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Clearance of erythrocytes from the subarachnoid space
through cribriform plate lymphatics in female mice

Adrian Madarasz, Li Xin, and Steven T. Proulx®

Theodor Kocher Institute, University of Bern, Bern, Switzerland

Summary

Background Atraumatic subarachnoid haemorrhage (SAH) is associated with high morbidity and mortality. Proposed
mechanisms for red blood cell (RBC) clearance from the subarachnoid space (SAS) are erythrolysis, eryth-
rophagocytosis or through efflux along cerebrospinal fluid (CSF) drainage routes. We aimed to elucidate the
mechanisms of RBC clearance from the SAS to identify targetable efflux pathways.

Methods Autologous fluorescently-labelled RBCs along with PEGylated 40 kDa near-infrared tracer (P40D800) were
infused via the cisterna magna (i.c.m.) in female reporter mice for lymphatics or for resident phagocytes. Drainage
pathways for RBCs to extracranial lymphatics were evaluated by in vivo and in situ near-infrared imaging and by
immunofluorescent staining on decalcified cranial tissue or dural whole-mounts.

Findings RBCs drained to the deep cervical lymph nodes 15 min post i.c.m. infusion, showing similar dynamics as
P40D800 tracer. Postmortem in situ imaging and histology showed perineural accumulations of RBCs around the
optic and olfactory nerves. Numerous RBCs cleared through the lymphatics of the cribriform plate, whilst
histology showed no relevant fast RBC clearance through dorsal dural lymphatics or by tissue-resident
macrophage-mediated phagocytosis.

Interpretation This study provides evidence for rapid RBC drainage through the cribriform plate lymphatic vessels,
whilst neither fast RBC clearance through dorsal dural lymphatics nor through spinal CSF efflux or phagocytosis was
observed. Similar dynamics of P40D800 and RBCs imply open pathways for clearance that do not impose a barrier for
RBCs. This finding suggests further evaluation of the cribriform plate lymphatic function and potential pharmaco-
logical targeting in models of SAH.
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Introduction

Atraumatic subarachnoid haemorrhage (SAH) is pri-
marily caused by aneurysmal rupture' and comprises
9.7% of all strokes.” SAH occurs in a younger patient
population than other stroke types and the high post-
stroke morbidity and mortality lead to a significant
burden of disease."” Swift repair of the ruptured aneu-
rysm through clipping or coiling is vital to control the
haemorrhage'* but currently there are no validated
therapies targeting the extravasated blood in the sub-
arachnoid space (SAS).” Emerging evidence shows that
pathologic processes, described as early brain injury
(EBI), commence promptly following haemorrhage,™®
and are suggested to be the key prognostic factor for
further complications.’ Blood extravasation into the SAS

leads to an abrupt rise in intracranial pressure (ICP),
triggering diminished cerebral perfusion and compro-
mised vascular autoregulation.” Moreover, deposition of
blood in the SAS of patients suffering from SAH has
been shown to disturb cerebrospinal fluid (CSF)
circulation,*'" a finding that has been corroborated by
murine studies.'”" Lysis of red blood cells (RBCs) in the
SAS and the consequent release of RBC breakdown
products, especially free haemoglobin give rise to
oxidation, inflammation, nitric oxide clearance, and
oedema' and contribute to EBI'"'® as well as delayed
cerebral injury (DCI)."*"” Thus, impaired RBC and CSF
clearance likely contribute to brain injury, as CSF cir-
culation is indispensable for central nervous system
(CNS) homeostasis.'**

*Corresponding author. Theodor Kocher Institute, University of Bern, CH3012, Bern, Switzerland.
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Research in context

Evidence before this study

The mechanisms for how red blood cells get cleared from the
brain following subarachnoid haemorrhage are still unknown,
however, a few studies showed evidence for clearance along
cerebrospinal outflow pathways along cranial nerves,
especially the olfactory and optic nerve, converging on
cervical lymphatics. Recently, drainage through lymphatics at
the dorsal dura has been proposed. Yet, the microanatomy of
proposed pathways and the manner that red blood cells
access draining lymphatic vessels at different anatomical
locations have remained unclear.

Added value of this study

We have infused fluorescently-labelled washed red blood cells
into the subarachnoid space in reporter mice for lymphatic
vessels. By imaging different potential efflux pathways and
the systemic vasculature following the injection as well as
with the help of decalcification and histology we could find

Despite increased recent attention, the pathways for
CSF clearance remain a subject of ongoing discus-
sion.””' CSF is produced by the choroid plexus in the
brain ventricles and exits into the SAS through the
foramina of the fourth ventricle.”” The SAS is delimited
by the leptomeninges, comprised of the pia mater as the
inner border and the arachnoid mater as the external
border. The arachnoid mater expresses the adherens
junction proteins vascular endothelial (VE)-cadherin*
and epithelial(E)-cadherin as well as the tight junction
protein claudin-11%% and is impermeable to fluids,
thus forming a blood-cerebrospinal fluid barrier.?* The
dura mater, the outermost meningeal layer, contains a
widespread network of blood vessels devoid of distinct
barrier characteristics, and is host to lymphatic ves-
sels.”* Cranial efflux of CSF has long been thought to
occur through arachnoid villi directly into dural venous
sinuses.”*? However, historical and contemporary
studies have shown CSF effluxes rather to lymphatic
vessels. Studies from numerous mammalian species
have demonstrated that CSF primarily reaches the
lymphatics along perineural spaces of cranial nerves and
then drains to the superficial (scLN) and deep (dcLN)
cervical lymph nodes.”** However, with the recent
rediscovery of dural lymphatics,”* it has also been
suggested that CSF would drain through these vessels,
overcoming the arachnoid barrier in a yet to be eluci-
dated manner.”*

Similar routes have been hypothesised for the egress
of RBCs.""** Historical post-mortem investigations of the
arachnoid villi in patients that had succumbed to SAH,
have revealed an accumulation of RBCs as well as im-
mune cell infiltration in the affected villi.*” Past research
has also demonstrated that RBCs drain mainly through
lymphatic pathways to cervical lymph nodes but were not

red blood cells draining through lymphatic vessels of the
cribriform plate and in the lymphatics draining the eye to
cervical lymphatics with similar dynamics as molecular tracer.
We could not find relevant contribution for clearance through
dorsal dural lymphatics, nor through phagocytosis by
macrophages.

