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Popular summary

Our brain bathes in a transparent liquid called cerebrospinal fluid (CSF). This fluid
is of vital importance for the brain’s health as it not only protects the brain, acting
as a cushion against mechanical injuries, but it also mediates the delivery of essential
nutrients to the brain’s cells. Only a few years ago it was found that CSF has another
important function, to clean the brain from metabolic by-products and protein waste
that accumulate over time. This function is necessary for maintaining brain health,
since the brain, unlike other organs in the body, does not have its own lymphatic
vessels to clean itself. Getting rid of this waste is necessary to prevent the
accumulation of certain toxic proteins that are implicated in the development and
progression of neurodegenerative diseases such as Alzheimer’s and Parkinson’s.

This cleaning system relies on the CSF flowing around the cerebral arteries and
entering the brain parenchyma through specialized water channels called aquaporin-
4. The CSF then mixes with the fluid between brain cells, picking up waste that
accumulates there and finally carries them around the cerebral veins to exit the brain.
Because of its dependence on the glial cells of the brain that express the aquaporin-
4 water channels and due to its lymphatic-like function, this drainage system of the
brain was named “glymphatic system”. Interestingly, it was found that this drainage
system of the brain is mostly active during sleep, revealing that this fundamental
part of life where we spend approximately one third of our lifetime also serves to
keep our brains clean.

However, there are still a number of unanswered questions regarding the
mechanisms of the glymphatic system and CSF circulation, especially in the context
of diseases. Much like CSF research extends to several different directions, this
thesis also touched upon various topics; from the investigation of disease models
and their impact on the glymphatic system to comparative studies and
methodological refinement and from the pathways that CSF uses to leave the brain
to alternative clearance mechanisms of amyloid.

In Paper I, we studied how the glymphatic system is affected in heart failure, a
cardiovascular disease where the heart does not pump blood effectively and found
that heart failure causes dysregulation of brain fluid homeostasis. We also found
that blood flow to the brain might be another factor regulating glymphatic clearance,
highlighting the complex interaction between cardiovascular function and brain
health. In Paper II, we compared different ways to stain and visualize the blood
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vessels of the brain, providing a guide for selecting the most appropriate methods
for different experimental applications. In Paper III, we looked into the pathways
that CSF uses to exit the brain. We confirmed that the route through the nose and
towards the lymphatic vessels of the neck is an important drainage route, which can
quickly adapt to different challenges, while it remains active in aging. Finally, in
Paper IV, we observed that the glymphatic system is impaired by the introduction
of amyloid beta in the CSF and also found an alternative clearance pathway for this
toxic protein through the vascular wall of cerebral arteries.

The findings in this thesis indicate the need to better understand how brain fluids
circulate and how they relate to various diseases. As we continue to uncover more
about the glymphatic system and CSF circulation, we may discover new targets for
therapies that could protect against neurological disorders.
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Popularvetenskaplig sammanfattning

Vér hjérna badar i en genomskinlig vétska som kallas ryggmérgsvitska (CSV).
Denna vitska &r livsviktig for hjarnans hélsa eftersom den inte bara skyddar hjarnan
genom att fungera som en stotdimpare mot mekaniska skador, utan ocksa levererar
viktiga niringsdmnen till hjarncellerna. For bara négra &r sedan uppticktes att CSV
har ytterligare en viktig funktion, ndmligen att rengéra hjdrnan frén metaboliska
biprodukter och proteinskridp som ansamlas over tid. Denna funktion dr nddvéandig
for att uppratthélla hjarnans hilsa, eftersom hjirnan, till skillnad fran andra organ i
kroppen, inte har egna lymfkérl for att rengdra sig sjalv. Att bli av med avfall &r
nddvindigt for att forhindra ansamlingen av vissa giftiga proteiner som bidrar till
utvecklingen och progressionen av neurodegenerativa sjukdomar som Alzheimers
och Parkinsons.

Detta rengoringssystem forlitar sig pa att CSV flodar runt de cerebrala artdrerna och
tringer in 1 hjdrnvdvnaden genom specialiserade vattenkanaler som kallas
aquaporin-4. CSV blandas sedan med vitskan mellan hjarncellerna, plockar upp
avfall som ansamlas dér och transporterar det slutligen runt de cerebrala venerna for
att lamna hjérnan. P& grund av att systemet ar beroende av hjarnans gliaceller som
uttrycker aquaporin-4 vattenkanalerna och har samma funktion son det lymfatiska
systemet, kallades detta draneringssystem i hjdrnan for "det glymfatiska systemet".
Intressant nog uppticktes att detta dréneringssystem i hjdrnan &r som mest aktivt
under somnen, vilket visar att denna grundldggande del av livet, dir vi tillbringar
ungefdr en tredjedel av var livstid, ocksa hjélper till att halla hjarnan ren.

Det finns dock fortfarande ett antal obesvarade fragor gillande mekanismerna
bakom det glymfatiska systemet och CSV-cirkulationen, sdrskilt i samband med
sjukdomar. Precis som CSF-forskningen stricker sig i flera olika riktningar, berdr
denna avhandling ocksa olika dmnen; fran undersdkning av sjukdomsmodeller och
deras péaverkan pad det glymfatiska systemet till jamforande studier och
metodologisk forfining, och frén de véigar som CSV anvénder for att Iimna hjdran
till alternativa mekanismer for borttransport av amyloid.

I Artikel I studerade vi hur det glymfatiska systemet paverkas vid hjartsvikt, en
kardiovaskuldr sjukdom dir hjéartat inte pumpar blod effektivt, och fann att
hjartsvikt orsakar dysreglering av hjdrnans vétskebalans. Vi fann ocksad att
blodflodet till hjirnan kan vara ytterligare en faktor som reglerar glymfatisk
rensning, vilket belyser den komplexa interaktionen mellan kardiovaskuldr funktion
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och hjarnhélsa. I Artikel II jamforde vi olika sétt att farga och visualisera hjérnans
blodkarl, vilket ger en guide for att vélja de mest ldmpliga metoderna for olika
experimentella tilldimpningar. I Artikel III tittade vi pa de vdgar som CSV anvénder
for att ldmna hjdrnan. Vi bekriftade att vdgen genom nédsan och mot halsens
lymfkérl &r en viktig drineringsvdg, som snabbt kan anpassa sig till olika
utmaningar och forblir aktiv under aldrandet. Slutligen, i Artikel IV, observerade vi
att det glymfatiska systemet forsdmras av introduktionen av amyloid beta i CSV och
fann ocksd vdg for borttransport av detta giftiga protein genom kérlviggen i
cerebrala artérer.

Resultaten i denna avhandling tyder pa att det finns ett behov av att battre forsta hur
hjdrnvitskor cirkulerar och hur de relaterar till olika sjukdomar. I takt med att vi
avsldjar mer om det glymfatiska systemet och CSV-cirkulationen kan vi identifiera
nya terapeutiska mal som potentiellt kan skydda mot neurologiska sjukdomar.
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[Iepiinyn

O eyképordc pag mepfaireton amd €va Olowyéc vypd Tov  ovopdaletot
gykeparovatiaio vypd (ENY). Avtd 1o vypo sivor {oTiknig onpociog yio tnv vysio
TOV EYKEPAAOV, KOOMDG Oyl LOVO TOV TPOGTUTEVEL, AELTOVPYDVING ®G UAEIAGPL
EVAVTIOL GE UNYOVIKOVG TPOVUATIGHOVG, OAAG ETIONG OELKOAVVEL TN LETAPOPA
omopaiTNTOV OPENTIKAOV GUGTATIKAOV GTO KUTTAPO TOV YKEPAAOV. MOMG Ttptv omd
Aya xpovio avakaddbeonike 0tL to ENY €xet akdpo pio onuavtikn Agitovpyia, vo
kaBapilel Tov eyképaio amd PETAPOAKA TOPATPOIOVTO KOl TPMTEIVIKA OmTOPANTO
IOV GLGGMPEVOVTAL HE TNV TAPOdo TOL YPOVov. AvT 1 Agrtovpyio eivon
amopoaitnTn yw T OSwtpnon ¢ vyelag Tov eykepdAov, dedouévov OTL O
eyképarog, o avtifeon pe GAlo Opyova TOL GMOUOTOS, OV OAOETEL OIKA TOV
Aeppayyeio yoo va kaBapiletor. H omopdkpovon avtdv tov amoPfAntov eivol
amopaitnTn Yo TNV TPOANYN TNG GLCCHPEVCNC OPICUEVOV TOEIKDV TPOTEIVAOV OV
EUMAEKOVTOL OTNV avarTuén Kot e£EMEN VEVPOEKPLAIGTIKOV 0GOEVEIDY OTTMG 1
vocog Tov AAToydpep kot 1 vocog tov [apkivoov.

Avtd 10 ovommuo kabapiopov Pociletor ot pony tov ENY yOpo oamd Tig
EYKEPOMKES aptnpieg kol TNV €600 TOV GTO EYKEQPOAIKO TOPEYYVUO UECH
eeldkevpévov Kavolmv vepol mov ovopdlovtor akovamopivn-4. To ENY ot
CUVEXEWL OVOLLYVOETOL HE TO VYPO UHETOED TV  EYKEQOAK®V KLTTAP®V,
GLAAEYOVTOG T ATOPANTA TTOV GLGGMPEVOVTOL EKEL KO TEMKE TO, LETAPEPEL YOP®
amd TG eyKepoAMkég OAEPeg Yy va eEEABovv amd tov eyképaro. Adyw 1Trng
€EGpPTNONG TOL O T YAOLOKA KOTTOPO TOL EYKEPAAOV TOV EKQPELOVY Ta KOVAALL
vepol akovamopivin-4 Kot Ady® NG AEITOVPYEING TOV OV TPOGOUOLALEL VT TOV
Aepoayyeiov, avtd TO ovoTNUO KOOOPIGHOD TOV EYKEPAAOL OVOUAOTNKE
«yhopeatikd cvotnuoy. Ilapovcidler evdlapépov OTL OVTO TO «OTOYETEVLTIKO
GUOTNHO TOV €YKEPAAOLY» elval Kvpiwg evepyd koTd TN SLAPKEW TOL VTVOUL,
amokoAvTTOVTAG OTL 0VTO TO Bepelmddeg PéPog TG LmNG, OTTOL TEPVALE TEPITOL TO
éva TpiTo TOL YPOVOL WOC, YPNOLUEDEL EMIONG Yo VO SLTNPEL TOV EYKEPOUAO LLOG
KaBopd.

Qo1600, £aKolovfody Vo VITAPYOVY APKETH OVOTAVTNTO EPOTALOTA GYETIKA LE
TOVG UNYAVICHOVG TOV YALUQATIKOD GLUGTHHATOS Kol TNV KukAogopia tov ENY,
Wwitepo oto MAaiclo dapopwy acBeveldv. Avti n SwatpiPny ayyiler didpopa
O0épota amd TN Siepedvion HOVIEAWDV acOEVEIOV KOl TIG EMMTMOOELS TOVG GTO
YALUQOTIKO GUOTNUO PEXPL CUYKPITIKEG peAétes kot peBodoroyikn Peiticoon, kot
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amo Tig 0000¢ mov ypnoiponotel o ENY yia va eykatoieiyel Tov eyképaio péypt
EVOALOKTIKOOG UNYavicpovs kafapiopol Tov apvA0edovg.

