tests were preferred, since ratios of differences were expected to be constant. For mul-
tiple comparisons, ordinary one-way ANOVA with Bonferroni’s multiple comparisons test as Post Hoc test was preferred if the require-
ments for the analysis were met. In non-normal distributions, Kruskal-Wallis followed by Dunn’s test as Post Hoc test was used. When the
homoscedasticity assumption was not met, in normal data with non-equal SD, Brown-Forsythe and Tamhane’s T2 multiple comparisons
test as Post Hoc test was used. All statistical testing was 2 tailed, and exact p values were calculated at a 0.05 level of significance. All
values are expressed as the mean + SD, and all the sample replicates are shown, unless otherwise stated. The significance levels were
indicated as follows: *p < 0.05, **p < 0.01, **p < 0.001, ***p < 0.0001. Animal information and background values can be found in
Table S1.
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