Implications of all the available evidence

This study has shown that cribriform plate lymphatics drain
red blood cells from the subarachnoid space with similar
dynamics as molecular tracer, implying direct open pathways
that do not impose a barrier for particles of 6-7 pm size.
Moreover, this anatomical tracer study identifies the major
role of cribriform plate lymphatics for drainage of red blood
cells from the subarachnoid space and suggests further
investigation of this pathway and potential targeting in
models of subarachnoid haemorrhage.

able to describe the microanatomy of the pathway in
detail.**** Studies in humans®*' as well as in other
mammalian species’*? demonstrated accumulation of
RBCs in perineural spaces of cranial nerves, especially
those surrounding the optic nerve and olfactory nerve
bundles. Our group has provided evidence of an inter-
rupted arachnoid barrier as the underlying anatomical
structure leading to patency of the cribriform plate
pathway for particles up to at least 1 pm in diameter.”
Recent investigations using murine subarachnoid, intra-
cerebral, or intraventricular haemorrhage models have
suggested RBC clearance through dural lymphatic
pathways.*¢ In addition, earlier investigations exploring
RBC clearance from the SAS proposed eryth-
rophagocytosis as a possible mechanism.”*~° In the
brain, erythrophagocytosis and microglia activation in the
SAS was reported after 24 h in subarachnoid and intra-
cerebral haemorrhage models.””*

In this study we performed infusions of autologous
fluorescently labelled RBCs into the SAS via the cisterna
magna (i.cm.) in Prospero homeobox 1 (Proxl)-
enhanced green fluorescent protein (EGFP)' and C-X3-
C motif chemokine receptor 1(CX3CR1)-GFP® reporter
mice for visualisation of RBCs in relation to lymphatic
vessels and resident phagocytes, respectively. We
investigated potential routes for RBCs to access extra-
cranial lymphatics through in vivo intravital microscopy
and in situ imaging performed immediately postmor-
tem. Using confocal microscopy, we imaged decalcified
cryosections of the cribriform plate and dorsal dural
lymphatics as well as dural whole mounts. We demon-
strate that labelled RBCs exhibit rapid drainage from the
SAS to the lymphatic system and that the routes of
egress are mainly associated with the cribriform plate
rather than dural lymphatic vessels.

www.thelancet.com Vol 107 September, 2024


http://www.thelancet.com

Articles

Methods

Ethics

All animal experiments were performed in accordance
with Swiss law on animal welfare (Swiss Federal Welfare
Act, TSchG) and were approved by the veterinary office of
the canton of Bern, Switzerland (permit no. BE93/19 and
BE141/2022). This study was performed in line with the
ARRIVE guidelines for reporting animal research.

Animal husbandry

Female Prox1-EGFP mice® were bred in-house on the
C57BL/6 ] background. CCR2-RFP x CX3CRI1-GFP
mice® were a kind gift from Dr. Israel F. Charo (UCSF,
USA) and Dr. Richard Ransohoff (Boston, USA).
CX3CR1-GFP mice were bred from the compound
heterozygous mice. Female mice were utilised in
similar tracer studies for CSF circulation in our lab
before’** and male littermates are reserved for stroke
model studies. Mice were kept in single ventilated cages
under specific pathogen free conditions at a light-dark
cycle of 13 h-11 h with food and water accessible ad
libitum. Enrichment with spaces for retreat was pro-
vided. Experimental procedures were performed at an
age of 8-14 weeks (total 48 animals).

RBC collection and labelling

Under short isoflurane anaesthesia, mice were fixed in a
restrainer, the saphenous vein was punctured with a
lancet and 20 pl of blood were collected in a heparinised
tube (Sarstedt, Niimbrecht, Germany). For labelling of
RBCs for in vivo studies, blood was washed 3x in 200 pl
phosphate-buffered saline (PBS, Gibco, Paisley, UK),
centrifuged at 2000 g (7 min, 20 °C), and resuspended in
100 pl PBS for labelling with DiD (Invitrogen, Eugene,
OR, USA) at a concentration of 0.005 mMol. RBCs were
incubated on a shaker at 37 °C for 20 min. This was
followed by washing 3x (200 pl PBS) and centrifuging at
240 g (6 min, 37 °C). PBS at 37 °C was used for washing
and resuspending the RBCs after the incubation (Fig. 1a).
For labelling of RBCs for decalcified tissue analysis,
CellTracker™ deep red (CTdr, Invitrogen, Eugene, OR,
USA) was used. For the labelling with CTdr, the RBCs
were purified by Ficoll® (Cytiva, Uppsala, Sweden)
gradient after the first washing step. After another wash,
the RBCs were then suspended in 1.5 pl PBS with CTdr
at a total concentration of 0.83 pMol for the labelling.
RBCs were incubated on a shaker for 30 min at 37 °C and
after washing (centrifuging at 340 g, 8 min, 37 °C)
resuspended in 1.5 ml PBS and incubated for another
30 min. This was followed by the same washing and
resuspension steps as described above. Finally, labelled
cells were resuspended in 30 pl 1x PBS to reach the
desired concentration for i.c.m. infusion.

Flow cytometry analysis

Flow cytometry experiments were performed on an At-
tune NxT cytometer (Thermo Fisher Scientific, Reinach,
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Switzerland) and data was analysed using the FlowJo™
software (version 10, Ashland, OR, USA). The following
gating strategy was applied to analyse the DiD or CTdr
labelled subsets. RBCs were selected by size and gran-
ularity (FSC-A vs. SCC-A) and doublets excluded via a
FSC-H and FSC-A density plot. Within the gated single
RBCs the percentage of DiD or CTdr labelled RBCs was
assessed by comparison to the fluorescence intensity of
unlabelled RBCs that underwent the same procedures
except for the labelling (Supplementary Fig. Sla-g).

Infusion of RBCs into the tail vein

DiD labelled RBCs (35 x 10°, equivalent to 0.22% of
RBCs in a 20 g mouse®) were suspended in 100 pl warm
0.9% saline (B. Braun, Sempach, Switzerland). Short
anaesthesia was induced with 3.8% isoflurane mixed
with >90% O, in an induction chamber and maintained
with a concentration of 1.8% applied by nose cone. The
mouse was put on a heating pad and the tail additionally
warmed with a warm water bag to increase venous
distension. The tail was then disinfected with 70%
ethanol and the RBC suspension injected into the lateral
tail vein. Mice were left to recover under O, supple-
mentation and observed until showing regular breath-
ing and normal awake behaviour.

Infusion of RBCs and tracers i.c.m.

A single subcutaneous dose of 0.375 mg/kg buprenor-
phine (Temgesic, Eumedica Pharmaceuticals AG, Basel,
Switzerland) was administered 30 min before the in-
duction of anaesthesia to improve the anaesthetic effect
during the following procedure. Anaesthesia with
80 mg/kg ketamine (Narketan, Vetoquinol AG, Bern,
Switzerland) and 0.4 mg/kg medetomidine (Dormitor,
Vetoquinol AG, Bern, Switzerland) was then injected
intraperitoneally, followed by 1/3 of the initial dose after
30 min. On the absence of pain reflexes, the neck and
cervical area was shaved as well as depilated and the
mouse placed on a heating pad to maintain body tem-
perature at 37 °C and the head fixed in a stereotaxic
frame (RWD, Mainz, Germany). Surgical access to the
cisterna magna was performed as previously
described.® In brief, the skin was incised at the midline
over the occipital bone and cervical spinal cord and the
underlying musculature was separated by blunt and for
the innermost muscle layer by sharp dissection. Upon
visualisation of the atlantooccipital membrane a bevelled
glass capillary (Sutter instruments, Novato, CA, USA)
with a diameter of 20-60 pm pulled on a Sutter P97
pipette puller (Sutter instruments Novato, CA, USA)
mounted on a 10 pl gas tight syringe (Hamilton,
Bonaduz, Switzerland) was slowly advanced to pierce
the membrane at a perpendicular angle. After 2 min to
allow for normalisation of ICP, 1.5 million RBCs sus-
pended in 3 pl of 200 nM polyethylene glycol (PEG)
ylated 40 kDa near-infrared tracer (P40D800)* were
infused with a syringe pump (Stoelting, Wood Dale, IL,
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Fig. 1: Rapid tracer and RBC spread after i.c.m. infusion along ventral cisterns and perineural pathways.