10 ApBOpo I, peretnoape mog ennpedleTol T0 YAVUQAUTIKO GOGTNIO OTIV KOPOIOKT
OVETAPKELD, L0 KOPIIOYYELNKT VOGO OOV 1) KAPAL OEV OVTAEL OMOTEAECUATIKA TO
aipo, Kol SlmoTOcoE OTL 1) KOpOloKY aVETAPKELD TPOKAAEL amoppOBion g
OMOLOCTOONG TOV EYKEPOAMK®OV VYP®V. ALOTICTOCANE EMIONG OTL 1| PO CpLOTOG
oTov eyk€QOAO popetl va etvat évag GALOG Tapdyovtag Tov puOuilel T YALUEOTIKY
KkdOapomn, vToYpPaUUILoVTaG TNV TOAVTAOKT AAANAETIOPAOT LETAED KOPOLOYYELOKNG
Aettovpyiag kol eyKeaAkng vyeiag. Xto ApBpo II, ovykpivope dtopopeticodg
TPOTOVG YPMOONG KOl ONEIKOVIONG TOV OHOPOPOV ayyeimv TOV €YKEPAAOL,
ToPEYOVTOG €vay 00MYO Ylo. TNV ETAOYN TOV KOTOAANAOTEp®V UeBOO®V Yo
OLOPOPETIKEG TTELPAUOTIKEG epapproyés. Xto ApbBpo 111, egetdoape T1c 060Vg OV
ypnotpomolel to ENY yia va €£€M0el and tov eyképoro. EmBePardoape otL 1
dwdpoun péEowm TNG MOTNG Kol TPOG TO. AEUPIKA oyyelo Tov Aoov gival puo
onuoavtikn 0d0¢ Kabapong, m omoio UmOpEl Vo TPOCHPUOCTEL YpNyopa OE
SLOPOPETIKEG TPOKANCELS, EVD TOPAUEVEL EVEPYN KaTd TN ynpavon. Télog, oto
ApBpo IV, mapatnpioape 6Tl T0 YAVUEATIKO GOGTNLO EMNPEALETOL APVITIKA OO
v gloayoyn pRroa-apviocdods oto ENY kot emiong Pprkape pior eVOAAAKTIKY
000 KAOBaPpoNC Yo AT TNV TOEIKN TPOTEIVY] LEGH TOV AYYELLKOD TOLYMLOTOG TOV
EYKEPAAKOV apTNPLOV.

Ta sgvpiuata avtig G OTPPg VIOSEKVOHOLY TNV OVAYKN Yo KOADTEPT
KaTOvONGoT TOL TPOTOL KUKAOQOPIONG TMV EYKEPOAIKMOV VYP®OV KOl TAOG OVTH
oyxetilovron pe dwdeopeg acBéveiec. Kabmg ocvveyilovpe vo avakoAdTTOLUE
TEPLGGOTEPA Y10 TO YALHPATIKO GVOTNHO Kot TV KukAopopia Tov ENY, propel va
OVOKOAVWYOLLLE VEOLG GTOYOVG Yia Bepamneieg Tov Ba pmopodcay va TpocsTaTENGOVY
omd VELPOAOYIKEC TAONCELG.
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GBCA
HF
HFrEF
L.p.
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SCLNs
WGA

Alzheimer’s disease
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Wheat germ agglutinin
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Introduction

Cerebrospinal fluid circulation

Cerebrospinal fluid (CSF) is a clear liquid similar to plasma that circulates around
the brain and fills the cerebral ventricles. It has a vital role in homeostasis of the
central nervous system (CNS) as it not only provides protection from mechanical
injuries to the brain, but also acts as a medium for the transfer of nutrients and waste
to and from the brain'.

The history of the fluid circulating around the brain can be traced all the way back
to 3000 B.C., where the Egyptian physician and architect Imhotep described the
fluid coming out of an open head trauma®. In the millennia that passed, a fascinating
series of discoveries better described the presence of this fluid around the brain, the
spinal cord and inside the cerebral ventricles, while giving it a number of different
names’. It was only in 1842 when the French physician, Frangois Magendie
introduced the term “cerebrospinal fluid” which has been universally used ever
since’.

Cerebrospinal fluid production

Today, the CSF is known to be secreted at a rate of approximately 500 mL per day
in the adult human®. CSF production mainly takes place at the secretory epithelium
of the choroid plexus, which is a specialization of the ependymal cells lining the
ventricles®, where CSF is secreted from the basolateral compartment and into the
ventricles, against an osmotic gradient®.

Evidence that CSF production occurred at the choroid plexus of the cerebral
ventricles had already emerged in the 1850s”. However, it was experimental studies
in the 1910s that confirmed the continuous secretion of CSF by the choroid plexus,
by documenting the development of hydrocephalus when the flow downstream of
the lateral ventricles was obstructed”'?. Later studies showed that CSF sampled
directly from the choroid plexus had a different ionic concentration than a serum
ultrafiltrate but similar to the one found in the cisterna magna (CM)'".

Experimental evidence has also supported the idea of extrachoroidal CSF
secretion'” ', suggesting the blood brain barrier (BBB), the interstitial fluid (ISF)
of the brain and even the ependymal layer lining the ventricular walls as potential
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contributors to CSF secretion'>. While the extrachoroidal contribution to CSF
secretion remains a matter of debate up to this date®'*'®, the mechanisms behind
choroidal secretion are also being revisited. The water channel aquaporin-1, which
is highly expressed in the luminal membrane of the choroid plexus, has long been
considered an important contributor to CSF secretion'’. However, recent evidence
suggests that is in fact not required for CSF secretion®’. Instead, the membrane
transporters that can couple fluid transport to ionic translocation emerge as the
molecular drivers of CSF secretion and as promising pharmacological targets
against brain pathologies such as hydrocephalus®’?',

The ventricular system and the subarachnoid space

The first description of the brain’s ventricular system can be traced back to Aristotle
and the 4" century B.C.!7?%. Interestingly, the ventricles were believed to house the
life-giving vapor known as spiritus animalis for over a millennium, based on the
views of Galen®**, It was only in 1664 when Thomas Willis described the presence
of fluid in the ventricles and the cerebral aqueduct *. Later on, the Italian physician
Domenico Felice Cotugno described the presence of clear fluid not only within the
ventricles but also around the spinal cord, the cerebral hemispheres and in the
subarachnoid space®*. However, the ventricular system was considered a distinct
closed compartment until the discovery of the foramina of Magendie and
Luschka'”?, These discoveries provided the necessary pieces for Harvey Cushing
to describe the unidirectional flow of CSF from the choroid plexus to the ventricular
system and then into the CM, the central canal of the spinal cord, the subarachnoid
space, and finally into the dural sinuses as the third circulation'”’.
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Cerebrospinal fluid efflux

The constant production of CSF inevitably requires an efficient way of fluid
drainage so that brain fluid homeostasis is maintained. For several decades,
Cushing’s description of the third circulation shaped the understanding of CSF
circulation and efflux. According to this model, the CSF exits the subarachnoid
space and drains directly into the bloodstream through specialized structures called
arachnoid villi or granulations®?®. This was supported by previous findings by Key
and Retzius who injected blue-colored gelatin into the CSF compartment of human
cadavers and found it accumulating in arachnoid granulations®®. These projections
of the arachnoid mater into the venous sinuses that lie within the dura mater were
first illustrated by Vesalius and later described by Pacchioni**** and are separated
based on their size into microscopic villi and larger granulations that are visible to
the naked eye™*. Despite contemporary reports of CSF drainage through the
perineural sheath of the olfactory nerve and towards the lymphatic network of the
nasal mucosa®’, the view of Weed and Cushing regarding the central role of
arachnoid granulations in CSF drainage was established and largely persisted to this
day’*®*’. However, the lack of in vivo evidence of CSF efflux through the arachnoid
granulations has shifted the researchers’ interest towards other efflux routes that
have long been overlooked*®.

The nasal efflux pathway

While the first description of passage through the cribriform plate and towards the
nasal area can be traced all the way back to Galen, it was Schwalbe’s tracer
experiments in 1869 that revealed a connection between the subarachnoid space and
nasal lymphatics®. Since then, a large number of in vivo and ex vivo studies have
confirmed that tracers injected in the CSF can be found in the nasal lymphatics,
having passed through the cribriform plate®®. However, the exact anatomical
pathway that CSF uses to cross the cribriform plate remains a matter of debate. One
reason for this lack of clarity is the difficulty in accessing the microscopic
components in question with the current imaging methods®®. Despite important
advancements in imaging techniques that have contributed to the characterization
of the lymphatic network around the cribriform plate, these are in most cases ex
vivo studies, that cannot accurately capture the dynamic flow of CSF*. At the same
time, in vivo techniques such as magnetic resonance imaging (MRI) lack the
resolution to identify the exact anatomical pathway that CSF uses to exit through
the cribriform plate*'. The three most probable such pathways supported by the
literature are briefly summarized in (Figure 1). The dense lymphatic network of the
nasal turbinates then converges into collecting lymphatic vessels that drain to the
superficial cervical lymph nodes (SCLNs) with potential additional connections to
other lymphatic networks of the cervical region**4**,
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Figure 1. CSF efflux through the cribriform plate.

Schematic representation of the three experimentally supported models of the anatomical routes for CSF
outflow along the olfactory nerves that cross the cribriform plate. In model (a), the perineurium of the
olfactory nerve bundles is a continuation of the arachnoid mater (light blue) although, it does not form a
barrier outside the skull or is only weakly attached to the nerve. Thereby, fluid and solutes have
unrestricted access to the interstitial space of the nasal (sub)mucosa (brown) where they can enter the
lymphatic vasculature of the tissue (green). In model (b), CSF again crosses the plate within the
perineural space but this time it has a direct pathway to lymphatic capillaries that surround the nerve.
Model (c) shows lymphatic vessels crossing the cribriform plate and having direct access to the CSF
already on the CNS side. In this model the arachnoid mater would not form a barrier in the region around
the cribriform plate. Scheme by Joachim Birch Milan. Adapted from Proulx, 2021%, under a CC BY
license.

