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Materials and Methods

Animals

Prox1-EGFP* reporter mice kindly provided by Dr. Kari Alitalo on C57BL/6JR]j background
(Janvier Labs, Le Genest-Saint-Isle, France) were utilized (13). Unless otherwise stated, young
Prox1-EGFP™ or wildtype C57BL/6JR] of both sexes at an age of postnatal day 90-120 were used.
The mice were housed in groups (4 - 5 mice per cage) with controlled temperature and humidity,
on 12 hours light/dark cycles (6:00AM/6:00PM) and fed with regular rodent chow and tap water
ad libitum. If not listed, the mice were anesthetized by intraperitoneal (i.p.) injection of a ketamine
and xylazine mixture (K/X: 100 mg/kg, 20 mg/kg). Additional anesthesia (K/X: 50 mg/kg, 10
mg/kg) was administered when needed. All experiments were approved by the Animal
Experiments Council under the Danish Ministry of Environment and Food (license number: 2015-
15-0201-00535) and the procedures were performed in accordance with the European directive
2010/63/EU, with due care to minimize the number of animals included in the study. As a common
rule for all the performed experiments, data from animals presenting bleeding or a surgical injury
were excluded from the analysis. When relevant, power analysis were used to determine sample
size.

Human tissue samples

Human fetal material was obtained from legal abortions after obtaining informed consent from all
contributing women, following a protocol approved by the Danish Regional Committee on Health
Research Ethics (KF-V.100.1735/90). Samples from adult human brain were obtained with
approval from the Danish Regional Committee on Health Research Ethics (H-17016416).

Histology and immunohistochemistry

Prox1-EGFP* mice and wildtype mice were anesthetized with K/X and perfused transcardially
with 10 mL 0.01 M phosphate buffer saline (PBS, pH 7.4, Sigma-Aldrich, MO, USA) followed by
30 mL of 4% paraformaldehyde solution (PFA, Sigma-Aldrich) diluted in PBS and pH adjusted to
7.4. Prox1-EGFP* mice were decapitated while deeply anesthetized, and their brains fixed by
overnight immersion in 4% PFA at 4 °C, for vibratome sectioning. The meninges, brain and
kidneys were harvested and post-fixed in 4% PFA overnight. Brain samples were sectioned using
a vibratome (50, 100 or 200 pm thick sections; Leica VT1200S, Wetzlar, Germany). After PBS
washes, histological sections of the brain and meninges were blocked for one hour at room
temperature (RT) in a solution containing 0.3% Triton X-100 (Sigma-Aldrich, MO, USA) and 5%
normal donkey or goat serum (Gibco™; Thermo Fisher Scientific, MA, USA) in PBS followed by
incubation overnight at 4 °C with primary antibodies (Table S1) diluted in blocking solution, then
incubation with the appropriate secondary antibodies coupled to fluorophores (Alexa Fluor, 1:500;
Invitrogen™ Molecular Probes™; Thermo Fisher Scientific) for two hours at RT. For VEGFR3
immunostaining, meningeal whole mounts were blocked in PBS containing 3% Bovine Serum
Albumin (BSA, Sigma-Aldrich, MO, USA), 0.1% Triton X-100 and 0.05% Tween 20 (Bio-Rad)
for 1h at RT, followed by overnight incubation with primary antibody diluted with PBS containing
1% BSA and 0.1% Triton X-100. For antibodies produced in mice, Fab fragment was added to the
blocking solution to avoid the recognition of endogenous antibodies by the secondaries (20-40
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pg/ml,  AffiniPure Fab Fragment Goat Anti-Mouse 1gG (H+L), 115-007-003, Jackson
ImmunoResearch, PA, USA). The next day, fluorophores coupled to secondary antibodies were
incubated for 2h at RT diluted in the same antibody solution. DAPI (4’,6-diamidino-2-
phenylindole, Thermo Fisher Scientific, 1 pg/mL diluted in PBS) was used for nuclear
counterstaining and sections were mounted on glass slides using Prolong Gold Antifade Reagent
(Invitrogen/Thermo Fisher Scientific, Carlsbad, CA, USA). Images of the immunolabeled sections
and meninges were acquired with a confocal microscope (Nikon Eclipse Ti, Tokyo, Japan) using
Plan Fluor 20X/0.75, 40X/1.30 and 60x/1.4 oil objectives, as previously described (47, 48). For
immune-characterization of meningeal layers and immune cells, images were acquired using the
Prox1-eGFP signal to ensure SLYM location, ensuring a randomization for immune cell
quantification. Researchers were blind to the experimental group (young, aged or LPS-treated).
Images were analyzed using FlJI/ImageJ (54). Paraffin-embedded sections of human brain and
brains and kidneys from C57BL/6JRj mice were processed according to standard protocols. In
brief, endogenous peroxidase activity was quenched and non-specific binding was inhibited by
incubation for 30 minutes with 10% goat serum (Biological Industries, Kibbutz Beit-Haemek,
Israel) at RT. Sections were incubated overnight at 4 °C with primary antibodies (extended data in
Table S1) diluted in 10% goat serum and washed with Tris buffered saline (pH 7.4). For
subsequent bright-field light microscopy analysis the REALTM EnVisionTM Detection System,
consisting of peroxidase/diaminobenzidine™ (DAB™) rabbit/mouse (K5007, Dako, Glostrup,
Denmark), was used to detect the primary antibodies. The paraffin sections were counterstained
with Mayer's hematoxylin, dehydrated in graded alcohols, and cover-slipped with Pertex mounting
medium (for details on bright-field microscopy, see (49)). Additionally, the entire heads and torsos
from perfusion-fixed Prox1-EGFP* mice were decalcified over three weeks with 10% EDTA in
Tris buffer (pH 7) at RT, prior to paraffin embedding and serial sectioning. Sections were
processed for immunohistochemistry for EGFP protein detection as described above.