Sphenoidal/orbital fissure

Foramen ovale

a) Outline of the experimental

procedure for co-infusion of DiD-labelled autologous RBCs (1.5 x 10° RBCs in 1.5 pl) and P40D800 near-infrared tracer (1.5 pl) followed by
in vivo and postmortem in situ imaging. b,c,e,f) Representative images of near-infrared tracer (white, b,e) and RBC (magenta, ¢,f) distribution
directly post-mortem 15 min post-i.c.m. infusion (n = 8). b,c) Distribution along the ventral cisterns of the brain. d) Schematic illustration of the
region imaged in b,c. e,f) Perineural spread of tracer and labelled RBCs at the skull base along ONs and at the cribriform plate. g) Schematic
illustration of e,f. Scalebars: 1000 pm. a,d) created with bioRender. ON = optic nerve, CP = cribriform plate.

USA) at arate of 1 pl/min i.c.m. Similar infusion speeds
of comparably low volumes were shown to not cause
major interference with physiological CSF flow.® After
infusion, the capillary was glued to the surrounding
tissue with tissue glue (Vetbond™, Fisher Scientific,
Reinach, Switzerland) and was left in place for another
2 min to avoid backflow before being cut with scissors
and sealed with a drop of glue. Following wound
closure, mice were transferred to a monitoring station
either for in vivo imaging or for monitoring until
transcardial perfusion.

In vivo, post-mortem in situ and ex situ imaging

Directly after i.c.m. infusion, mice were transferred to
an epifluorescence microscope, placed on a heating pad
to maintain body temperature at 37 °C, supplied with

>90% oxygen and their temperature, heart rate and
oxygenation were monitored with a Somnosuite®

dent anaesthesia machine (Kent Scientific, Torrington,
CT, USA). Imaging was performed with a Zeiss
AxioZoom.V16 microscope (Carl Zeiss, Feldbach,
Switzerland), fitted with a Prime BSI Scientific sCMOS
camera (Teledyne Photometrics, Tucson, AZ, USA), a
light-emitting diode illumination system pE-4000
(CoolLED Ltd, Andover, UK), and ZEN 2.6 software
(Carl Zeiss, Feldbach, Switzerland). The quality of
infusion was assessed by dynamic in vivo through-skin
NIR imaging of the scLNs, allowing for the visual-
isation of P40D800 tracer draining from the SAS. Upon
reaching the predetermined time after infusion (15, 30,
and 60 min) mice were euthanised by i.p. application of
a ketamine/medetomidine overdose (660 mg/kg,
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3.3 mg/kg). Imaging was performed directly after res-
piratory arrest. Skin was incised and dcLNs exposed.
Images were acquired at 32x with an exposure of 50 ms
for the green (EGFP), 500 ms for the far-red (DiD) and
100 ms for the NIR channel (P40D800). Lymphatic
vessels draining the orbit were exposed, traced back to
the exit point from the orbit and images were acquired
with identical settings. Close-ups and epifluorescence z-
stacks for extended depth-of-focus reconstructions were
acquired with individual settings. After removal of the
skull cap, images of the excised brain and skull base
were acquired. The circle of Willis was imaged at 16x,
with an exposure of 500 ms for the far-red (DiD) and
25 ms for the NIR channel (P40D800), and the skull
base at 10x with the same exposure time.

I.c.m. infusion of ovalbumin

Lcm. infusion was performed as described above. A
total of 3 pl of Alexa647-conjugated ovalbumin (OVA-
AF647, Thermo Fisher Scientific, Waltham, MA, USA)
at a concentration of 2 mg/ml was infused at a rate of
1 pl/min. Animals were sacrificed by transcardial
perfusion 2 h post i.c.m. infusion.

Decalcification of the skull and spinal column
Prox1-EGFP mice were investigated 30 min and
CX3CR1-GFP mice 2 h after i.c.m. infusion, respec-
tively. Under deep isoflurane anaesthesia and in the
absence of pain reflexes, intracardiac perfusion was
performed with ice-cold PBS followed by 4% para-
formaldehyde (PFA, Merk Darmstadt, Germany) in
PBS. Mice were decapitated and after removal of soft
tissue and the lower jaw, skulls and spinal columns
were harvested and post-fixed in 4% PFA for 24 h fol-
lowed by decalcification in 14% Ethylenediaminetetra-
acetic acid (EDTA, Sigma-Aldrich, Steinheim,
Germany) for 7 days, with EDTA being refreshed every
second day. This was followed by cryoprotection in 30%
sucrose (Merk, Darmstadt, Germany) for 3 days. Tissue
was embedded in O.C.T. (Tissue-Tek®, Sakura Finetek,
Umbkirch, Germany) and frozen on dry ice and 2-
Methylbutane (Sigma-Aldrich, Steinheim, Germany).
Tissue was stored at —80 °C until further use. Coronal
sections of 30 pm and sagittal sections of 50 pm were
cut on a cryostat (CryoStar, NX50, Epredia, Cham,
Switzerland).

Immunofluorescence staining

Decalcified cryosections were used for immunofluores-
cence staining. After thawing at room temperature for
10 min, sections were hydrated with PBS for 3 x 5 min
followed by permeabilisation of membranes with 0.1%
Triton X-100 (Sigma—Aldrich, Steinheim, Germany) in
PBS for 10 min. Blocking was achieved by adding 10%
donkey serum for 1 h before overnight incubation at
4 °C in 10% donkey serum containing the primary
antibody. Primary antibody was washed off in 2 washing
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steps with PBS and the secondary antibody was applied
in 2% donkey serum and left for incubation for 2 h in
the dark at room temperature. Then, slides were washed
twice, stained for DAPI for 15 min, mounted on glass
slides and cover-slipped with Mowiol (Sigma-Aldrich,
Steinheim, Germany). Overview images were acquired
on a Zeiss AxioZoom.V16 fluorescence microscope and
high-resolution images also used for 3D reconstructions
on a Zeiss LSM800 confocal microscope (Carl Zeiss,
Feldbach, Switzerland). Further image analysis was
performed with Fiji software® or Imaris 9 (Oxford in-
struments, Abingdon, UK).

Antibodies

Primary antibodies used in these experiments: rat anti-
TER-119 1:100 dilution (BD Biosciences Cat# 553671,
RRID:AB_394984), goat anti-E-cadherin 1:100 dilution
(R&D Systems Cat# AF748, RRID:AB_355568). Sec-
ondary antibodies used in these experiments: donkey
anti-rat Cy™3 1:300 dilution (Jackson ImmunoResearch
Labs Cat# 712-165-150, RRID:AB_2340666), donkey
anti-goat Cy™3 1:300 dilution (Jackson ImmunoR-
esearch Labs Cat# 705-165-147, RRID:AB_2307351).