Other cranial and spinal nerves

The presence of CSF along the optic nerve has also been well documented over the
years, although interspecies differences have made it difficult to reach a consensus
regarding the downstream drainage of this route and therefore it’s relative
importance compared to the olfactory route*®. At least in mice, lymphatics from the
ocular region seem to drain into nasolacrimal lymphatics and towards the SCLNs*.
Lymphatic vessels have also been identified within the trigeminal and facial nerves,
although tracer outflow has not been demonstrated past the respective ganglia®***
% Tracer has also been demonstrated to flow within lymphatic vessels through the
jugular foramina, where the glossopharyngeal, vagus and accessory nerves exit the
skull, and towards the deep cervical lymph nodes (DCLNs)*

Although substantially less studied, lymphatic CSF efflux along the dorsal nerve
roots of the spinal nerves has been known to occur for several decades™~*. However,
in most studies the injected tracers could not be found further than the dorsal root
ganglia, with the exception of the lumbo-sacral region, where tracers were shown to
drain towards sacral and iliac lymph nodes***’.
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Meningeal lymphatics

While lymphatic vessels in the dura mater were first described by Paolo Mascagni
in 1787*%, it was two studies in 2015 that reawakened the interest in these
meningeal lymphatic vessels and their role in CSF efflux*®*’. These vessels were
found to run in close proximity to the venous sinuses of the dura as well as the
meningeal arteries. Together with the lymphatic vessels found at the base of the
skull they were shown to drain CSF and macromolecules to the DCLNs*%",
However, the exact anatomical pathway of tracer uptake by the dorsal meningeal
lymphatics quickly became a matter of controversy when researchers reported the
presence of CSF-injected tracers inside the dorsal meningeal lymphatics,
postulating the existence of specific “hot spots” where the meningeal lymphatics
have direct access to CSF***%, Other groups were able to confirm tracer uptake only
in the skull base lymphatics and not in the dorsal lymphatics*®>!. Recently, it was
found that bridging veins create discontinuities in the arachnoid mater, and the
arachnoid cuff exits that form around them can allow the exchange of CSF and
solutes between the subarachnoid space and the dura®. This finding is also in line
with human MRI data showing the accumulation of CSF-injected tracer in the
parasagittal space™*’.

Despite the increasing number of studies on CSF efflux through lymphatic pathways
in recent years, only a few of them have tried to comprehensively assess more than
one of these pathways at the same time****°"*%, As the complementary nature of
these pathways becomes increasingly apparent, future studies should address their
relative importance both in physiological and pathological conditions (Figure 2).
Additionally, it should be noted that we cannot be certain about whether the tracers
used to visualize CSF circulation and efflux reflect actual CSF movement or if the
CSF, mainly composed of water, has in fact access to more pathways than we can
see using tracers. Finally, future studies should investigate the similarities and
differences in these pathways between various animal species and humans to unlock
their therapeutic potential for maintaining CNS homeostasis.
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Figure 2. CSF efflux pathways.

Schematic representation of the main pathways that CSF uses to exit the skull. While experimental
evidence exists for all these pathways, their relative contribution to CSF efflux remains a matter of debate.
Reprinted from Rasmussen et al., © 2018%, with permission from Elsevier.
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The glymphatic system

All biological processes in an organism require energy, and the metabolic processes
to generate that energy inevitably produce by-products. These by-products or
metabolic waste need to be efficiently cleared from the tissue to maintain its
homeostasis. In peripheral tissues, excess interstitial fluid (ISF) and metabolic waste
that accumulates in the extracellular space are removed by the lymphatic system.
The lymphatic system that runs in parallel with the blood circulation, carries all the
waste from the different organs and finally drains it in the venous circulation®.

Despite the presence of various lymphatic networks that contribute to CSF drainage
around the CNS, the brain itself has been known to be devoid of lymphatic
vessels®®2, This has been considered rather strange given that the brain receives
about 12% of the cardiac output while only weighing 2% of the body weight®™®*. At
the same time, it is a high energy-demanding organ, thereby having a high rate of
metabolic waste generation.

In the absence of conventional lymphatic vessels, the brain has developed a system
where the CSF that circulates around it, penetrates into the tissue and drives the
export of metabolic waste® (Figure 3). While evidence of CSF-mediated clearance
of the CNS had been present in the past®®’’, it was only in 2012 when Iliff et al.
defined and described this brain-wide flow of CSF into and through the brain
parenchyma’'. The researchers in Maiken Nedergaard’s group injected fluorescent
tracers into the CSF compartment and using in vivo two-photon imaging, they were
able to visualize the tracer movement along the perivascular space (PVS) of cerebral
arteries. They also found that this influx of CSF into the brain was facilitated by the
aquaporin-4 (AQP4) water channels found along the endfeet of astrocytes that form
the outer boundary of the PVS. Finally, they reported that this AQP4-dependent
water flux contributed to the clearance of intraparenchymally-injected soluble
amyloid beta (AP) from the brain, along cerebral veins’'. Due to the system’s
dependence on the astrocytic (glial) water channels and the lymphatic-like clearance
function that it serves, it was termed “glymphatic”’"’2. Briefly, the glymphatic
system can be summarized as follows:

CSF enters the perivascular spaces of cerebral arteries, penetrates into the brain
parenchyma and mixes with the ISF, and ultimately carries solutes to perivenous
spaces to exit the brain®.

To understand more about the glymphatic system, as well as its implication in health
and disease, we will dive into the main components and drivers of glymphatic flow.
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Figure 3. Comparison of peripheral lymphatic and the brain’s glymphatic system.

(Left) In peripheral tissues, plasma ultrafiltrate enters lymphatic capillaries and is ultimately returned to
the venous system. (Right) Due to the lack of conventional lymphatic vessels, the brain relies on the
glymphatic system to clean its ISF. CSF enters the brain parenchyma alongside the arteries, penetrates
into the tissue through the AQP4 water channels that are polarized to the astrocytic endfeet, mixes with
the ISF and ultimately carries solutes to the perivenous spaces to exit the brain. Reprinted from Hablitz
and Nedergaard, © 20215, with permission from Elsevier.

The perivascular spaces

The spaces around cerebral vessels, or Virchow-Robin spaces as often referred to,
have always been regarded as an important site for fluid flow in the brain”*"*. These
PVS are fluid-containing channels that surround cerebral vasculature and are
ensheathed by the astrocytic endfeet®. Ever since their first description in the 19™
century, several controversies have risen regarding the extent of these spaces as
penetrating arteries turn into capillaries, the presence of pia mater within the space
and whether CSF can pass through it and finally whether the PVS is in direct
connection with the subarachnoid space. These controversies have been fueled by
the difficulty in accessing this space in deeper brain regions, especially in vivo, the
artefacts introduced by tissue fixation methods causing collapse of the PVS and
finally regional and interspecies differences in the anatomy of the PVS'7+77,
However, recent studies have tried to shed light on some of these matters’’%, and
advancements in imaging techniques are expected to provide more definite answers
in the future.

Regarding their role in the glymphatic system, the PVS of the arteries or periarterial
spaces constitute low-resistance pathways for CSF flow from the subarachnoid
space to deeper sites within the parenchyma’"’>. Accordingly, the PVS of cerebral
veins or perivenous spaces are the site where extracellular fluid and protein waste
are transported to before they ultimately exit the brain through various CSF efflux
routes®>’!. Both of these components of glymphatic flux are dependent on AQP4
channels lining the astrocytic endfeet that form the outer boundary of PVS™"",
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Aquaporin-4

The water channel AQP4 was only discovered in 1994 by the independent groups
of Peter Agre and Alan Verkman and was later found to be expressed in astrocytes
throughout the brain®** It favors a polarized expression at the astrocytic endfeet
ensheathing cerebral vasculature®. Using immunogold analyses, it has been found
that its endfoot expression is up to ten times higher compared to the non-
perivascular membrane expression in rodents and about two to three times higher in
humans®. Being a member of the aquaporin family, it is an integral membrane
protein, selectively permeable to water®, and comprised of several isoforms, with
M1 and M23 being the most prominent®**. AQP4 is a tetrameric protein, with each
monomer forming a pore where water can pass through®. These channels are not
just randomly scattered around the plasma membrane of astrocytic endfeet but
highly organized in structures known as orthogonal arrays of particles (OAP)**?,
Within the OAP, M1 and M23 isoforms of AQP4 assemble in heterotetramers, and
the ratio between them greatly affects the stability and anchorage of OAP to the
membrane” .

The important role of AQP4 in relation to the glymphatic system lies on its polarized
expression at the astrocytic endfeet and its ability to permit free passage of water,
thereby facilitating the flow of CSF from the periarterial space to the brain
parenchyma and from the parenchyma to the perivenous space’"”>. The dependence
of the glymphatic system on AQP4 was reported already in the first glymphatic
study when researchers found diminished glymphatic influx and clearance in AQP4
knockout (KO) mice compared to the wild-type ones’" (Figure 44). A later study
challenged the necessity of AQP4 for this process, reporting that their KO model of
AQP4 did not exhibit impaired tracer movement from the CSF to the brain or
reduced clearance of intraparenchymally-injected AB*®. However, a follow-up study
combining the results from several independent labs, including four different AQP4
KO models and different imaging modalities such as in vivo fluorescence imaging
and MRI, reaffirmed that lack of AQP4 impaired glymphatic influx’® (Figure 4B).
The disparity in findings was attributed to the choice of anesthetic and the
invasiveness of intraparenchymal injection of tracer, both of which can greatly
affect normal glymphatic function’*”?®. Emerging evidence has increased our
understanding of the effect of AQP4 deletion on the glymphatic system. Lack of
AQP4 along the perivenous space could result in increased resistance to glymphatic
clearance. Accordingly, the fluid accumulation in the interstitial space could cause
enlargement of the extracellular space and increased resistance towards periarterial
influx, thereby explaining the overall impairment of glymphatic transport™'%,

27



>

Wild type

L(

o
s
o
©
E
o
2
>
b
w

Figure 4. Glymphatic influx is impaired in AQP4 KO mice.

(A) Ex vivo coronal brain slice images from wild type and AQP4 KO mice 30 min after the CM injection
of ovalbumin-647 (OA-647). Reprinted from lliff et al., © 20127", with permission from AAAS. (B)
Representative images from in vivo transcranial optical imaging of wildtype mice (Agp4+/+) and Aqp4
KO (Agp4-/-) mice starting at 15 min after CM delivery of bovine serum albumin-647 (BSA-647). Scale
bar: 2 mm. Adapted from Mestre et al., 20187°.

Except for the overall expression of AQP4 in astrocytes, its polarized localization
and anchorage to the astrocytic endfeet are of equal importance for glymphatic
homeostasis’®, while it has a greater impact on the clearance of larger molecules''.
The ratio of M1 to M23 isoforms affects the intramembrane organization of AQP4
and can also be used to assess its polarization'®*'%. Additionally, the dystroglycan-
associated protein complex and its components such as dystroglycan, dystrophin,
dystrobrevin and a-syntrophin are crucial for AQP4 stabilization to the membrane,
and lack of these proteins has been found to cause reduced AQP4 polarization which

could lead to reduced glymphatic influx’*#>103-107-109,

Drivers of the glymphatic system

Following the discovery of the glymphatic system, several studies identified a
number of factors regulating glymphatic flow. Evidence for some of these drivers
of the glymphatic system will be discussed in the following paragraphs. It is
important to note that since most of these studies have investigated the various
glymphatic drivers in isolation, it is still difficult to estimate their relative
importance and contribution to glymphatic system regulation. Additionally, given
the growing interest in glymphatic research, it is certain that more such drivers will
emerge in the future.

Sleep and anesthesia

Early after the discovery of the glymphatic system a study by Xie et al. reported that
CSF-injected tracers penetrated deeper along the PVS in mice that were sleeping or
anesthetized with K/X compared to awake mice''’. Using in vivo two-photon
microscopy, the study reported a dramatic reduction of CSF influx of up to 90% in
awake mice compared to naturally sleeping ones''’. The effect was largely attributed
to the expansion of interstitial space volume that occurs during sleep and anesthesia,
while it also hinted at the role of norepinephrine, which will be discussed later on''’.
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Figure 5. Effect of sleep and anesthesia on glymphatic function.