Cranial window surgery for 2-photon imaging

For all procedures involving 2-photon imaging, mice were anesthetized with K/X as previously
described. Their body temperature was maintained at 37 °C using a thermostatically controlled
rodent heating pad during surgery and the entire imaging session. When reflexes ceased, a 4 mm-
diameter craniotomy was performed using a dental drill centered above the barrel-field cortex
approximately 2.5 mm posterior to bregma. To prevent overheating, ice cold artificial
cerebrospinal fluid (aCSF, 135 mM Na*, 142.8 mM CI', 4.2 mM K*, 1 mM Ca?", 0.8 mM Mg?*,
10 mM glucose, 10 mM HEPES) was continuously perfused over the skull while drilling. When
sufficiently thinned, the bone was gently removed with a 30G needle, and a circular 4 mm diameter
coverslip was mounted in its place. The coverslip was fixed to the skull with dental cement (C&B
Metabond®, Parkell, NY, USA). For in vivo vasculature labelling, a tail-vein injection of 500 pL,
10 mg/ml Cascade Blue conjugated dextran (10 kDa, D1976, Invitrogen/Thermo Fisher Scientific,
CA, USA) or tetramethylrhodamine dextran (200 kDa, D7139, Invitrogen/Thermo Fisher
Scientific, CA, USA) was performed. For parenchymal SR101 labelling, dura mater was removed
and 50 uM of sulforhodamine 101 (SR101) diluted in sterile aCSF (S7635, Sigma-Aldrich, MO,
USA) was applied topically to the brain for 15 min and then washed off with aCSF. To obtain in
vivo images of SR101, dura, Prox1-EGFP, and vasculature in the same brain region (Fig. 1A),
dura, vasculature and Prox1-eGFP was initially imaged (see two-photon in vivo imaging section)
prior to the removal of dura. Following durectomy and SR101 application, SR101, Prox1-EGFP



and vasculature was then imaged, and the stacks were registered post-hoc (see image analysis and
processing section).

CSF tracer and microsphere injections in cisterna magna

For all microsphere or tracer injections, Prox1-EGFP* or wildtype mice were anesthetized with
K/X and upon cessation of reflexes, a cannula consisting of a polyethylene tubing (0.024 “OD x
.011” OD ID, Scandidact) was inserted into the cisterna magna (CM) for delivery of tracers diluted
in aCSF as previously described (50-52). The cannula was connected to a syringe (Hamilton
syringe GASTIGHT®, 1700 series, 1710TLL, volume 100 pL, PTFE Luer lock, Reno, NV, USA)
in a syringe pump (LEGATO® 130 Syringe pump, KD Scientific, Holliston, MA, USA). For all
CM injections, red dextran tracer (TMR, 3 kDa, 5 mg/ml, Invitrogen/Thermo Fisher Scientific,
CA, USA) or blue FluoSpheres™ (carboxylate-modified, 1 pm, 350/440 nm, F8815,
Invitrogen/Thermo Fisher Scientific, CA, USA) diluted 1:10 in aCSF were injected into the CM
at a controlled rate of 1 pL/min for a total volume of 10 pL. CSF is produced in mice at a slow
rate of 80 nl/min or at a rate which is insufficient to significantly dilute the microspheres during
the course of the experiments (53). The body temperature was maintained at 37 °C during all
surgical procedures and imaging, using a thermostatically controlled rodent heating pad (Rodent
Warmer X2 - Stoelting Co., IL, USA).