Dural whole mounts

Dural whole mounts were dissected and prepared as
described previously.®® In brief, Prox1-EGFP reporter
mice were perfused transcardially with 10 ml ice cold
PBS 30 min after i.c.m. infusion of CTdr-labelled RBCs.
The calvaria was separated from the skull close to the
skull base and carefully separated from the brain. After
post-fixation in 2% PFA for 24 h, the dura mater was
dissected from the calvaria under a stereomicroscope,
mounted and carefully cover-slipped with Mowiol. Z-
stacks from the confluence of sinus and the lateral
borders of the transverse sinus were acquired on a LSM
800 confocal microscope.

Quantification of RBCs in lymphatic vessels

Quantification was performed on 3D reconstructions of
z-stack confocal images of decalcified coronal sections of
the cribriform plate and sagittal sections of the cranium
with dorsal dural lymphatics preserved as well as on
dural whole mounts. Quantification was done with
support of Imaris 9 to aid in the detection of CTdr
labelled RBCs using the spot detection function. Auto-
mated counting of RBCs per field of view (FOV) was
corrected manually when needed and association of the
RBCs with Prox1-EGFP lymphatic vessels was assessed.
Counting only RBCs outside of the arachnoid, be it in
the subdural space at the dorsal side or directly at the
cribriform plate, allowed for comparison of efflux
pathways regardless of the cells in the SAS that were
present in some of the images acquired. The percentage
of RBCs in or on lymphatic vessels as a part of all the
RBCs in the FOV was calculated. Due to the variability
of lymphatic vessel size and number on the slides, we
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further normalised the percentage to the total area
occupied by lymphatic vessels per FOV. The area was
calculated on maximum intensity projections using
uniform thresholds for decalcified cryosections and
whole mounts, respectively. Due to the obvious differ-
ences in the anatomy of the tissues being quantified,
blinding was not possible. For the cribriform plate and
for dorsal dural lymphatics, 4 sections per animal from
4 separate animals were quantified. For dorsal dural
lymphatics a total of 4 locations (2 from the confluence
of sinus as well as 1 from each lateral side of the
transverse sinus) were quantified in 4 separate whole
mounts.

Quantification of phagocytosis in CX3CR1-GFP
reporter mice

Phagocytes (CX3CR1-GFP) and RBC-CTdr (Cy5 chan-
nel) positive area was quantified on confocal images of
coronal sections of decalcified cranium. Images were
acquired at the level of the olfactory bulbs directly above
the cribriform plate. GFP" and CTdr* area was
measured in semi-automated fashion with uniform
thresholds set for both channels respectively and
manual exclusion of the bone of the cribriform plate, if
present. Three slides per mouse from a total of 4 mice
were analysed. The area that is both CTdr and GFP
positive was calculated as a percentage of the total GFP
positive area. This allowed for quantification of CTdr
labelled RBC phagocytosis even though a limited Cy5
autofluorescence is present in phagocytes due their or-
ganelles. With the area being calculated by thresholds
set in advance, bias could be evaded without the need
for blinding.

Statistics

Statistical analyses were performed with GraphPad
Prism 9 (La Jolla, CA, USA). P-values less than 0.05
were deemed as statistically significant. Data is pre-
sented as mean + SD. Data was tested for normal dis-
tribution using the Shapiro-Wilk test. Groups of data
with non-normal distribution were compared with the
Mann-Whitney-test (two-tailed) or the Kruskal-Wallis-
test with Dunn’s multiple comparisons.

Role of funders
The funders were not involved in the study’s design,
data collection, analysis, interpretation or reporting.

Results

RBCs rapidly distribute along ventral SAS cisterns
and cranial nerves after i.c.m. infusion

Previous studies from our group have shown that,
following intraventricular (i.c.v.) infusion, macromolec-
ular tracers distribute along the ventral cisterns of the
brain and clear through perineural routes, including the
spaces along the optic nerves crossing into the orbit as

well as those surrounding the olfactory nerve bundles
passing the cribriform plate.***** Thus, we first assessed
whether labelled RBCs spread in the SAS and can access
the same efflux pathways following i.c.m. infusion. For
visualisation of RBCs we established two cell labelling
techniques depending on the experiment: a DiD cell
membrane labelling protocol with superior brightness
for in vivo or in situ detection (Fig. 1la, Supplementary
Fig. Sla-d, Supplementary Video S1) and a CTdr
labelling that is retained intracellularly during decalci-
fication and  staining procedures  (Fig. 3a,
Supplementary Fig. Sle-g).

To compare the distribution and dynamics of
labelled RBCs with P40D800 we co-infused both i.c.m.
of Prox1-EGFP mice (Fig. 1a). Ex vivo epifluorescence
imaging of the circle of Willis 15 min after i.c.m. infu-
sion revealed RBCs spreading to the rostral part of the
ventral cisterns as well as along the perivascular space of
the medial cerebral artery, identical to the localisation of
P40D800 (Fig. 1b, ¢, d). Thus, CSF circulation pathways
along the ventral SAS in mice showed no size restriction
for RBCs. Furthermore, both RBCs and tracer accu-
mulated within the perineural spaces of the optic nerves
and also reached the region of the cribriform plate, the
latter known to be a major CSF efflux pathway in mice
(Fig. 1e, f, g).”*”° The presence of RBCs in all regions of
the ventral SAS already 15 min post-i.c.m. infusion in-
dicates dynamics comparable to macromolecular tracer.
Control experiments with mice infused with unlabelled
RBCs, along with P40D800 to confirm successful infu-
sion, did not demonstrate any signal above threshold in
the imaged regions (Supplementary Fig. S2).

Previous studies have demonstrated spread of tracers
along the spinal SAS after injection into the cranial CSF
spaces, with the major lymphatic efflux pathway iden-
tified in the lumbosacral area.”” To account for this
additional potential efflux route, we investigated the
distribution of labelled RBCs on decalcified spinal tis-
sue. While 30 min following i.c.m. infusion sparse ac-
cumulations of CTdr labelled RBCs could be detected on
the cervical and thoracic level, only occasional single
RBCs were present at the lumbar and sacral levels
(Supplementary Fig. S3). These findings reveal similar
dynamics as seen for the spread of molecular tracer
along the spinal cord after i.c.v. infusion in mice.”

RBCs drain from the SAS to cervical lymphatics
within 15 min

As shown in previous tracer experiments from our
group and others, lymphatic efflux to the cervical lymph
nodes provides a major drainage pathway for
CSE.»#»7071 Ag RBCs were visible along perineural
clearance pathways, we hypothesised that RBCs could
drain to cervical lymphatics following i.c.m. infusion.
Thus, we investigated the presence of DiD labelled
RBCs in the scLNs and dcLNs directly postmortem after
euthanasia at 15, 30 and 60 min (n = 7-8 mice per
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timepoint) post i.c.m. infusion. Surprisingly, RBCs
could be detected in dcLNs already 15 min post i.c.m.
infusion, coinciding with signal enhancement from the
P40D800 tracer (Fig. 2a, b, ¢). In control mice infused
with unlabelled RBCs no signal above background was
visible at the settings used to detect DiD (Fig. 2d). RBC
drainage to scLNs was slightly delayed as compared to
dcLNs, with only sparse individual cells detected after
15 min and groups of cells visible at 30 min post i.c.m.
infusion. Continuous drainage of RBCs and tracer
through Prox1-EGFP" afferent cervical lymphatics to the
dcLNs was observed at later timepoints (Fig. 2e, f,
Supplementary Fig. S4). The similar efflux dynamics
between P40D800 tracer and RBCs imply that RBCs are
drained into the dcLNs through the bulk flow of CSF
from the SAS.