(A) Representative ex vivo coronal brain slice images from awake, sleeping and K/X-anesthetized mice
30 min after the CM injection of ovalbumin-555. Reprinted from Miyakoshi et al., © 2023""", with
permission from Elsevier. (B) Time-disappearance curves of '2°I-AB4.4 after its injection into the frontal
cortex in awake (orange triangles), sleeping (green diamonds), and K/X-anesthetized (red squares) mice.
Reprinted from Xie et al., © 2013"1°, with permission from AAAS. (C) Quantification of mean pixel intensity
(MPI) across all coronal brain slices (each dot represents the average of one brain) from the six groups
of anesthetized mice. Adapted from Hablitz et al., 2019%, under a CC BY-NC license. (D) Scatterplot
showing the correlation between MPI in coronal slices and the prevalence of delta band power. Each dot
represents the group mean for each anesthetic (whiskers, SD). Adapted from Hablitz et al., 2019%, under
a CC BY-NC license.

This study soon became the cornerstone for the idea that glymphatic function might
constitute an integral component of sleep'””!'°. Therefore, the biological need for
sleep, which is conserved in all species and whose neurobiological role has long
been eluded, could now serve an additional purpose: to give the brain the chance to
clear its waste via the glymphatic system®'°!!°, A later study reported that pial and
penetrating arterioles exhibited sleep cycle-dependent vascular dynamics, which are
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reflected in PVS size and glymphatic influx''?, while several other studies
confirmed that sleep and anesthesia lead to increased glymphatic influx and
clearance of not only tracers but also proteins such as AP and tau, compared to the
awake state''*!"13 1M (Fioyre 54-B). Accordingly, sleep disturbances were
reported to result in reduced brain clearance, with further evidence coming from
human studies'">'"”.

A recent study brought into question the idea that the glymphatic system is
predominantly active during sleep and anesthesia, suggesting that tracer movement
within the brain is instead enhanced in awake mice''®. However, a later report using
amultimodal in vivo and ex vivo approach in awake, sleeping and anesthetized mice
was able to reaffirm that brain clearance (out of the brain and not from one point in

the brain to another) is indeed enhanced during sleep and anesthesia'".

The mechanisms behind this effect are only recently being elucidated. A study in
humans revealed that neuronal activity is coupled to CSF and hemodynamic
oscillations in sleep'?®. Additionally, mouse studies showed that glymphatic
function is under circadian control and that during sleep or ketamine anesthesia,
neurons generate large-amplitude, rhythmic ionic oscillations in the ISF that drive
CSF movement through the parenchyma'®'*'. In anesthetized animals, neuronal
activity and specifically, the power of slow wave delta oscillations (1-4 Hz) was
correlated to increased CSF tracer influx”’ (Figure 5C-D). Interestingly, when
neuronal activity was induced by multisensory 40 Hz (gamma) stimulation,
glymphatic clearance was potentiated in the cerebral cortex, further validating the
central role of neurons in regulating the brain’s clearing mechanism'?.

Arterial pulsations

Evidence that cerebral arterial pulsations drive CSF flow in the PVS existed already
before the discovery of the glymphatic system'*. Blocking these cardiac-generated
pulsations at the level of the ascending aorta or the brachiocephalic artery was
shown to diminish the perivascular distribution of intraventricularly-injected
tracer®'**. Following the characterization of the glymphatic system, studies showed
that increasing or reducing cerebral arterial pulsations induced a corresponding
effect on glymphatic influx'?. In vivo particle tracking in the PVS confirmed that
CSF flow is driven by arterial pulsations’’. This perivascular pumping mechanism
was found to be impaired in hypertension, likely due to arterial wall stiffening,
resulting in reduced glymphatic transport’”'**, However, later modeling studies
have suggested that arterial pulsatility alone might serve more of a mixing effect in
the PVS and may not be sufficient to drive unidirectional fluid flow'*’'%’,

Vasomotion

Except for the cardiac-generated arterial pulsations, brain clearance has also been
associated with vasomotion, derived from the spontaneous vasoconstriction and
vasodilation caused by the vascular smooth muscle cells''>'*°. Vasomotion is
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associated with slow neuronal oscillations (centered around ~0.1 Hz) that occur
independently of pulsatile blood flow'*'. Mouse studies using in vivo two-photon
microscopy showed that spontaneous vasomotion propagated along pial arterioles
and correlated with clearance of intraparenchymally-injected tracers'*®'32,
Additionally, evoked vascular reactivity (functional hyperemia) was reported to
increase both glymphatic influx and clearance**'**. On the other hand, progressive
loss of vascular smooth muscle cells that occurs in the APP/PS1 mouse model was
shown to result in reduced brain clearance'*’. Further support for the role of
vasomotion has come from human studies reporting the presence of these infraslow
pulsations, which are enhanced during sleep'**'.

Norepinephrine

Over the last few years of glymphatic research, the hormone and neurotransmitter
norepinephrine has subtly emerged as an important molecule that ties together some
of the aforementioned drivers of glymphatic activity''*'*’. Norepinephrine from the
locus coeruleus has been previously postulated to be responsible for the suppression
of the glymphatic system during wakefulness by reducing the interstitial volume
fraction and thereby increasing tissue resistance to glymphatic flow'?"!%13% = A
recent study expanded our understanding of the role of norepinephrine, showing that
locus coeruleus-derived noradrenergic oscillations drive arterial vasomotion during
sleep and thereby control glymphatic influx and clearance'”’ (Figure 6).
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Figure 6. Infraslow oscillations in norepinephrine release drive vascular volume dynamics and
control glymphatic flow during sleep.

Schematic representation of the mechanisms behind glymphatic brain clearance during sleep. Infraslow
oscillations in norepinephrine release drive slow, rhythmic constrictions and dilations of the cerebral
arteries, which, in turn, promote CSF flow along the PVS and through the brain parenchyma. Since
cerebral blood volume and CSF volume are constricted to the confined space of the skull, vascular tone
dynamics induce an anti-correlated infraslow oscillatory pattern in blood volume and CSF volume within
the intracranial space. The directional flow of CSF and ISF promotes the removal of waste from the brain
tissue toward draining lymph nodes in the periphery. Reprinted from Hauglund et al., © 2025', with
permission from Elsevier.
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Models to study the glymphatic system

Since the discovery of the glymphatic system, it was evident that it constitutes a
complex brain-wide biological system. This meant that the intricate interplay
between its various components could not be comprehensively studied in silico or
in vitro. Today, after more than a decade of intense glymphatic research, except for
a number of modeling studies that have greatly contributed to explaining different
parts of the system, the field still heavily relies on experimentation on living

organisms'*’.

Rodent models

Like most recent studies in biomedicine, rodents have been the main animal model
that has been used in glymphatic studies. The cornerstone experiment for studying
the glymphatic system involves the introduction of tracers into the CSF’"'**!_ The
tracers are typically introduced in vivo in the CM, a CSF space downstream of the
4™ ventricle, from where the tracer can then circulate towards the subarachnoid
space and the spinal canal. This route is typically preferred compared to
intraventricular injection as it avoids damage to the brain tissue, which has been
shown to result in impaired glymphatic function”*%, The tracers used are typically
fluorescent, radioactive or gadolinium-based contrast agents (GBCAs) for use in
MRI. The tracers are then allowed to circulate and enter the PVS of the brain while
imaged in vivo with various techniques, such as two-photon microscopy,
transcranial imaging, single-photon emission computed tomography (SPECT/CT),
positron emission tomography—computed tomography (PET/CT) and dynamic
contrast-enhanced MRI (DCE-MRI)*""""!1“>"1%5 " The flow in the PVS has been
criticized to be an artifact of injection, due to increased intracranial pressure
(ICP)**14671%8 "However, an elegant study by Raghunandan et al. using a dual-
syringe protocol where CSF was withdrawn at the same volumetric flow rate as the
CM injection confirmed that ICP elevation was mild and transient as previously
reported'?, while flow measurements in the PVS were similar to those reported in
single-syringe experiments’'**'**_ Following tracer circulation, the brain and other
tissues relevant for CSF efflux pathways can be dissected and imaged using
epifluorescence, confocal and light-sheet microscopy to extract useful
measurements of tracer distribution’""',

Intraparenchymal injection of tracers has also been widely used in rodents to
measure glymphatic clearance from the brain. Fluorescent or radioactive molecules
are injected into the brain parenchyma through a burr hole in the skull, and the tracer
remaining in the brain or the tracer accumulated along efflux pathways are typically
used as measures of glymphatic clearance''®!371441527134 = A recent study also
proposed an in vivo assay where glymphatic clearance, following an
intraparenchymal injection, can be visualized and measured in real time using
fluorescence microscopy at the level of the femoral vein®®.
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While a lot of our knowledge on glymphatic flow mechanisms has come from two-
photon microscopy and transcranial imaging techniques, it is important to keep in
mind that these methods can only capture phenomena taking place on the dorsal
brain surface®®'*. Light-sheet fluorescence microscopy has emerged as a promising
technique to help visualize tracer distribution in the whole brain or even the whole
mouse with high spatial resolution''"!*!. While this method cannot provide dynamic
in vivo data, it can be leveraged to investigate CSF efflux pathways and their
connection to the glymphatic system*™**!""1**  The development of MRI-based
methods to study the glymphatic system in rodents has provided invaluable insights
into the brain-wide nature of glymphatic circulation*""**!4+155:156 (Figyre 7). The
continuous development of contrast-enhanced and contrast-free MRI sequences is
expected to help bridge the translational gap between rodent and human glymphatic
research.

Figure 7. Methods to image the glymphatic system.

Different techniques used to image the glymphatic system plotted in a 3D plot depicting the typical
qualities of each imaging modality in three different measures, namely temporal resolution, spatial
resolution, and volume imaging. CT, computed topography; Macro, macroscopic transcranial imaging;
PET, positron emission tomography; MRI, magnetic resonance imaging; 2p, two-photon microscopy.
Reprinted from Rasmussen et al., © 2022", with permission from The American Physiological Society.
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Given the vast number of glymphatic studies that emerged over the past decade, it
was inevitable that methodological discrepancies would result in conflicting results.
One prominent example involved the different anesthetics used to study the
glymphatic system. While Xie et al. had shown that sleep and K/X anesthesia
similarly promote glymphatic function, a number of later studies using different
anesthetics failed to observe glymphatic influx’®'*""'%_ Since then, several studies
have showcased the reduction in glymphatic influx that occurs when animals are
anesthetized with other anesthetics compared to K/X, thereby likely explaining the
previous opposing results*!7*7131,

A recent study in mice also identified key differences between natural sleep and
anesthesia with regard to vascular dynamics and the relative influence of different
glymphatic drivers'?’. Locus coeruleus-derived noradrenergic oscillations have
been shown to control slow vasomotion during sleep and constitute the main driving
force for glymphatic transport'*’. On the other hand, slow wave delta oscillations
and heart rate were correlated with glymphatic influx in mice anesthetized with
different anesthetic regimes’’. While both sleep and anesthesia have been shown to
promote glymphatic activity''’, the suppression of norepinephrine and vasomotion
during anesthesia suggests that under these two different conditions the primary
drivers of glymphatic activity might differ'*’. This greatly increases our
understanding of glymphatic regulation as a whole and should be taken into account
when designing future glymphatic studies.