Subdural injection of microspheres

For subdural injections of red FluoSpheres™ (polystyrene, 1 um, 580/605 nm, F13083,
Invitrogen/Thermo Fisher Scientific, CA, USA), a craniotomy was performed in Prox1-EGFP
reporter mice as described above. The underlying dura mater was gently punctured at the edge of
the craniotomy and lifted using fine forceps, allowing subdural insertion of a 35G needle at an 85°
angle mounted to a stereotaxic arm. An estimate of 100-200 uL of red FluoSpheres (diluted 1:50
in aCSF) were perfused under the dura mater to create an even distribution of FluoSpheres below
the dura of the craniotomy. After perfusion, the needle was gently pulled out and a coverslip was
mounted with dental cement. For quantitative analysis of the FluoSpheres distribution, we
generated maximum projection images of the optical sections obtained above and below the
EGFP* SLYM. It is important to note that while a 1:10 dilution of FluoSpheres were used for CM
injections, we diluted FluoSpheres for subdural injections 1:50 to account for the additional CSF
dilution/FluoSpheres entrapment which occurs when FluoroSpheres circulates from the CM to the
perivascular space of dorsal arteries. These dilutions were determined empirically with the goal of
achieving similar particle densities above and below SLYM.

Rhodamine 6G injection and lipopolysaccharides (LPS) injections

Prox1-EGFP* mice received a tail vein injection of 50 ul Rhodamine 6G (Rhod6G, 0.1%, sigma-
Aldrich, MO, USA) diluted in sterile 0.9% saline (Sigma-Aldrich, MO, USA) 24 hours prior to
imaging (35). Mice were imaged on the 2-photon setup. Following imaging, the mice were
transcardially perfused while under deep anesthesia. The meninges and the brain were harvested
and processed for immunohistochemistry.



To induce acute systemic inflammation, a subset of Prox1-EGFP* mice received an i.p. injection
of LPS (4 mg/kg) 24 hours prior to imaging (54). Control mice received sterile 0.9% saline i.p. in
the same volume ratio as LPS injected mice. To evaluate changes with aging, 12—-13-month-old
mice were used. A separate experiment was performed to assess the effect of the LPS dose on BBB
integrity (Fig. S8).

Blood brain barrier assay

Control and LPS-treated animals were anesthetized with Ketamine/Dexmedetomidine (K/D: 75
mg/kg, 1 mg/kg). Once the pedal reflex was lost, animals received an i.v. injection of Evans Blue
(2% wiv in sterile saline, 0.2 mL/25 g of mouse) that was allowed to freely circulate for 2 hours.
Then, animals were intracardially perfused with 20 mL of PBS (pH 7.4, Sigma-Aldrich, MO, USA)
to eliminate the remaining intravascular Evans Blue. Brains were quickly extracted and dissected
to separate left and right forebrain, and hindbrain. One half of the forebrain was drop fixed in 4%
PFA overnight. 100 um-thick vibratome (Leica VT1200S, Wetzlar, Germany) slices of the fixed
forebrain half were mounted with Prolong Gold Antifade Reagent (Invitrogen/Thermo Fisher
Scientific, CA, USA) and imaged with a fluorescence stereomicroscope (Leica M205 FA) with a
Hamamatsu ORCA-Flash4.0 V2 Digital CMOS camera using LAS X Leica software. The other
half of forebrain was weighed, placed in 200 pL of PBS and homogenized on ice (POLYTRON®
PT 1200, Kinematica AG, Switzerland). Then, 800 pL of formamide (11814320001, Sigma-
Aldrich, MO, USA) was added to the homogenate and the mixture was incubated for 72 hours at
65°C. The resulting solution was centrifugated at 16,000g for 20 minutes to precipitate any
remaining tissue. The supernatant was spectrophotometrically quantified at 620/680 nm
(SpectraMax iD3, Molecular Devices, CA, USA), using a calibration curve to determine Evans
Blue concentration ranging from 0.02 to 10 pg/pL. Curve fit was calculated with CurveExpert
(version 1.4, Hyams Development). The hindbrain was weighed (Wwet), placed at 65 °C for 48
hours and the dry weight (Wary) was used to calculate brain water content following the formula:
%Water Content= Wwet - Wary/ Wary.