As we could detect RBCs in the scLNs, which are
known to receive lymph from lymphatic vessels draining
tissue surrounding the mouse eye,*® we exposed and
imaged the Prox1-EGFP" lymphatic vessels draining the
orbital cavity directly in situ postmortem 15, 30 and
60 min post i.c.m. infusion. We could observe P40D800
tracer as well as RBCs in lymphatics draining the orbit
(Fig. 2 g, h). However, the dynamics were more variable
compared to the dcLNs. Whilst all 7 mice assessed after

P40D800
.

15 min showed orbital tracer efflux, RBCs were visible in
6 mice. Numerous RBCs could be observed in these
lymphatic vessels in 4 mice, while sparse RBCs detected
in 2 mice. Investigations of later timepoints confirmed
this pathway to be accessible for RBCs in the majority of
mice (6 out of 8 at 30 min, and 7 out of 8 at 60 min).

In summary, our data shows that both RBCs and
macromolecular tracers are draining from the SAS
through cervical lymphatic vessels converging on scLNs
and dcLNs. These findings together prompted us to
undertake a detailed anatomical investigation of poten-
tial efflux sites such as the cribriform plate, the optic
nerve and dorsal dural lymphatics.

Clearance of RBCs from the SAS through lymphatics
at the cribriform plate
The cribriform plate has been established as one of the
major contributors to CSF efflux to the dcLNs, with the
pathways to lymphatics open to large particles such as
1 pm diameter PEGylated beads."”**7* Thus, we aimed to
investigate whether RBCs can also gain access to the
lymphatics surrounding olfactory nerve bundles at the
cribriform plate.

To explore efflux pathways on decalcified tissue sec-
tions, CTdr was used to label the RBCs before infusion.

P40D800

Fig. 2: Labelled RBCs and macromolecular tracer drain from the SAS through lymphatic vessels and arrive in the dcLNs by 15 min. a,b)
Representative in situ post-mortem images of dcLN 15 min post-i.c.m. infusion of DiD-labelled autologous RBCs showing labelled RBCs (pink,
arrows, a) and P40D800 tracer (white, b) arriving simultaneously (n = 8). c) Representative extended depth of focus image of dcLN 15 min post-
i.c.m. infusion showing accumulation of labelled RBCs. d) Control image of dcLN 15 min post-i.c.m. infusion of unlabelled RBCs (n = 3). e)
Representative in situ post-mortem image showing drainage of P40D800 along the afferent lymphatic vessels to the dcLN 30 min post-i.c.m.
infusion (n = 7). f) Magnification of e (white square), acquired with different channels. Representative extended depth of focus image for the
drainage of labelled RBCs within the afferent lymphatic vessel of the dcLN 30 min post-i.c.m. infusion. g) Representative in situ post-mortem
image for the lymphatic drainage of P40D800 from the orbit 30 min post-i.c.m. infusion, overlying skin was removed (n = 7). h) Magnification
of g (white square), acquired with different channels. Representative extended depth of focus image showing lymphatic drainage of labelled
RBCs from the orbit 30 min post-i.c.m. infusion. Scalebars: a,b,c,d,g 500 pm; e 1000 pm; f,h 200 pm.
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Fig. 3: RBCs clear along olfactory and optic nerve pathways. a) Outline of experimental procedure for co-infusion of CTdr-labelled autologous
RBCs (1.5 x 10° RBCs in 1.5 pl) and P40D800 (1.5 pl) tracer into the cisterna magna followed by cardiac perfusion, skull harvest and decal-
cification. b,c,d,e) Representative coronal images of decalcified tissue at the cribriform plate region 30 min post-i.c.m. infusion (n = 4). b)
Overview of cribriform plate region. ¢,d) Magnification of b (brown square) at different levels of z-stack, showing RBC efflux over the cribriform
plate in one continuous lymphatic vessel imaged at different z-levels. Labelled RBCs (arrows, white = labelling, red = staining) are visible within
the lumen of a lymphatic vessel above the cribriform plate (c) and within the lymphatic vessel crossing the bone of the cribriform plate (d). e)
Magnification of b (yellow square). Labelled RBCs (arrows) draining within the lymphatics of the nasal mucosa. f) Magnification of b (red
square). 3D reconstruction of labelled RBCs in the lumen of a lymphatic vessel in the nasal mucosa. g) Representative coronal images of
decalcified tissue of the ON 30 min post-i.c.m. infusion (n = 4). h) Magnification of g (white square). Labelled RBCs (white) visible in the
extension of the SAS around the ON delineated by the E-cadherin-stained arachnoid (red). i) Representative coronal maximum intensity
projection of decalcified tissue showing the continuous E-cadherin-stained arachnoid barrier layer ensheathing the ON at the level of the
cavernous sinus. White arrows = RBCs outside of arachnoid barrier, red arrow = subarachnoid RBCs a) Created with Biorender. Scalebars: b
500 pm; ¢,d,e,f 20 pm; g 1000 pm; h 30 pm; i 100 pm. CP = cribriform plate, ONB = olfactory nerve bundle, ON = optic nerve.

Mice were sacrificed and perfused 30 min post i.c.m.
infusion and the craniums harvested for decalcification
(Fig. 3a). Coronal sections of the cribriform plate region
were cryosectioned and stained for TER-119 (isotype
control stainings in Supplementary Fig. S5) to visualise
the RBC membrane in addition to the CTdr labelling.
Confocal imaging of coronal decalcified sections
demonstrated that RBCs had crossed the cribriform
plate within Prox1-EGFP* lymphatic vessels (Fig. 3b—e).
RBCs were found within the lymphatics directly above

the cribriform plate (Fig. 3b and c) and within the
lymphatic vessels associated with olfactory nerve bun-
dles (Fig. 3d, Supplementary Video S2). Further imag-
ing and 3D reconstructions confirmed RBCs draining
within the lymphatics below the cribriform plate (Fig. 3e
and f, Supplementary Video S3). Qualitative assessment
from a total of 8 mice at 30 min post i.c.m. infusion
revealed that RBCs were consistently found within
lymphatic vessels along the olfactory nerve bundles and
rarely could be found in the tissue spaces around the
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nerves. Our findings confirm that the pathways from the
SAS to lymphatics at the cribriform plate are open to
egress of murine RBCs.