The development of methods to introduce, modify or delete specific genes in rodents
has allowed researchers to study the genetic basis of various diseases and gain
insights into complex biological processes. Several transgenic models of various
diseases have been used to study the mechanisms of disease development and
progression in the context of the glymphatic system'®* !>, However, it was only via
the use of AQP4 KO mice that we were able to gain an understanding of the crucial
role of this protein and characterize the glymphatic system as a whole”"".

Large mammals

Despite the many advantages of studying the glymphatic system in rodents, the
potential translation of findings to humans would require several assumptions
regarding the conservation of the mechanisms involved. The invasive nature of most
glymphatic experiments at the moment does not allow for a wide range of human
experimental studies. Therefore, investigations in large mammals provide a valuable
translational step for elucidating the mechanisms of glymphatic flow in more
complex systems.
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Rat Rhesus monkey

Figure 8. The effect of sulci on glymphatic influx.

(A) Coronal brain sections from various species showcasing the difference between the lissencephalic
brain of rats compared to the gyrencephalic brains of monkeys, pigs and humans. Reprinted from Howells
et al., © 2010'%, with permission from Sage Publications. (B) Confocal images of pig cortical slices
showing robust tracer distribution in the sulci of the pig brain. Adapted from Béchet et al., 2021'%*, under
a CC BY license.

While the groundwork of CSF circulation in the PVS and along efflux routes had
been laid by experiments in large mammals, including non-human primates even
before the first description of the glymphatic system, similar work has been very
limited in the last few decades ®*'®>!%_ A single study in non-human primates using
DCE-MRI found that contrast agent had penetrated most of the brain within 2 h
from the injection, while subarachnoid hemorrhage significantly impaired this
glymphatic influx'®’. However, important ethical considerations regarding research
use of non-human primates make the expansion of glymphatic research in these
species far less likely in the future. Recently, our lab developed a pig model to study
the glymphatic system'®®. Compared to the smooth lissencephalic rodent brain, the
gyrencephalic brain of pigs closely relates to human anatomy (Figure 84). This
model allowed us to identify that the glymphatic system not only exists in pigs, but
its microarchitecture is more complex compared to mice and rats'®. The sulci of the
brain were reported to facilitate CSF distribution (Figure 8B), while PVS density
was four times higher in pigs compared to mice'®*. A recent study in ferrets, whose
brain is also gyrencephalic, confirmed that glymphatic influx is enhanced in the
sulci and that this sulcus-dominant influx is mediated by increased AQP4 expression
in those regions'®. Although limited in number, these studies have provided
valuable insights into how evolutionary changes in brain structure coincide with
changes in glymphatic system physiology.
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Human studies

The first study that confirmed the existence of the glymphatic system in humans
was performed by Eide and Rigstad in 2015'7°. A GBCA was injected intrathecally
in a patient with suspected intracranial hypotension, followed by MRI at one
timepoint before and two timepoints after the injection'”’. The study revealed the
transport of tracer into the brain, confirming that the glymphatic system is conserved
from rodents to humans. Since then, a number of studies by the same group
expanded on previous findings and provided a more comprehensive view of
glymphatic enhancement dynamics, while also confirming the important role of
sleep for glymphatic homeostasis'''”""'" (Figure 9).

10 minutes L : 48 hours 4 weeks

Figure 9. Brain-wide signal enhancement of time in the human brain.

Standardized T,-weighted MRI obtained at different time points before and after intrathecal administration
of the GBCA gadobutrol in a human subject. The images show tracer enhancement within the brain
tissue, while tracer in CSF spaces has been subtracted. Percentage T, signal increase from tracer
enrichment in brain tissue is illustrated by the color scale. After 4 weeks, there was no sign of residual
tracer in the brain tissue. Reprinted from Eide et al., © 2021""7, with permission from Oxford University
Press.

While the above-mentioned studies involved the introduction of GBCAs in the CSF,
in recent years there has been an increasing interest in non-invasive assessments of
glymphatic function. One such method that has been commonly used relies on the
detection and measurement of enlarged PVS in the brain, which have been
associated with impaired glymphatic function'”®. PVS enlargement is typically
measured using a variety of visual rating scales or automated programs based on
machine learning'’®'”’. Although PVS enlargement could be caused by fluid
stagnation and disruption of CSF flow, the pathophysiological basis of its
association with glymphatic dysfunction is still unclear'’*!”®. Another very popular
method for non-invasive assessment of glymphatic function in humans relies on the
diffusion tensor imaging analysis along the perivascular space (DTI-ALPS)

36



index'”. This technique uses diffusion MRI to evaluate the diffusivity along the
direction of the PVS of medullary veins within the white matter of the brain''*,
Due to the simplicity of the measurement and the possibility to calculate the index
retrospectively in existing clinical datasets, it was quickly adopted by several
researchers to look for correlations with various diseases!”®'®’. However, a number
of limitations and the unclear pathophysiological processes that are reflected in the
index have challenged the notion that this index can accurately encompass
glymphatic function'®'"'®*, These and other measures that correlated with disease
conditions that had already been shown experimentally to be affected by the
glymphatic system need further curation and thorough explanation of their potential
applications and limitations'**'*"'® However, their quick adoption by a large
number of researchers is indicative of the widespread need for reliable methods to
assess glymphatic function in the clinical setting.

The glymphatic system and neurodegeneration

The glymphatic system has been recognized as an important contributor to the
removal of toxic proteins from the brain’'’*!'®%, Up to this day, several studies have
investigated its interaction with various neurodegenerative diseases, such as
Alzheimer’s (AD) and Parkinson’s (PD), where the accumulation of toxic proteins
is part of the pathophysiology of the disease. AP and tau have central role in the
pathophysiology of AD'8%!%_ Therefore, the ability of the glymphatic system to
clear these proteins from the brain has made it a potential therapeutic target for novel
AD treatments’"'**!62 Similarly, it has been shown that a-synuclein, which has
been largely implicated in the pathophysiology of PD is cleared through the
glymphatic system'®”'®®,Intriguingly, increasing evidence has shown that
neurodegenerative diseases can cause loss of perivascular AQP4 polarization and
glymphatic dysfunction, setting the stage for a vicious cycle where further
neurodegeneration will follow™!0%160188189 (Fioy e 10). This can be further
aggravated by aging and impaired sleep architecture, both of which are
independently associated with glymphatic dysfunction'!”!52184190.191
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Figure 10. The glymphatic system in health and disease.

(A) A well-functioning glymphatic system contributes to the clearance of interstitial solutes and protein
waste away from the brain. (B) AB plaque formation, astrogliosis, decrease in perivascular AQP4
polarization, vascular amyloidosis and age-related decline in CSF production can all impede glymphatic
flow and thereby impair waste clearance. Reprinted from Nedergaard and Goldman, © 2020'%, with
permission from AAAS.

Still several important questions regarding its role in other less-studied
neurodegenerative diseases remain to be answered'*>'°, as well as its implication
on diseases that start far from the brain but lead to neurodegeneration, such as
diabetes and heart failure (HF)'?*'%®. However, with an increasing number of studies
looking into potential therapeutic strategies for neurodegeneration by leveraging the
glymphatic system, the future of the field looks promising and exciting.
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Aims of the thesis

Although CSF and its unique functions have been studied for several decades, there
still remain a number of open questions regarding the mechanisms that govern its
circulation. This thesis aims to elucidate some of the mechanisms of CSF circulation
and the glymphatic system in health and disease using a variety of methods and
animal models. The specific aims of the papers included in the thesis were:

L. Investigate how the glymphatic system is affected in a mouse model of
HF.

I1. Compare the efficacy of different lectins in labeling cerebral
vasculature.

II1. Explore functional aspects of the nasal CSF efflux pathway.

IV. Examine how AP (re)-circulation in the CSF affects the glymphatic
system.
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Key Methods

Key methods used in this thesis are briefly described below. For more details, please
refer to the Materials and Methods section of the attached papers and manuscripts.

Animals

Mice (Papers I -111)

Adult male C57BL/6 mice were used for all experiments. Mice were housed in a
climate-controlled animal facility with a 12 h dark-light cycle, in groups of 3-5 in
ventilated cages with appropriate environmental enrichment. The mice had ad
libitum access to normal chow and water. All experimental procedures performed
in Lund were approved by the Malmo-Lund ethical Committee on Animal Research
(Dnr 5.2.18-10992/18, 5.8.18-14734/2021, 5.8.18-20240/2021 and V 2023/1245,
5.8.18-08269/2019, 5.8.18-20241/2021, 5.8.18-08160/2021 and 5.8.18-
04510/2024). Experiments performed at the Center for Translational
Neuromedicine at the University of Copenhagen were approved by the Danish
Animal Inspectorate and by the Department of Animal Experimental Medicine of
the University of Copenhagen (2020-15-0201-00562). Experiments performed at
the German Center for Neurodegenerative Diseases in Bonn, Germany were
approved by the Landesamt fiir Natur-, Umwelt- und Verbraucherschutz (81-
02.04.2019.A214/01).

Pigs (Papers II1 - 1V)

Adult male pigs (Sus scrofa domesticus) were purchased by an approved supplier
and were used for all experiments. Pigs were housed in pens with a 12 h dark-light
cycle and had ad libitum access to water and food. All experimental procedures were
approved by the Malmo-Lund ethical Committee on Animal Research (Dnr 5.8.18-
05527/2019).
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Surgery and disease models

CM injection in mice (Papers I, III and IV)

Mice were anesthetized with an i.p. injection of K/X, administered in a volume of
10 mL/kg, and when the reflexes ceased, each mouse was positioned on a
stereotactic frame. The procedure was then performed as previously described'*'.
An incision was made on the skin, and the muscles at the back of the neck were
reflected to expose the CM. The CM injection was performed using a 30 G dental
needle (Carpule, Sopira) connected to a Hamilton syringe (Hamilton Company,
Reno, NV, USA) via Polyethylene (PE) 10 tubing (AgnTho’s AB, Lidingg,
Sweden). Glue and dental cement were then used to secure the cannula to the skull.

Fluorescent tracers, BSA-647 (Alexa Fluor™ 647-conjugated BSA, A34785,
Invitrogen/Thermo Fisher Scientific, CA, USA) and/or Api4 HiLyte-555
(HiLyte™ Fluor 555-labeled beta amyloid 1-42, AS-60480-01, Anaspec, CA, USA)
were injected in the CM using a single infusion syringe pump (LEGATO® 100
Syringe pump, KD Scientific, Holliston, MA, USA) typically at a rate of 1 uL./min,
unless otherwise specified. The tracer was allowed to circulate for a variable amount
of time according to the experimental design. Mice were then euthanized either by
decapitation or by transcardial perfusion with PBS [sometimes containing wheat
germ agglutinin (WGA) lectin] and 4% paraformaldehyde (PFA). Tissues of interest
were then dissected and immersion-fixed in 4% PFA overnight before used for
further processing.