Two-photon in vivo imaging

Animals were imaged under a two-photon microscope (Thorlabs Bergamo with a Spectra-Physics
InSight® DS+™ laser) using a 25x objective (25X Nikon CFI APO LWD Objective, 380 - 1050
nm, 1.10 NA, 2.0 mm WD). Second harmonic generation (SHG) of collagen fibers was initiated
at 890 - 910 nm excitation and emission collected with a 447/60 nm filter (Semrock). EGFP and
Rhod6G/SR101 and fluorophore conjugated dextrans were excited using 805 - 910 nm laser
wavelength at <10 mW laser power and emission was collected by 447/60 nm, 525/25 nm and/or
607/70 nm filters (Semrock), respectively. Two channels were acquired at a time and a 562 nm
dichroic mirror was used to split emission light for simultaneous use of 607/70 nm filter with either
the 525/25 nm or the 447/60 nm, while a 495 nm dichroic mirror was used for combining 447/60
nm and 525/25 nm filters. Images with a field of view of 533 x 533 um acquired at a 1024 x 1024
or 512 x 512-pixel resolution, were acquired with 0.2-0.5 um step size with automated ramping
laser power to compensate for loss of fluorescence in depth. 3-4 Z-stacks were acquired using all
combinations of the abovementioned filter sets in pairs to capture all combinations of labelled
structures for post-hoc alignment (see analysis section). SHG and blue labelled FluoSpheres or



dextrans were both imaged with the blue filter 447/60 nm but were separated based on excitation
of 860-910 nm and 805 nm respectively.

Bioluminescence imaging

For bioluminescence imaging, young adult WT mice, anesthetized with K/X, were used. The skull
over the lambda area was thinned with a dental drill head (0.7 mm). Afterwards, the bone was
covered with a thin layer of transparent glue (Super Glue Precision, Loctite, Germany). A cannula
was implanted into the CM for the delivery of GeNL luciferase (30) (Gene Universal Inc., DE,
USA) into the CSFas previously described (1, 50-52). Mice were then transferred to a macroscope
(AZ100, Nikon, Japan) using a 1x objective (AZ Plan Apo 1x, Nikon, Japan) and head fixed
(MAG-1, Narishige, Japan). Anesthesia was maintained during the whole imaging process.

Purified GeNL (44 kDa, 1 mg/ml in aCSF) was administered by injection into the CM (1 ul/min,
10 min). 30 minutes after start of GeNL injection, the distribution over the lambda area was
verified by mNeongreen fluorescence (490 nm LED, CoolLED pE-4000, FITC/Cy5 dual-band
filter set F56-200, AHF Analysentechnik, Germany).

FFz (433 Da, Fluorofurimazine, Promega, WI, USA) (32) was diluted according to the
manufacturer's protocol in sterile PBS of pH 7.4 and administered by retro-orbital injection (25 pl
stock solution diluted in 75 pl PBS pH 7.4). Bioluminescence was recorded within 10 s after the
retro-orbital injection with a cooled EMCCD camera (iXon 897 Ultra, Andor, UK) over a period
of 5 minutes (1 s exposure time per frame, 512 x 512 pixel, EM Gain 17 MHz at 16-bit, Conversion
Gain 3%, EM Gain Multiplier 300%, temperature -72 °C). Before FFz injection, background
intensity was recorded for one minute with the same settings. After GeNL+ FFz recording, Dextran
TMR or Dextran Texas Red (70 kDa, D1818 and D1830, respectively, Invitrogen, MA, USA) was
injected retro orbitally, excited using a 550 nm and 580 nm LED (pE-4000, CoolLED, UK),
respectively, and filtered by a DAPI/TRITC dual band filter set (F56-002, AHF Analysentechnik
Germany) to obtain a map of the vasculature. Images were collected with NIS-Elements AR
(Version 5.02.00, Nikon, Japan), stored as uncompressed tiff files, and post-processed with
F1JI/Imagel. For control mice, only FFz was injected retro-orbitally and recorded as described
above. For bioluminescence recordings in the ear, the edge of the right ear of an anesthetized (K/X)
mouse was pinned with a needle under the macroscope. 30 ul GeNL was injected into the ear tissue
and the tracer distribution was verified within 10 s by its fluorescence. FFz was then administered
by retro-orbital injection and bioluminescence was recorded within 10 s over a period of 5 min as
described above. Background signal was recorded prior to FFz injection with the same settings for
1 min. Vasculature was stained by retro-orbital injection of Dextran TMR.