RBCs reach the SAS surrounding the optic nerve
In situ postmortem imaging indicated a potential RBC
efflux along the SAS extending around the optic nerve.
Furthermore, RBC efflux to lymphatics draining the
orbit was observed (Fig. 2). Although small particles
have been found outside the arachnoid barrier at the
optic nerve’s termination into the eye,” it remains to be
elucidated if RBCs can exit from the SAS along the
optic nerve. To investigate this, we performed confocal
imaging on coronal cryosections from animals
perfused 30 min post i.c.m. infusion. Sections showing
the most distal part of the optic nerve were selected and
stained for E-cadherin to visualise the arachnoid bar-
rier*® (Fig. 3g and h). Confocal imaging revealed that
RBCs could reach the most distal part of the SAS sur-
rounding the optic nerve (Fig. 3h). Surprisingly,
despite our evidence of RBC drainage through orbit-
draining lymphatics, on tissue sections we could not
localise RBCs in the periorbital tissue. The cells
remained confined within the perineural sheath
delimitated by the arachnoid barrier, which appeared as
a continuous E-Cadherin™ layer visualised by immu-
nofluorescence staining (Fig. 3h, isotype control stain-
ings in Supplementary Fig. S5). At more proximal parts
of the optic nerve within the skull, we also confirmed
an intact arachnoid barrier along the nerve with RBCs
present in the SAS. However, at the level of the
cavernous sinus we were able to visualise RBCs outside
of the arachnoid barrier without being able to detect
any discontinuity of the barrier itself (Fig. 3i). Our data
shows that whilst the arachnoid, in line with previous
reports,’* seemed to be continuous along the length of
the optic nerve, RBCs could still be found outside of the
E-cadherin positive barrier layer. However, the route to
the lymphatics draining the orbit still remains to be
elucidated.

Minor role of dorsal dural lymphatics in RBC efflux
As recent publications have proposed immune cell and
RBC efflux through dorsal dural lymphatics,”**”* we
investigated the presence of RBCs within Prox1-EGFP*
lymphatic vessels 30 min after i.c.m. infusion on both
cryosections (Fig. 4a and b) and dural whole mounts
(Fig. 4c and d). Sagittal cryosections of the transverse
sinus, close to the confluence of sinus showed that
labelled RBCs are found in a (sub)dural space on the
dorsal side of the skull (Fig. 4b), outside of the arach-
noid as visualised by the Prox1" reporter layer that is
found associated with the E-cadherin® barrier layer?**
(Supplementary Fig. S6). The majority of labelled
RBCs were localised in the dural interstitial space,
without being directly associated with the dorsal dural
lymphatics (Fig. 4b). These images suggest that RBCs
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can reach the dura in the region of the transverse sinus.
Moreover, the RBCs do not appear to localise to the
lymphatic vessels at this location.

To further corroborate our observations, we acquired
confocal z-stacks of dural whole mount tissue harvested
30 min after i.c.m. infusion. Whilst on sagittal sections
the dural lymphatics might only cover a small area, we
were able to image a considerable amount of the dural
lymphatics using whole mounts. In an en face projec-
tion, RBCs appeared to be associated with lymphatics
(Fig. 4c). However, a lateral projection of the 3D re-
constructions revealed that the majority of labelled
RBCs were clearly outside the lymphatics (Fig. 4d,
Supplementary Video S4). To compare the efflux of
RBCs 30 min post i.c.m. infusion to dorsal dural lym-
phatics and through the cribriform plate, the percentage
of labelled RBCs in or in direct contact with lymphatic
vessels was calculated. Quantification (Fig. 4e) demon-
strated that a significantly larger percentage of RBCs
were associated with the lymphatic vessels of the crib-
riform plate (64.49 + 20.55%) than with the dorsal dural
lymphatic vessels on cryosections (5.42 + 10.74%) as
well as dural whole mounts (3.23 = 4.08%, p < 0.0001,
Kruskal-Wallis test with Dunn’s correction). Given the
different sizes of lymphatic vessels in the images and to
provide a more unbiased approach, we normalised to
the area occupied by lymphatics in each FOV
(Supplementary Fig. S7). With this approach, the
outcome remained unchanged, with significantly more
RBCs associated with the lymphatics of the cribriform
plate (22.27 + 20.55%) compared to dural lymphatics
(dorsal dural lymphatics 0.90 + 1.94%, dural whole
mounts 0.60 + 1.18%, p < 0.0001, Kruskal-Wallis test
with Dunn’s correction).

Retention of RBCs in cervical lymph nodes but no
evidence of phagocytosis at the cribriform plate

In addition to efflux along CSF pathways, RBCs have
been proposed to be cleared from the SAS by
erythrophagocytosis.****7* We investigated this mech-
anism 2 h post i.c.m. infusion of CTdr labelled RBCs
using CX3CR1-GFP reporter mice to visualise CNS
resident macrophages-mediated phagocytosis. Qualita-
tive analysis of coronal cryosections at the cribriform
plate region demonstrated only singular, sporadically
occurring potential phagocytotic events (Fig. 5a and b).
Some organelles within the CX3CR1-GFP" phagocytes
showed autofluorescence at the far-red fluorescence
wavelengths rendering quantitative analysis of CTdr
positivity difficult. This was overcome by staining the
RBCs additionally for TER-119 and by comparing the
CTdr signal in phagocytes in mice infused with labelled
RBCs to mice infused with unlabelled RBCs. Statistical
analysis showed no difference in far-red fluorescent area
in phagocytes between mice infused with labelled vs.
unlabelled RBCs (1.01 + 0.92% vs. 242 + 2.19%,
p = 0.0574, Mann-whitney test two-tailed, 1 outlier
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Fig. 4: Limited efflux of RBCs apparent through dorsal dural lymphatics. a) Representative sagittal images of decalcified tissue at the
transverse sinus region 30 min post-i.c.m. infusion of CTdr-labelled autologous RBCs (according to Fig. 3a). Square indicates where the close-up
z-stacks of the transverse sinus close to the confluence of sinus were acquired. b) Representative sagittal 3D reconstruction of dorsal dural
lymphatics from z-stacks acquired on decalcified tissue, 30 min post-i.c.m infusion (n = 4). Imaging close to the confluence of sinus. Single RBCs
(white arrows, white = labelling, red = staining) are visible adjacent to dorsal dural lymphatics (red arrow) in the dural interstitium but not in the
lumen of the lymphatic vessel (arrowhead = arachnoid). c) Representative 3D reconstruction of dorsal dural lymphatics (lateral transverse sinus)
of a dural whole mount preparation harvested 30 min-post i.c.m. infusion (n = 4). En face view. d) Same 3D reconstruction as in ¢, lateral view.
Labelled RBCs are outside of the lymphatic vessels. e) Cribriform plate lymphatics drain significantly more RBCs than dorsal dural lymphatics.
Shown is the percentage of labelled RBCs inside the lymphatic vessels with 100% representing all labelled RBCs outside the arachnoid in the
FOV. Same colour dots mark data points acquired from one animal (4 animals per group). **** = p < 0.0001 (Kruskal-Wallis test with Dunn's
correction). Data presented as mean + SD. Scalebars: a 500 pm; b,c,d 50 pm.

removed in unlabelled RBC group due to elevated tissue
autofluorescence), thus indicating no detectable phago-
cytosis of CTdr-labelled RBCs (Fig. 5¢). To confirm the
phagocytotic ability of CX3CR1-GFP™ cells near the
cribriform plate we assessed OVA-AF647 uptake 2 h
after i.c.m. infusion. Abundant OVA-AF647 uptake was
apparent within CX3CR1-GFP" phagocytes at the crib-
riform plate (Fig. 5d,e, Supplementary Fig. S8).