For DCE-MRI experiments, a copper needle (0.32-mm outer diameter; Nippon
Tokushukan MFG Co. Ltd., Tokyo, Japan) was used instead of the stainless-steel
dental needle*’. The GBCA Dotarem® (DOTA-Gd, 12.5 mM, Guerbet LLC,
Princeton, NJ, USA) was injected into the CM using a remote-controlled pump
(Harvard Apparatus PHD 2000, Holliston, MA, USA) typically at a rate of 1 pL/min
unless otherwise specified. Following the end of the experiment, the mice were
euthanized by decapitation, and the brains were isolated and immersion-fixed in 4%
PFA overnight before further processing.

CM injection in pigs (Papers III and 1V)

Pigs were anesthetized as previously described'®. Briefly, they were first
premedicated with an intramuscular injection of a mixture of tiletamine, zolazepam
and dexmedetomidine. Once unconscious, they were intubated, and a 20 G cannula
was inserted into the ear vein connected to a triple i.v. line that administered
maintenance anesthesia (ketamine, fentanyl and midazolam). The CM injection
surgery was then performed as previously described'®*'®®. Briefly, the skin
overlying the back of the head and neck was resected, and the underlying muscle
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layers were severed and retracted to reveal the CM. The CM injection was
performed using an 18 G cannula and was secured in place with glue. Fluorescent
tracers (BSA-647, ABi.42 HiLyte-555, ABi-40 HiLyte-555, 10,000 MW dextran-555)
and aCSF were injected according to the experimental design using a 1 mL syringe
connected to a 10 cm i.v. line at a rate of 100 pL/min. Following tracer circulation,
the pigs were euthanized by an i.v. injection of pentobarbital, and tissues of interest
were extracted and fixed in 4% PFA.

Intraparenchymal tracer injection (Paper I)

Mice were anesthetized with isoflurane and placed on a stereotactic frame. The skin
overlying the dorsal skull was locally anesthetized with bupivacaine before an
incision was made along the midline. A burr hole was then drilled at the coordinates:
AP +0.6 mm; ML -2.0 mm, relative to bregma. A glass capillary containing the
fluorescent tracer BSA-647 connected to a 10 puL Hamilton syringe (Hamilton
Company, Reno, NV, USA) was slowly inserted at DV -3.3 mm from the skull. The
tracer was injected at a rate of 0.2 pL/min for 5 min (1 uL volume). The capillary
was left in place for 10 min to prevent backflow and was then slowly retracted. The
incision was closed using surgical glue (Histoacryl®, B. Braun Medical AB,
Danderyd, Sweden), and bupivacaine was injected subcutaneously in the wound
area. The mice were allowed to recover from the anesthesia, and 48 h after the
injection, they were anesthetized with K/X and transcardially perfused with PBS
and 4% PFA. The brains were then immersion-fixed overnight in 4% PFA before
further analysis.

Cranial window preparation (Paper I)

Mice were anesthetized with isoflurane and fixed to a stereotactic frame. Their
heads were shaved and cleaned with isopropyl alcohol. Lidocaine was administered
subcutaneously at the incision site and carprofen was given i.p. for postoperative
analgesia. A 1.3 cm-diameter piece of skin was removed to expose the dorsal skull,
and the surface of the skull was cleaned and dried. An aluminum frame was attached
to the skull of the mice using dental acrylic (Fuji LUTE BC, GC, Tokyo, Japan and
Super Bond, Sun Medical, Shiga, Japan). A 4 mm-diameter craniotomy was then
performed using a dental drill centered above the barrel-field cortex approximately
2.5 mm posterior to bregma. When sufficiently thinned, the bone was gently
removed, and a thin circular 4-mm diameter glass coverslip was mounted in its place
and fixed to the skull with dental cement (C&B Metabond®, Parkell, NY, USA).
Animals were allowed to recover for a minimum of 48 h before two-photon imaging.
The mice were administered i.p. carprofen once every 24 hours for two days after
the surgery.
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Heart failure mouse model (Paper I)

HF was induced by permanent ligation of the left anterior descending (LAD)
coronary artery as previously described'”’. Mice were anesthetized with isoflurane,
intubated, and ventilated. A lateral thoracotomy was then performed, the
pericardium was opened, and the LAD was permanently ligated. Following ligation,
the chest was closed, and the mice were extubated upon spontaneous respiration.
For sham surgeries, the same procedure was performed without ligation of the LAD.
Mice received buprenorphine for post-surgery analgesia.

Transient middle cerebral artery occlusion (tMCAo) (Paper II)

The left MCA was occluded in mice anesthetized with isoflurane. A monofilament
(9—10 mm coating length, 0.19 £ 0.01 mm tip diameter; Doccol, Sharon, MA, US)
was inserted through a microincision in the external carotid artery and further
advanced to the internal carotid artery. Reperfusion was initiated after 60 min by
removing the filament. The mice were euthanized 1 or 7 days after tMCAo.

Ablation of olfactory sensory neurons (Paper III)

Pharmacological ablation of olfactory sensory neurons was achieved by intranasal
administration of zinc-sulfate (ZnS04)**. Mice were anesthetized with isoflurane
and 10 pL of 10% v/w ZnSOy in sterile saline or vehicle (sterile saline) were
administered onto each of the nostrils using a 10- uL pipette in an alternating droplet
instillation method (2 x 2.5 pL dose/nostril, 5-minute break between rounds).
Following the treatment, mice were kept in a prone position to allow for excess fluid
to exit the nasal cavity.

In vivo imaging and analysis

MRI (Papers I and III)

MRI acquisitions were performed on a 9.4 Tesla preclinical MR scanner using an
Agilent magnet (Agilent, Santa Clara, USA), Bruker BioSpec Avance 111 electronics
(Bruker, Ettlingen, Germany), with actively shielded gradients (maximum 670
mT/m; rise time 130 ps) and integrated shims (BGA 12S HP, Bruker, BioSpin,
Ettlingen, Germany) and operated via ParaVision 7.0.0. Complete details of image
acquisition, reconstruction and analysis can be found in Papers I and II1. Briefly, the
following sequences were used:
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Cardiac MRI

Cardiac function was assessed in mice anesthetized with isoflurane using a
quadrature volume transmit coil (112/086) and a 20 mm linear surface loop receive
coil (Bruker, Ettlingen, Germany). A modified Bruker 2D ultra-short echo time
(UTE) imaging sequence [echo time (7r) = 0.5 ms; repetition time (7z) = 5 ms; slice
thickness = 1 mm; matrix size 96 x 96; field of view (FOV) = 25x25 mm?; flip angle
o = 7°] was used to acquire a total of 12064 spokes per slice within 1 min®"'?%?, To
cover the left ventricle from base to apex, 9-11 slices were needed depending on its
size. The reconstructed data was exported into digital imaging and communications
in medicine (DICOM) format, and were used for the assessment of hemodynamic
parameters using Segment (v.3.3, Medviso, https://segment.heiberg.se)*”. The
volume of the left ventricle was manually drawn at the end-systolic and end-
diastolic phases of the cardiac cycle, and the stroke volume and ejection fraction
(EF) were automatically calculated by the software. The average heart rate over all
measured slices was estimated by the software and used to calculate the cardiac
output.

Brain volumetry

To measure brain volume, mice were anesthetized with K/X and scanned using a
quadrature volume transmit coil (112/086), and a mouse 2x2 phased array receive
coil (Bruker, Ettlingen, Germany). High-resolution 7>-weighted Rapid Acquisition
by Refocused Echoes (RARE; Tz =21.4 or 33 ms; Tz = 3550 ms; slice thickness =
0.5 mm; 30 slices; 120x150; resolution 0.1x0.1 mm?; a = 180°; echo train length =
8; number of averages Na = 13) acquisitions were used. Manual ventricle
segmentations were performed within a scripted MATLAB (2023b; MathWorks,
MA, USA) environment. Brain and ventricle masks were visualized and summed
for each slice in MATLAB. Parenchymal tissue volumes were calculated as total
brain mask voxel counts minus ventricular mask counts over the brain slices,
multiplied by the voxel volume (0.005 mm?®). The percentage of ventricular volume
normalized to whole brain volume was defined as relative ventricular volume, while
the percentage of parenchymal volume normalized to whole brain volume was
defined as relative parenchymal volume.

Regional cerebral blood flow

For regional cerebral blood flow (CBF) measurements, mice anesthetized with K/X
were scanned using a quadrature volume transmit coil (112/086), and a mouse 2x2
phased array receive coil. Flow-sensitive Alternating Inversion Recovery Echo-
Planar Imaging (FAIR-EPI; Tz = 13.27 ms; Tz = 2039.8 ms; spectral bandwidth =
320.175 kHz; slice thickness = 1.5 mm; image matrix 73x64; resolution
0.2344x0.2329 mm? Na = 4) acquisitions with global pre-saturation over 6
inversion times for slice-selective and global inversion conditions were localized to
coronal slices in the striatum and hippocampus, respectively. Data were exported as
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DICOMSs and used to estimate CBF per voxel according to methods previously
described®™. CBF fit and group statistical analyses were scripted in MATLAB and
are available online at https://doi.org/10.5281/zenodo.11475856*". Regional masks
for ventral striatum and hypothalamus were segmented manually in Fiji*®.
Descriptive statistics for associated CBF values were then calculated over each

regional mask.

DCE-MRI

For the DCE-MRI experiments, mice anesthetized with K/X were scanned using a
transmit/receive cryocoil. The 3D Fast Low-Angle Shot (FLASH) sequence (7 =
1.5 ms; Tr = 10 ms; a = 10°; 100 pm isotropic resolution; acquisition time = 2.5 min
per timepoint) was used to acquire a total of 26 scans, including two baseline pre-
contrast scans. Following the acquisition, images were exported to DICOM format
and imported to MICE Toolkit (v2022.4.9, NONPI Medical, Umed, Sweden), where
the acquisitions were motion-corrected. Net signal enhancement was calculated at
each timepoint by subtracting the average signal of the two baseline acquisitions,
and denoising was applied using principal component analysis. The merged
anatomical image from each mouse was then used to manually draw eight spherical
volumes of interest (VOIs) at the coronal orientation (four on each hemisphere). The
VOIs were placed in the brain parenchyma, right above the anterior cerebral artery
and at the ventral hypothalamus, as well as 1 mm dorsally to each of these. These
masks were then applied to the DCE-MRI timepoints to calculate the enhancement
over time as a measure of glymphatic influx*'. The signal enhancement
measurements from each right and left pair of VOIs were averaged to generate a
single time-enhancement curve per brain area as a measure of CSF tracer influx. For
the measurement of nasal CSF efflux, a mask over the whole nasal turbinates area
was manually drawn on each slice and filtered by Otsu multi-step thresholding to
exclude the air cavities and isolate the nasal turbinate tissue. Within this nasal
turbinate mask, only the voxels that enhanced more than three times the standard
deviation of the background noise throughout the experiment were considered in the
signal enhancement calculation.