Processing and analysis of two-photon images

3D rendering and image processing of two-photon microscope imaging was performed using
IMARIS software (x64 9.7.2, Bitplane AG, Zurich, Switzerland). In case of Fig. 1A, a 3D
minimum filter was applied using F1JI/ImageJ software to the SR101 labelled stack to emphasize
the brain parenchymal outline rather than individual cells. Z-stacks obtained with different filter
configurations were added as separate images and aligned using the SLYM EGFP layer or TMR
dextran labeled vessels as reference. The 2-photon Z-stacks were used to calculate the thickness
of dura and SLYM. To achieve this, orthogonal planes along the datasets were obtained through
the “Ortho slicer” function and the “Measurement points” tool was used to measure three different
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locations from both dura and SLYM for each mouse. To segregate the dura from SAS vasculature,
vessels were segmented based on their location using the “Surface” function, and masks were
posteriorly applied to generate different channels for each vessel type. For the quantification of
microspheres, image stacks obtained with two-photon imaging were analyzed using the “Spots”
function. A region of interest (ROI) with a fixed volume of 1.2x10° um?® was placed above and
below the SLYM layer. Elongation of the XY diameter into the Z axis was considered due to
motion artifacts (4 um for blue spheres, 6 um for red spheres). Later, spheres were automatically
detected through the utilization of a quality filter. To quantify the Rhodamine 6G™ cells in the dura
and SLYM layer, two-photon images were analyzed using the “Surface” function, after placing a
region of interest with a fixed volume of 2.5 x 10° um? in both dura and SLYM. Sphericity and
volume filters, set to detect Rhod6G™* volumes above 40 um?®, were applied to disregard the
interference of nonspecific labelling in the final numbers. Similarly, to analyze SLYM
permeability, three ROIs with a fixed volume of 4 x 10% um?® were placed both below and above
the membrane. The “surfaces” created inside these ROIs were used to measure the mean signal
intensity of the tracer injected. Two-tailed unpaired t-tests with Welch’s correction were performed
to analyze both Rhod6G and SLYM permeability assays. A two-tailed unpaired t-test was used to
analyze microsphere experiments. All statistical analyses were performed using GraphPad Prism
9.3.1 software for macOS (GraphPad Software, CA, USA).

Processing and analysis of bioluminescence images

Line profiles of the bioluminescence intensity distribution from the venous sinus lumen into the
subarachnoid space were calculated in FIJI/ImageJ (55). First, the average intensity of the
background recording before FFz injection was subtracted from the average of the
bioluminescence recording across the field of view. Second, ROIs perpendicular to the vascular
wall were selected in the inverted GeNL fluorescence channel (shadow imaging) or vascular tracer
channel. The intensity profiles of the ROIs from the GeNL + FFz recording (Bioluminescence
Light Intensity, BLI) and from the shadow imaging or vascular tracer channel (Fluorescence Light
Intensity, FLI) were normalized to their minima and maxima, respectively, and plotted together
centered around their intersection. A clear vessel border was not always visible due to the thickness
of the superior sagittal sinus and the low resolution in Z from the macroscopic recordings.
Therefore, the intersection of the profiles was used as a center point to compare several line profiles
from multiple recordings and mice.

For the bioluminescence study in the ear, raw images were post-processed as described above.
ROIs were manually drawn within and outside the enzyme and substrate intensity areas and the
normalized fluorescence and bioluminescence intensity, respectively, were plotted. The average
pixel intensity per ROI was normalized to the average mean pixel intensity derived from the within
injection areas. For analysis, a two-tailed unpaired t-test was performed.



Fig. S1. SLYM acts as a barrier for a 3 kDa CSF tracer. A cranial window (4 mm) was prepared
over the sensorimotor cortex in ketamine/xylazine anesthetized Prox1-EGFP mice. A 3 kDa tracer
(TMR-dextran, red) was injected into cisterna magna and allowed to circulate for 30 - 60 min
before imaging. (A) Orthogonal sections of 2-photon z-stacks (0.2-0.5 um step-size) show that
SLYM (green) represents a barrier that restricts dispersion of the 3 kDa CSF tracer. The red CSF
tracer is confined to the lower deep subarachnoid space and does not enter the upper superficial
subarachnoid compartment. The panel display orthogonal sections obtained by 2-photon imaging
of 6 Prox1-EGFP mice. Scale bar: 50 um. (B) In a subset of experiments, surgical damage caused
tears in dura and SLYM resulting in loss of the barrier properties of SLYM. An orthogonal section
representative of preparations with noticeable bleedings in dura shows that the 3 kDa tracer (red)
is present at both sides of SLYM. Bright-field images of a cranial window preparation highlight
the bleeding in the dura from the same Prox1-EGFP mouse (pink arrowheads). Yellow square
indicates the field of view imaged in the 2-photon z-stacks. Scale bars, 2-photon image: 50 pum;
bright-field images: 200 um. CSF: Cerebrospinal fluid; SLYM: Subarachnoid Lymphatic-like
Membrane.