In contrast to the lack of erythrophagocytosis at the
level of the cribriform plate, processing of RBCs in
lymph nodes has been suggested to initiate rapidly, with
RBCs being lysed or phagocytosed within 1 h."77
Confocal imaging of dcLNs harvested 2 h after i.c.m.
infusion showed RBCs undergoing lysis visible by an
empty TER-119 stained cell hull (Fig. 5f and g). Occa-
sionally, RBCs engulfed by phagocytes could be
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Fig. 5: Retention of RBCs in cervical lymph nodes but no evidence of phagocytosis in the SAS. Representative coronal images of
decalcified tissue at the cribriform plate region 2 h post-i.c.m. infusion of CTdr labelled autologous RBCs (n = 4). a) Overview showing
distribution of CTdr-labelled RBCs (white = labelling, red = staining) along the midline between the olfactory bulbs. b) Magnification of a
(white square). Only sporadic phagocytic (arrow) activity by resident phagocytes (green) of the CNS 2 h post i.c.m. infusion. c) No sig-
nificant phagocytosis of labelled RBCs is evident within 2 h post-i.c.m. infusion (p = 0.0574, Mann-Whitney test two-tailed). Shown is the
percentage of phagocyte (green) area congruent with CTdr (white) area. Same colour and shape dots mark data points acquired from one
animal (3 in unlabelled, 4 in CTdr group). d) Representative coronal images of decalcified tissue at the cribriform plate region 2 h post-i.c.m.
infusion of OVA-AF647 (n = 3). Overview. e) Magnification of d (white square), CX3XR1" phagocytes (green) show OVA-AF647 uptake
(white). Inlet: single channel. f) Representative image of dcLN 2 h post-i.c.m. infusion of CTdr-labelled RBCs in CX3CR1-GFP reporter mouse.
Labelled RBCs drained from the SAS and are processed by phagocytes (n = 4). Intact RBCs as well as TER-119 stained RBC hulls without
CTdr-labelled intracellular content are present. g) Close up orthogonal view of f (white square). Shown is a CTdr-labelled RBC being
phagocytosed by a resident macrophage (centre, white arrow) as well as a morphologically no longer intact RBC likely undergoing lysis near
a phagocyte (red arrow). h) 3D rendering of the RBC being phagocytosed shown in g. i) No significant increase of labelled RBCs crossing the
FOV from 15 min up to 60 min post i.c.m. infusion (p = 0.0598, Kruskal-Wallis test with Dunn’s correction, n = 7). Data presented as
mean + SD. ns = not significant. Scalebars: a,d 500 pm; b,e 50 pm; f,g, 40 pm; h 20 pm. OB = olfactory bulb.

visualised (Fig. 5g and h). This surprisingly high rate of =~ imaging of the microvasculature of the ear for 1 min
retained and destructed RBCs prompted us to investi- and up to 60 min after i.c.m. infusion showed only
gate if RBCs were able to drain from the lymph nodes single RBCs appeared to reach the systemic circulation
back into the systemic circulation. Intermittent in vivo (Supplementary Video S5). While at 60 min, single
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labelled RBCs could be detected in the bloodstream of
all 7 animals investigated the number of cells detected
did not significantly increase within 60 min unlike what
is observed with inert tracers such as PEGylated dyes™
(Figs. 5i) (15 min 0.13 + 0.38 vs 60 min 3.57 + 4.32,
p = 0.0598, Kruskal-Wallis test with Dunn’s correction).

These findings, which demonstrate an undetectable
erythrophagocytosis activity at the cribriform plate after
2 h but evidence of an efficient RBC processing in the
dcLNs, further support the concept of a bulk flow efflux
through the lymphatic system as the main mechanism
for early RBC clearance from the SAS.

Discussion

SAH primarily results from the rupture of cerebral
aneurysms.' Blood released into the SAS causes a
sudden increase in ICP as well as severe impairment of
CSF homeostasis.*'""*”” Increases in ICP and the
presence of free degradation products from RBC lysis
contribute to EBI as well as DCL.>7#!1141777-7 Whilst the
mechanisms governing clearance of RBCs from the
SAS have attracted more interest lately, they remain
incompletely understood. While studies using whole
blood better represent the real situation of SAH, the
analysis of RBC drainage pathways is complicated due
to the presence of coagulating factors. Knowing if RBCs
have the potential to be quickly cleared from the SAS
can provide insightful information for developing SAH
treatment strategies. Therefore, we aimed to elucidate
the different clearance mechanisms and pathways for
washed RBCs from the SAS. We demonstrated,
employing i.c.m. infusions of labelled RBCs and
P40D800 tracer followed by in situ fluorescence mi-
croscopy and histological analysis of potential efflux
pathways from the SAS, that RBCs drain within 15 min
through lymphatics at the cribriform plate to reach
dcLNs. At the same time, we could detect only occa-
sional instances of RBC entry into the dorsal dural
lymphatics on either cryosections or dural whole
mounts. Moreover, we found that RBCs draining to the
dcLNs appear to be retained and lysed or phagocytosed
within hours and thus only reach the systemic circula-
tion in very limited numbers.

The surprisingly fast nature of RBC drainage, with
cells arriving simultaneously with the P40D800 tracer, is
indicative of a bulk outflow mechanism und thus im-
plies open pathways patent for particles up to the size of
6-7 pm.* Post-mortem imaging of the ventral side of
the brain and the skull base revealed RBC and tracer
spread along the ventral cisterns of the brain towards
the cribriform plate area and along the optic nerves,
confirming pathways already established for macromo-
lecular tracer in previous investigations.*****' Numerous
studies have already shown the major contribution of
lymphatics at the cribriform plate to CSF drainage to
dcLNs in mice.”***7? Moreover, these pathways have

been shown to be open for PEGylated beads of 1 pm
size.”® Our high-resolution confocal images on decal-
cified tissue sections show RBCs accessing lymphatic
vessels on the intracranial side of the cribriform plate.
3D reconstructions of this region illustrate how RBCs,
once in the lymphatics, cross the cribriform plate within
these vessels to reach the nasal submucosal lymphatics.
Drainage to the lymphatics of the nasal mucosa is in line
with previous studies that could find RBCs around ol-
factory nerve bundles or RBC breakdown products in
the nasal mucosa or the dcLNs.*"##