In vivo two-photon imaging of arterial pulsatility (Paper I)

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, NA = 1.10, WD = 2.0 mm). Images were acquired
using ThorImage®LS v3.0 software. For in vivo vasculature labeling, mice were
briefly anesthetized with isoflurane and given a retro-orbital injection of FITC-
dextran (150 pL, 2000 kDa, D7137, Invitrogen/Thermo Fisher Scientific, CA,
USA). After at least 20 min of recovery, each mouse was positioned under the
objective lens via the headplate. Imaging of pial arteries was first performed in the
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awake state at 3-5 different locations in each mouse for 2 min in each location (frame
rate = 30 Hz). For the excitation of FITC-dextran, an 805-910 nm laser wavelength
at <10 mW laser power was used, and emission was collected by a 525/25 nm filter
(Semrock). Following awake imaging, the mice were anesthetized with K/X, and
vasculature imaging was repeated using the same parameters as in awake imaging.
For the analysis of arterial pulsatility and vasomotion, the diameter of a vascular
segment was first measured in sequential frames. Then, the time series of the
vascular diameter measurement was subtracted by its mean value, and a bandpass
filter was applied to isolate the diameter changes in the frequency range of interest.
The frequency range was set to 0.05-0.2 Hz for slow vasomotion, 10-14 Hz for
cardiac arterial pulsatility in awake mice, and 2-6 Hz for cardiac arterial pulsatility
under K/X anesthesia. Vascular pulsatility was then quantified by calculating the
interquartile range of the bandpass-filtered signal. To account for differences in
diameter among different vascular segments, the relative amplitude was also
calculated by dividing the interquartile range by the average diameter of the vessel
across all frames and is reported as relative arterial pulsatility or relative slow
vasomotion. The amplitude of three to five vascular segments was averaged into
one biological replicate.

In vivo transcranial fluorescence imaging (Papers I1I and IV)

For in vivo transcranial fluorescence imaging, after the CM cannula was glued to
the skull, mice were positioned under a Nikon SMZ25 stereomicroscope with a Plan
Apo 0.5x objective (NA = 0.08) equipped with an Andor Zyla 4.2 Plus sCMOS
camera (Mag = 0.75x, Zoom = 1.5x). The BSA-647 tracer was excited using 635
nm CoolLED pE4000 LED illumination, and the emission was collected using a
quadruple bandpass filter. The tracer injection and imaging were started
simultaneously, and in vivo images were acquired at 1-min intervals. For the
quantification of tracer distribution, image series were imported in Fiji’*, regions
of interest (ROIs) were manually drawn, and mean fluorescence intensities were
measured.

Tissue processing, imaging and analysis

Ex vivo fluorescence imaging (Papers I, III and IV)

Tissues of interest containing fluorescent tracers were imaged post-fixation using a
Nikon SMZ25 stereomicroscope. Brain sections and dorsal dura from mice were
mounted on slides and imaged using a Nikon Ti2 wide-field fluorescence
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microscope. For the analysis of tracer distribution, ROIs were drawn in Fiji**® and
mean fluorescence intensities were measured.

Immunohistochemistry (Papers I, II and IV)

Standard immunohistochemistry protocols were used to stain for a variety of target
proteins. When needed, antigen retrieval was performed with sodium citrate buffer
or pepsin. Following a blocking and permeabilization step, sections were incubated
with primary antibodies at 4 °C (Table I). After washing with PBS, secondary
antibodies conjugated to different fluorophores were applied. After washing the
excess antibodies, incubation with lectin and DAPI was performed before mounting
the sections on glass slides.

Table 1. Primary antibodies used for immunohistochemistry. AQP4 = aquaporin-4, GLUT-1 =
glucose transporter 1, GFAP = glial fibrillary acidic protein, CD = cluster of differentiation, a-SMA = alpha
smooth muscle actin, Iba1 = ionized calcium-binding adaptor molecule 1.

Antibody Source Catalogue number Company

AQP4 Rabbit AB3594 Merck Millipore

Laminin Rabbit ab7463 Abcam

Collagen IV Rabbit ab6586 Abcam

Cy3-conjugated 1gG Donkey 715-165-150 Nordic Biosite

GLUT-1 Mouse ab40084 Abcam _
Mouse MABS132 Merck Millipore

GFAP Rabbit 2033429 Dako/Agilent

CD31 Rabbit ab28364 Abcam

a-SMA Rabbit ab5694 Abcam

Iba1 Rabbit 019-19741 Wako

Elastin Rabbit ab23747 Abcam

Images were acquired using a Nikon Ti2 wide-field fluorescence microscope and/or
a Nikon A1RHD confocal scanning microscope. Image analysis was performed in
Fiji*® and specific details for each quantification can be found in the respective
papers.

Tissue clearing and light-sheet microscopy (Papers L, I1I and IV)

Mouse brains, mouse head and spine samples, and pig brain pieces were optically
cleared using the iDISCO+ protocol as previously described””’. Bone-containing
samples were first decalcified in 10% ethylenediaminetetraacetic acid (EDTA) for
24 h. Samples were then washed in PBS, dehydrated in increasing methanol/H,O
solutions (20%, 40%, 60%, 80%, 100%, 1 h each and 100% overnight), delipidated
with methanol/dichloromethane (33% / 66% for 3 h) and 100% dichloromethane (2
x 15 min), and finally immersed in ethyl cinnamate (ECi, 100%) for at least seven
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days prior to imaging. Optically cleared samples were imaged using a LaVision
UltraMicroscope Blaze light-sheet microscope (Miltenyi Biotec, Bergisch
Gladbach, Germany) controlled by ImSpectorPro software (Miltenyi Biotec,
Bergisch Gladbach, Germany), while immersed in ECi.

The image stacks were imported into Arivis Vision4D v3.5 (Zeiss Arivis, Rostock,
Germany) for 3D reconstruction. Tiled images of the head-spine samples were
manually aligned in the XY axes based on visual inspection, using the Tile Sorter
function of Arivis Vision4D. Representative images and videos of the reconstructed
samples were then acquired. The 3D reconstructed brains were analyzed using the
built-in Analysis Pipeline of Arivis Vision4D. For the CM-injected brains, the
Intensity Threshold Segmenter tool was used for each brain image set, and the sum
voxel intensity of all the voxels with an intensity value above the threshold was then
calculated and used as a measure of CSF tracer influx. For the intraparenchymally-
injected brains, the sum intensity and sum volume of the voxels continuous to the
injection site were calculated and used to assess glymphatic clearance from the
brain. For tracer penetration depth analysis, image stacks were imported into Fiji**®
and the maximum intensity projections were generated. The penetration depth of six
vessels from the dorsolateral brain (three from each hemisphere) was measured and
averaged into one biological replicate.
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Summary of Results and Discussion

In this section, the main results from the papers included in the thesis are
summarized and discussed. However, the reader is encouraged to refer to the final
version of the papers and manuscripts attached at the end of this book.

Dysregulation of brain fluid dynamics in heart failure
(Paper I)

The glymphatic system plays a crucial role in clearing waste products from the
brain, and its dysfunction has been linked to wvarious neurodegenerative
conditions™'**. HF is known to affect brain function and increase the risk of
cognitive decline and AD**®?'°, however, the mechanisms behind this interaction
are not fully understood. Cerebral arterial pulsations originating in the heart have
been reported to be a major driver of the glymphatic system’”!'?°>. Therefore, this
study aimed to investigate the impact of heart failure with reduced ejection fraction
(HFrEF) on the glymphatic system using a mouse model of MI.

HF leads to increased glymphatic influx by enhancing arterial
pulsatility

To study the effect of HF on glymphatic function, mice subjected to MI or sham
surgery were injected in the CM at 12 weeks post-surgery. HFrEF resulted in a
significant increase in glymphatic influx at 12 weeks post MI. This increase was
observed using both a small molecular weight GBCA and a larger fluorescent tracer
(BSA-647). Interestingly, glymphatic influx was inversely correlated with the EF,
suggesting a relationship between the degree of cardiac dysfunction and CSF influx
into the brain parenchyma (Figure 114-J).

To understand the mechanism behind this increased influx, we used two-photon
microscopy to measure cerebral arterial pulsatility, which is a well-established
driver of glymphatic influx, especially under anesthesia. Our results revealed a
significant increase in arterial pulsatility in MI mice compared to sham at 12 weeks
post-surgery, providing a plausible explanation for the observed enhancement in
glymphatic influx (Figure 11K-L).
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Figure 11. Glymphatic influx is increased at 12 weeks post Ml due to enhanced arterial pulsatility.
(A) Representative coronal images of parenchymal contrast agent infiltration 20 min after the end of the
CM injection, at the level of the anterior cerebral artery (ACA) from a sham (top) and a Ml (bottom)
mouse. Signal enhancement was quantified by parenchymal volumes of interest (VOIs, white circles)
positioned right above the ACA (ACA 1) and 1 mm dorsally (ACA 2). Scale bar: 1 mm; inset =1 mm. (B-
D) Characteristics of the CSF tracer influx at the ACA 1 VOI, including the time - mean enhancement
curve (B), the area under the curve (AUC) (C) and the correlation between the AUC and the EF (D). (E-
G) Characteristics of the CSF tracer influx at the ACA 2 VOI, including the time - mean enhancement
curve (E), the AUC (F) and the correlation between the AUC and the EF (G). (H) Representative images
of CSF tracer distribution at the ventral brain surface from a sham and a Ml mouse. Scale bar: 2 mm. (1)
Quantification of mean fluorescence intensity of CSF tracer influx at the ventral brain. (J) Correlation
between EF and mean fluorescence intensity at the ventral brain surface. (K) Top: Representative in vivo
two-photon fluorescence microscopy image of a pial artery after intravenous injection of FITC-dextran.
The blue box indicates the vascular segment used for arterial pulsatility analysis. Botfom: The magnified
vascular segment from which the vascular diameter oscillations were measured. (L) Arterial pulsatility
amplitude, normalized to the vessel diameter, under K/X anesthesia. Adapted from Paper 1'%,

Glymphatic mismatch between influx and clearance leads to a relative
increase in brain parenchyma volume

Glymphatic clearance of intraparenchymally injected tracers is another method to
assess glymphatic function, with reduced clearance considered to contribute to
cognitive decline'>2. Here we found that clearance of intraparenchymally injected
BSA-647 was not impaired at 12 weeks post-MI and did not correlate with the EF,
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despite the increase in glymphatic influx (Figure 124-D). This mismatch between
influx and clearance suggests a dysregulation of the glymphatic system in HFrEF.

Further investigation using structural MRI scans showed that while whole brain
volumes were similar between MI and sham groups at 12 weeks post-surgery, there
was a significant reduction in ventricular volume in MI mice, which persisted even
after normalizing for whole brain volume. Accordingly, the brain parenchyma of
MI mice was proportionally increased compared to the sham group (Figure 12E-I).
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Figure 12. Glymphatic clearance is not affected by HF leading to proportionately larger brain
parenchyma at 12 weeks post MI.