PDPN DAPI PDPN EGFP CRABP2 DAPI CRABP2 EGFP

LYVE1 DAPI LYVE1 EGFP VEGFR3 DAPI

Fig. S2. Immune-phenotypic characterization of dural lymphatic vessels in dura mater whole
mount ex vivo preparations. Dural preparations only contain patches of SLYM in blood vessel
areas, where SLYM is in close contact with the sinuses. Immunolabelling of meninges from Prox1-
EGFP* mouse for PDPN, CRABP2, LYVEL, and VEGFR3 (all in red) show that LYVE1 and
VEGFR3 immunoreactivities are restricted to endothelial cells of lymphatic vessels (arrows).
PDPN: Podoplanin.
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Fig. S3. SLYM does not correspond to the arachnoid mater structures. (A-B) Decalcified
whole head sections of Prox1-EGFP* mouse counterstained with Mayer’s hematoxylin (M-HE,
purple) and immunolabeled for CLDN-11 show the arachnoid barrier cells adjacent to the skull in
the dorsal and ventral regions (arrows), and stromal cells of the choroid plexus (asterisk). Neither
SLYM (arrowheads) nor tela choroidea cells (sharp-edged arrow) are CLDN-11". (C) In the
inner subarachnoid space between the cerebellar folia arachnoid trabeculae (EGFP/ PDPN/
LYVEL, arrows) are present. ABCL: arachnoid barrier cell layer; AT: arachnoid trabeculae; CB:
cerebellum; ChP: choroid plexus; ML: molecular layer; SAS: inner subarachnoid space; SLYM:
Subarachnoid Lymphatic-like Membrane.
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Fig. S4. Immunophenotypic characterization of meningeal membranes and the arachnoid
trabeculae. (A) Midsagittal section through the median eminence (ME) and pituitary gland (PG)
showing pia in the rostral part of the interpeduncular cistern (IP) positively stained for VEGFR3
depicted on the right in higher magnification (green box) and indicated by arrows. Arteries (A),
veins (V), cross-sectioned arachnoid trabeculations (AT) and SLYM show no immunoreactivity.
(B) Consecutive sections from the same mouse stained for Prox1-EGFP, Claudin-11 (CLDN) and
Podoplanin (PDPN). Only SLYM is positively stained for Prox1-EGFP in contrast to the negative
pia, arachnoid trabeculations, and blood vessel adventitia (BVVA). CLDN-11 shows no reactivity,
whereas the entire pia (arrows), arachnoid trabeculations, blood vessel adventitia and SLYM show
positive PDPN-reactivity. (C) Consecutive sections depicting van Gieson-stained collagen (VG,
red) in adventitia of blood vessels (BV), arachnoid trabeculations (AT), pia and SLYM, followed
by staining for LYVEL. Only macrophages (M) associated with SLYM, pia, arachnoid
trabeculations, and blood vessels are immunoreactive for LYVEL. Insert shows in higher
magnification LYVE1* macrophages associated with SLY M. Staining for CRABP2 shows that all
relevant meningeal components in the inner SAS are strongly reactive for CRABP2. All images in
B and C are of the same magnification. See scale bar in B. A: artery; AT: arachnoid trabeculations;
BV: blood vessel; BVA: blood vessel adventitia; CLDN: Claudin-11; IP: interpeduncular cistern;
M: macrophages; ME: median eminence; PDPN: Podoplanin; PG: pituitary gland; SLYM:
Subarachnoid Lymphatic-like Membrane; v: vein; VG: van Gieson-stained collagen.
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Fig. S5. PDPN* mesothelia in mouse and human peripheral organs and cavities. (A) Paraffin-
embedded section obtained from adult C57BL/6J mice kidneys was processed for
immunohistochemistry and counterstained with Mayer’s hematoxylin (M-HE, purple). PDPN *
podocytes (arrows) are detected, as well as the PDPN™ peritoneum (arrowhead). (B) Histological
section from human fetus showing the thoracic and abdominal cavities. (C) PDPN" mesothelial
membranes (arrowheads) corresponding to the pericardium in the heart, pleura in the lungs, and
peritoneum in the mesentery. PDPN™ lymphatic vessels are also observed in the lungs (arrows)
and in the mesentery. M-HE: Mayer’s hematoxylin;, PDPN: Podoplanin.
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Prox1-EGFP