Intriguingly, our data also demonstrates RBC efflux
through lymphatics draining the orbital cavity
15-30 min after i.c.m. infusion. RBCs spreading along
the perineural space of the optic nerve have been shown
to reach the bulbar end, but there is no consensus as to
how RBCs might overcome the arachnoid barrier at this
location.”**> OQur investigations using E-cadherin
immunofluorescence are in support of a continuous
intact arachnoid membrane along the length of the
optic nerve. However, we are still limited by the reso-
lution of confocal imaging. Post-mortem investigations
in patients that had succumbed to SAH showed parts of
lysed RBCs, but not intact RBCs outside of the arach-
noid barrier.*® Ultrastructural studies in cats could find
evidence for a breakdown of the arachnoid barrier along
the optic nerve following i.c.m. injection of autologous
blood with an ICP peak equal to the arterial blood
pressure.”” It is worth noting that these investigations
were performed following SAH or by injecting sub-
stantial blood volumes into the SAS, both leading to a
spike in ICP, possibly damaging the anatomical bar-
riers. However, purely anatomical studies have
demonstrated pore-like openings in the arachnoid at
the end of the optic nerve.** This concurs with reports
of small particles leaking where the optic nerve enters
the eye bulb.”>** Whilst some RBCs might be washed
oftf during immunofluorescence staining, the remain-
ing RBCs are sufficiently abundant to perform our an-
alyses as shown with the presence of RBCs in the optic
nerve SAS. Proximal sections of the optic nerve in the
region of the cavernous sinus showed RBCs outside of
the E-cadherin® positive arachnoid barrier layer. It re-
mains to be elucidated if the RBCs can pass the
arachnoid sheet of the optic nerve or if alternative
pathways might allow for RBC efflux to the periorbital
lymphatic plexus.

Following the rediscovery of dural lymphatics,
many studies have postulated drainage of tracers and
immune cells along these pathways.'*"”> Our investi-
gation of RBC drainage through dural lymphatics on
decalcified cryosections as well as on dural whole
mounts showed that drainage was significantly lower
compared to the cribriform plate 30 min after i.c.m.
infusion of RBCs. This is contradictory to previous
findings in the literature as RBC efflux from the CNS
through dorsal dural lymphatics was postulated in
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SAH, ICH and intraventricular haemorrhage
models.”*¢ For example, Chen et al. claimed that
RBCs were draining through dorsal dural lymphatics
in a whole-blood infusion model for SAH. However, in
this study, large volumes of blood were injected, which
raise concerns over the increase in ICP and the
integrity of anatomical barriers. Another group re-
ported RBC clearance through meningeal lymphatics
in murine collagenase VII-S and blood infusion
models of ICH.” The results from these studies
require careful interpretation as the images shown to
support RBC drainage through meningeal lymphatics
are epifluorescence images of dural whole mounts. As
demonstrated in our work, it is impossible to deter-
mine the location of RBCs without 3D reconstruction
of the whole mount tissue. Considering these results,
our findings on the relative relevance of efflux path-
ways underline the importance of assessing all major
routes. Further experiments are warranted to investi-
gate the changes in the lymphatic vessels at the crib-
riform plate in intracranial haemorrhage models.
However, despite considerable research efforts, histo-
logical evidence visually demonstrating that RBCs do
not only sporadically access dural lymphatics intra-
cranially but also drain along the dural lymphatic
pathways proposed has yet to be provided. Further-
more, it remains elusive how RBCs can overcome the
arachnoid barrier layer at the dorsal side of the brain.

In addition to efflux, erythrophagocytosis has been
proposed as a mechanism for RBC removal from the
SAS, particularly at later timepoints after stroke.**#5
The evidence supporting its involvement in the early
removal of RBCs from the SAS remains inconclusive. In
our experiments, no significant phagocytosis was evident
at the cribriform plate 2 h post i.c.m. infusion of labelled
RBCs in CX3CRI1-GFP reporter mice. These results
concur with the literature where erythrophagocytosis in
the SAS after superficial intracerebral injection of washed
autologous RBCs and microglia activation in a filament
perforation model of SAH was only reported after
24 h.7% Previous investigations reported only non-
phagocytosed RBCs draining to cervical lymph nodes,
suggesting that the exit of phagocytes containing RBCs
from the SAS does not significantly contribute to the
clearance of RBCs. In contrast, the RBCs that reached the
cervical lymph nodes were taken up by phagocytes within
as little as 1 h following superficial intracerebral injec-
tion.””* We could confirm this finding, demonstrating
lysis and erythrophagocytosis by CX3CR1 positive cells in
the dcLNs by 2 h post i.c.m. infusion. Moreover, rapid
activation of lysis and erythrophagocytosis could explain
how only sporadic RBCs are visible in the systemic cir-
culation 60 min after i.c.m. infusion even though many
cells have reached the lymphatic vessels and the dcLNs by
that timepoint.

Following SAH, also serum proteins and coagulant
factors such as fibrin leak into the SAS and, together
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with RBC deposition, disturb CSF flow."? In addition to
the RBC clearance through cribriform plate lymphatics
presented in this study, our group has shown that
cribriform plate lymphatics are able to efficiently drain
protein from the CSF spaces.” The role of cribriform
plate lymphatics in draining blood components, such as
RBCs and proteins requires further investigation in
murine SAH models. Due to the expected disruption of
CSF circulation and efflux following SAH, intrathecal
application of treatments is challenging, however,
intraventricular application of antibodies to block
astroglia-associated tissue factor has already been shown
to improve CSF circulation in murine SAH models."
Similar results were achieved by i.c.v. infusion of tis-
sue plasminogen activator."” Moreover, cribriform plate
lymphatics have shown high plasticity adapting to
changes in CNS homeostasis without pharmacological
intervention in a model of neuroinflammation.”” How-
ever, the CNS and the CSF spaces are also accessible to
drugs through minimally invasive intranasal
delivery.** In humans, the cribriform plate might
contribute less to drainage due to a smaller relative size
compared to rodents and RBC clearance might addi-
tionally occur through arachnoid granulations, as indi-
cated by postmortem studies.”***°Nonetheless,
cribriform plate lymphatics present a target for future
studies investigating RBC clearance from the SAS under
pathological conditions.

The following limitations of this study should be
noted. First, the resolution of confocal microscopy,
while adequate for investigating RBC drainage path-
ways, does not provide the level of detail required for
ultrastructural analysis of the arachnoid barrier. Second,
rapid tracer movement in the SAS has been demon-
strated upon death and a similar post-mortem artefact
could not be excluded in this study.”" Additionally, the
use of RBCs as tracers, valuable for mapping accessible
pathways, did not fully replicate the complex composi-
tion of whole blood. Due to the diluted suspension of
fluorescently labelled RBCs infused, we were able to
investigate the pathways that are anatomically accessible
for RBCs without confounding factors. However, this
has limited our insight into the inflammatory effects
and dynamic interactions of other blood components,
such as dotting factors, within the SAS. Our findings
should be interpreted in the context of these limitations,
which may impact the generalisability of our results to
the more complex pathophysiological cascade following
SAH.

In summary, this study has investigated labelled
RBC efflux from the SAS at different locations,
providing evidence for a route of rapid RBC drainage
through the cribriform plate and demonstrating the
need for more research to elucidate the ultrastructure of
the barriers around the optic nerve. Moreover, our data
show, using 3D reconstructions of decalcified sections
and dural whole mounts, that access of RBCs to the
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dural lymphatics at early timepoints after SAH is
limited. With the insights gained in this study on the
relevance and dynamics of different RBC clearance
pathways, we emphasise the importance of investigating
all major efflux pathways of the cranium. The data
presented in this paper indicate that future research
should examine the function of cribriform plate lym-
phatics in pathophysiological models of SAH.
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