Brain Parenchyma

Fig S6. The arachnoid barrier cell layer markers E-Cadherin and Prox1-EGFP do not
colocalize. Z-Stack maximum projections of confocal images of immunohistochemistry showing
the brain surface covered by SLYM (Prox1-EGFP, green) and arachnoid (ABC layer marker E-
Cadherin, red) in non-overlapping pattern. Astrocytes and nuclei are labelled by GFAP (cyan) and
DAPI (blue) for clarity. A single plane image is shown to depict the absence of colocalization. E-
CAD: E-Cadherin, GFAP: Glial Fibrillar Acidic Protein.
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Fig. S7. Direct exchange of a small solute across the wall of the dural venous sinus and CSF.
(A) Scheme of the arrangement of SLYM directly contacting the venous endothelial cells. In vivo
bioluminescence assay to access direct transport of molecules from the venous blood to the CSF:
Luciferase (GeNL) was injected into the CSF in cisterna magna and its substrate (FFz, 433 Da)
delivered i.v.. The inverted Luciferase signal was used to outline the vascular compartment
indicated by a dashed white line. A bioluminescence signal (photons) is generated when the
substrate, FFz binds to luciferase (GeNL). (B) Left panel: GeNL fluorescence, TMR-Dextran
fluorescence, bioluminescence signal after substrate injection, and overlay of the bioluminescence
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signal and the vasculature at the sinus veins. The dextran labeled vasculature is outlined by a white
dashed line. Right panel: Line plots of three representative regions of interest (ROIs, black lines)
placed perpendicular to the sinus vein crossing the vein wall, centered around their intersection
(‘zero’ distance) and normalized to their minima and maxima values, respectively. (C) Top panel:
Average intensity distribution of the bioluminescence signal (yellow) generated by the luciferase
reaction, and inverted mNeongreen intensity as shadow mapping for vasculature (red) after
normalization to their minima and maxima values. Signal intensities are plotted as a function of
the distance from their intersection to display photon generation perpendicular to the sinus vein
wall (mean £ SEM, n = 8, avg of 3 — 4 ROIs per mouse). Lower panel: Bar plot representation of
the fluorescence intensity = 50 um from the intensity intersection. (Two-tailed unpaired t-test,
p<0.0001, n=8). (D) Control experiments with i.v. delivery of FFz only. No bioluminescence signal
was generated. Top panel: Fluorescence intensity of the i.v. tracer (red) at the vessel wall
normalized to their minima and maxima values. Bioluminescence intensity of FFz (yellow)
normalized to the average signal over the whole line plot. Lower panel: Bar plot representation of
the fluorescence and bioluminescence intensity £ 50 pum from the 50 % intensity of the normalized
I.v. tracer signal. (two-sample two-tailed unpaired t-test, p < 0.0001, n = 3). Scale bar 200 um,
insert scale bar 100 um. (E) Top Panel: In vivo bioluminescence assay to access direct transport of
molecules from the venous blood to tissue in the ear: GeNL was injected locally into the ear tissue
and FFz i.v.. Bottom Panel: Overlay of the bioluminescence signal and GeNL fluorescence at the
injection site. Example ROIs for quantification of bioluminescence intensity and substrate
fluorescence intensity, respectively, within and outside of the injection area are shown in red
(within) and white (outside). Bar plot of the normalized pixel intensities within and outside of the
injection area (Two-tailed unpaired t-test, p < 0.0001, n = 4). Significance shown as: *p<0.05,
**p<0.01, ***p<0.001, ****p<0.0001. A. U.: arbitrary units; BLI: Bioluminescence Light
Intensity, CM: Cisterna Magna, FFz: Fluorofurimazine; FLI: Fluorescence Light Intensity;
GeNL: GeNL luciferase; i.v.: intravenous; norm: normalized; ROI: Region of Interest, TMR:
Tetramethylrhodamine.
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Fig. S8: Blood-Brain Barrier opening in response to LPS treatment. (A) Scheme of the
performed experiments. Animals were treated with different doses of LPS 24 hours before the
permeability assay. (B) Graph showing a representative calibration curve depicting the fluorescent
signal increase in relation to Evans Blue concentration. Line represents mean of three replicates,
that are individually shown as dots. One-way ANOVA, p = 0.04. (C) Bar graph showing the mean
+ SEM. Evans Blue concentration in brain determined by formamide extraction. Dots indicate
animal replicates. (D) Graph of brain water content 24 hours post-LPS treatment. Bars indicate
mean + SEM, with animals shown as dots. Kruskal-Wallis, p = 0.03. (E) Representative images
showing Evans Blue presence in the brain at 620 nm channel. (F) Quantification of MPI values of
fluorescence images for the six experimental groups. Bars show mean + SEM, while each dot is
the average of 6 slices per animal. One-way ANOVA, p = 0.001. Of note, the same animals were
used for formamide extraction, water content determination and MPI analysis. n is indicated in
panel F for each group.
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Fig. S9: Immunophenotypical characterization of immune cells in SLYM. (A) List of markers
used for the immune characterization. (B) Confocal images of CD19 labelling showing that B
lymphocytes are absent from SLYM tissue. (C) Representative confocal imaging showing that the
CD45 cells found in SLYM were negative for T-cell marker (CD3*). (D) Dendritic cells identified
by CD11c were found in SLYM. (E) Both CD68 and CD206 markers identified a rich macrophage
population located in SLYM. Lymph node tissue from the same animals was used to validate
antibody recognition of the intended antigens in all cases. SLYM: Subarachnoid Lymphatic-like
Membrane.
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Antigen Immunoaen Manufacturer  Host & Dilution Reference
9 g (CAT#) isotype RRID#
Recombinant fragment within
B-Lymphocytes Human CD19 aa 300 to the C- Abcam Rabbit )
(CD19) terminus. The exact sequence  (ab134114) IgG 1:1000  AB_2801636
is proprietary
Synthetic peptide
. corresponding to Mouse .
Caveolin-1 Caveolin-1 aa 1-100 (N Abeam RabbIt 4100 AB_ 444314
(Cavl) . . (ab18199) 1gG
terminal) conjugated to
keyhole limpet haemocyanin
CDl1lc -Ilz_girhrgf Armenian
(Integrin, alpha X - Mouse spleen dendritic cells Scientifi hamster 1:200 AB_467115
ITGAX) cientific IgG
(14-0114-82)
CD206 .
(Mannose receptor C  Chimeric CRD4-7-Fc protein Bl 0] Rat 1:400 AB_324622
(MCAZ2235) 1gG
type 1)
CD45 Mouse Abelson leukaemia BD Rat
(Lymphocyte virus-induced pre-B tumour Pharmingen leGa. © 1:100 AB_393581
common antigen) cells (550286) ghd,
Mouse myeloma cell line
CD45 NSO-derived recombinant
(Lymphocyte mouse CDA45 agngfZ’)Stems f‘g"t 1100  AB_442146
common antigen) GIn24-Lys425 g
Accession # NP_035340
CD68 Tissue, cells or virus Abcam Mouse
(Class D scavenger corresponding to Rat CD68. 1:500 AB_ 1141557
(ab31630) 1gG1
receptor) Rat spleen cell
Synthetic peptide
Claudin-11 corresponding to human Abcam Rabbit .
(CLDN-11) oligodendrocyte specific (ab53041) IgG LIEDY ] ZRIEAS
protein (C terminal)
E-Cadherin Recombinant full-length Abcam Mouse )
(E-Cad) protein (ab231303) IgG 1:100 AB_2923285
. Aves Lab Chicken i
Full length recombinant GFP (GFP-1020) IgY 1:1000  AB_2307313
Greer_1 fluorescence Thermo
protein (GFP) GFP isolated directly from Fischer Rabbit _
AT e 1:200 AB_221570
Aequorea victoria Scientific [o[€] -
(A-6455)
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Lymphatic Vessel
Endothelial Receptor
1

(LYVEL)

Podoplanin
(Pdpn)

Podoplanin
(Pdpn)

T-Lymphocytes
(CD3)

Vascular endothelial
growth factor
receptor 3
(VEGFR3)

Vascular endothelial
growth factor
receptor 3
(VEGFR3)

Recombinant fragment (His-
tag) corresponding to murine
LYVEL1 aa 24-228 (C
terminal)

Murine thymic stromal cell
lines

Dysgerminoma tissue

yOTCR-positive T-T
hybridoma D1

Synthetic peptide within
Human VEGF Receptor 3 aa
1250-1350

S. frugiperda insect ovarian
cell line Sf 21-derived
recombinant mouse
VEGFR3/FIt-4
Tyr25-Asp770

Abcam
(ab14917)

Thermo
Fischer
Scientific
(14-5381-85)
Agilent Dako
(IR0O72)

Invitrogen
(14-0032-82)

Abcam
(ab27278)

R&D Systems
(AF 743)

Rabbit
1gG

Syrian
hamster
19G

Mouse
IgGlx

Rat
1gG2b,
kappa

Rabbit
19G

Goat
19G

1:100

1:400

1:75

1:200

1:100

1:100

Table S1. List of primary antibodies. Specifications of the primary antibodies.

AB_301509

AB_1210507

AB_2162081

AB_467053

AB_470949

AB_355563
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Movie S1.

Video shows that FFz enters the CSF compartment at the sinus at the interface of the venous
endothelium and SLYM. Composite image of bright field + TMR-dextran signal to outline the
confluency of the superior sagittal sinus and transverse sinus. Left panel: FFz was injected i.v. 30
min after GeNL injection into the CSF in cisterna magna. Right panel: FFz injection i.v. only.
Dotted line indicates the vascular wall outlined by intravascular TMR-dextran. Original frame rate
1 Hz.
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