(A) Representative 3D reconstructed images of optically cleared brains isolated 48 h after fluorescent
BSA-647 tracer was injected into the striatum of sham (fop) and Ml (bottom) mice; dorsal view (left) and
close-up anterior view (right). Scale bar left: 2 mm; right. 1 mm. (B) Quantification of sum fluorescence
intensity around the injection site of the tracer. (C) Quantification of interstitial tracer volume remaining
around the injection site. (D) Correlation between EF and sum fluorescence intensity around the injection
site. (E) Representative coronal brain images acquired using a RARE sequence from a sham (top) and
a MI (bottom) mouse (brain masks marked with white lines and ventricular masks marked with white
dashed lines). Scale bar: 1 mm. (F) Whole brain volume at 12 weeks post-MIl or sham surgery. (G)
Ventricular volume at 12 weeks post-MI or sham surgery. (H) Relative ventricular volume at 12 weeks
post-MI or sham surgery. (I) Relative brain parenchymal volume at 12 weeks post-MI or sham surgery.
Adapted from Paper I,
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CBF emerges as a potentially new regulator of the glymphatic system

Finally, we investigated the relationship between CBF and glymphatic function.
Using FAIR-EPI, we found a significant decrease in CBF in the hypothalamus of
MI mice at 12 weeks post-surgery, while CBF in the striatum was not significantly
affected. Intriguingly, the analysis also revealed an inverse correlation between CBF
in the striatum and glymphatic clearance from that region (Figure 13). This finding
suggests a previously unknown connection between CBF and the glymphatic
system.
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Figure 13. CBF inversely correlates with glymphatic clearance.

(A) Representative CBF maps acquired using a FAIR-EPI MRI sequence at 12 weeks post-surgery at
the level of the striatum (ST, left) and the hypothalamus (HT, right) from sham (top) and MI (bottom)
mice. Scale bar: 2 mm. (B) Mean CBF at the ventral striatum. (C) Mean CBF at the hypothalamus. (D)
Correlation between mean CBF at the ventral striatum and sum fluorescence intensity around the
injection site. (E) Correlation between mean CBF at the ventral striatum and tracer volume remaining
around the injection site. Adapted from Paper 1'%,

Overall, the results of Paper I show that HFrEF strongly affects glymphatic
function. While glymphatic influx was shown to increase at 12 weeks post-MI,
likely as a result of enhanced cerebral arterial pulsations, glymphatic clearance was
not affected at that timepoint (Figure [4). This mismatch is consistent with
dysregulation of brain fluid dynamics and potential fluid stagnation in the brain as
indicated by the relative increase in brain parenchyma volume. This could explain
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the increased CSF influx to the brain via perivascular pathways in HF, and why this
was not associated with more solute clearance from the brain. We suggest that this
fluid accumulation, whether intra- or extracellular, could be a source of further brain
pathology in HF. The dysregulation of the glymphatic system in HF could contribute
to the accumulation of neurotoxic waste products, potentially explaining the
increased risk of cognitive impairment and AD in HF patients.

In search of mechanistic explanations for our results, we comprehensively examined
various factors known to regulate glymphatic function. We found no significant
differences in AQP4 polarization, extracellular matrix proteins, or BBB integrity
between MI and sham mice. We also found no differences in CSF efflux through
the nasal turbinates or in PVS size, thereby these factors are unlikely to influence
our results.

In this study we also found that CBF might be a potential new regulator of
glymphatic function, with reduced CBF correlating with impaired clearance. This
observation adds CBF to the list of factors that can influence glymphatic function,
paving the way for further research on this connection. As HFrEF progression
eventually results in reduced CBF*!"', we speculate that glymphatic clearance may
further deteriorate, potentially leading to neurodegeneration. Therefore, glymphatic
dysfunction could be a mediator in the relationship between HF and
neurodegeneration which is well-established both in humans and in animal
models! 9212213
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Figure 14. Glymphatic mismatch in HFrEF.

Schematic representation of the main findings of the study. Ml-induced HF leads to left ventricle dilation
and reduced EF. This gradually leads to increased glymphatic influx, supported by elevated cerebral
arterial pulsatility. Glymphatic clearance, however, does not increase proportionately with influx,
consistent with dysregulation of brain fluid dynamics. Created with BioRender.com.
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Differential efficacy of lectins in cerebral blood vessel
labeling (Paper II)

Cerebral blood vessels play a crucial role in maintaining brain homeostasis.
Specifically in the context of the glymphatic system, cerebral blood vessels and the
PVS that surrounds them constitute an integral part of the brain’s clearing
mechanism. AQP4 and specifically its polarized localization to the astrocytic
endfeet that form the outer boundary of the PVS has been commonly used as an
indicator of efficient glymphatic transport’**'**'>. Therefore, co-labeling of
vasculature and AQP4 is essential for mapping perivascular pathways and assessing
glymphatic function. Lectins are a class of carbohydrate-binding proteins that have
long been used to label blood vessels due to their affinity for endothelial
glycoproteins*'“*'”. However, the efficacy of different lectins in labeling cerebral
vessels under different conditions has not been systematically compared. In this
study we aimed to compare the efficacy of three commonly used lectins, Griffonia
simplicifolia isolectin B4 (IB4), wheat germ agglutinin (WGA), and Lycopersicon
esculentum agglutinin (LEA), in labeling mouse vasculature under physiological
conditions and in a stroke model.

Superior efficacy of LEA lectin in labeling cerebral vasculature

The labeling efficacy of the different lectins was assessed in free-floating mouse
brain sections, which are commonly used in glymphatic research. The efficacy was
calculated by dividing the average peak signal at the vascular wall by the
background signal of individual vessels (signal-to-noise ratio). LEA lectin showed
a remarkably higher signal-to-noise ratio when compared to IB4 and WGA at
equivalent concentrations (5 pg/mL) (Figure 154-D).

Interestingly, while LEA excelled in histological applications, transcardial
perfusion with WGA lectin in high concentration (125 pg/mL) achieved similar
vascular specificity (Figure 15E-I).

Reduced labeling specificity in ischemic stroke

We then tested how this lectin-based vascular labeling is affected in pathological
conditions, specifically in a mouse model of ischemic stroke. For this we used a
transient middle cerebral artery occlusion (tMCAo) model, that results in the
formation of a necrotic core surrounded by a penumbra region.
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Figure 15. Efficacy of different lectins in labeling cerebral vasculature.

(A-C) Representative confocal images of coronal brain sections stained with LEA, IB4 and WGA lectins
(top) and high magnification images of the blood vessels used for the quantification of the signal-to-noise
ratio (bottom). Scale bars: 1 mm (top); 10 um (bottom). (D) Quantification of the signal-to-noise ratio of
the three lectins in labeling cerebral blood vessels. (E-H) Representative high magnification images of
blood vessels stained with transcardial perfusion of increasing concentrations of WGA lectin (E-G) and
with histological staining of LEA lectin (H). Scale bars: 10 ym. (I) Quantification of the signal-to-noise
ratio of histological staining with LEA lectin vs transcardial perfusion of increasing concentrations of WGA

lectin. Scale bars: 10 ym. T.P.= transcardial perfusion; H.S.= histological staining. Adapted from Paper
”218.

We found that 7 days post-stroke, LEA lectin's specificity for blood vessels dropped
by 59% in the ischemic core and 69% in the penumbra. Further investigation
revealed unspecific binding of LEA lectin to activated microglia (Ibal+ cells), likely
due to altered glycoprotein expression during the inflammatory response (Figure
16). This off-target binding significantly compromised the utility of LEA for
accurate vascular mapping in the post-stroke brain.

Taken together, the results of Paper II show that LEA is the optimal lectin for
histological vascular labeling in healthy brain tissue. However, its utility diminishes
significantly in pathological conditions such as stroke, where inflammatory
responses can lead to unspecific binding.
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Figure 16. LEA lectin’s specificity is reduced in ischemic stroke.

(A-F) Representative confocal images of blood vessels stained with LEA lectin, GLUT-1 and DAPI from
the ipsilateral (A-C) and contralateral (D-F) hemispheres of naive, 1d tMCAo and 7d tMCAo mice. Scale
bars: 20 uym. (G) Quantification of LEA lectin’s specificity in labeling cerebral blood vessels from naive,
1d tMCAo0 and 7d tMCAo mice. (H-J) Representative confocal images of blood vessels stained with LEA
lectin, GLUT-1, Iba1 and DAPI showing the colocalization of LEA lectin and Iba1 staining in the infarcted
hemisphere of the 1d tMCAo and 7d tMCAo mice compared to the naive mice. Scale bars: 20 ym.
Adapted from Paper 1128,

These findings have important implications for glymphatic system research.
Labeling the cerebral vasculature is crucial both for mapping the PVS and for
assessing AQP4 polarization. The high specificity of LEA lectin in healthy brain
tissue makes it an excellent choice for co-labeling with AQP4 in glymphatic studies.
On the other hand, the increasing use of light-sheet microscopy of optically-cleared
brains could benefit from the transcardial perfusion with WGA lectin which could
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provide 3D labeling of the brain vasculature, while at the same time it bypasses the
challenges of conventional antibody staining?"’.

However, our study's results caution against over-reliance on lectin-based methods
especially in disease models. The dramatic decline in LEA lectin's labeling efficacy
within ischemic regions highlights the context-dependent nature of lectin binding
and underscores the need for careful methodological validation in disease models
where vascular and inflammatory changes occur.
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Functional characteristics of the nasal CSF efflux
pathway. (Paper I1I)

While the pathway that drains CSF through the cribriform plate and towards the
nasal lymphatics and cervical lymph nodes has been known for several decades®®*?,
its exact anatomical and functional characteristics are not clearly understood. A
major reason for this is the difficulty in accessing this complex area, especially using
in vivo imaging techniques. In this study we used a combination of in vivo and ex

vivo imaging methods to elucidate functional aspects of the nasal efflux pathway.

Nasal efflux adapts to changes in CM injection rate

Using DCE-MRI, signal enhancement in the nasal turbinates of mice was measured
in real time following CM injection of a GBCA at different injection rates.
Compared to the commonly used injection rate of 1 plL/min, a lower injection rate
of 0.4 pL/min led to slower enhancement dynamics, with a slower enhancing slope
and taking more time to reach maximum signal enhancement. Accordingly, a higher
injection rate of 4 pL/min yielded significantly faster enhancement dynamics with
a steeper enhancing slope, while taking significantly less time to reach maximum
signal enhancement (Figure 17A-D).

Similar results were observed following the injection of a larger fluorescent tracer
in the CM at different injection rates. A progressive increase in tracer signal
intensities in the nasal turbinates was found from lower to higher injection rates.
The SCLNSs, being the main downstream recipients of the nasal efflux pathway,
reflected the result of the nasal turbinates, with reduced intensity in the low injection
rate group and increased intensity in the high injection rate group. Interestingly,
signal intensities in the DCLNs were not affected by the different injection rates
(Figure 17E-H).

The nasal efflux pathway remains active in aging

Signal enhancement in the nasal turbinates of 2-year-old mice was not decreased
compared to young adults. Real time in vivo signal enhancement revealed an
increase in nasal turbinates signal during the last 20 min of circulation in the older
mice, while the sum enhancement was not significantly different between the two
groups (Figure 18).
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Figure 17. The nasal efflux pathway quickly responds to acute volumetric shifts of CSF.

(A) Representative images of the nasal turbinates (NT) at axial (fop), sagittal (left bottom) and coronal
(right bottom) views at timepoint 7 of the experiment. Scale bars: 1 mm. (B-D) Characteristics of tracer
efflux to the nasal turbinates, including the time — enhancement curves (B), the slope before maximum
enhancement (C) and the time to maximum enhancement (D). (E) Representative images of fluorescent
in vivo tracer distribution on whole dorsal surface and nasal turbinates at 40 min from the beginning of
tracer injection (left) and ex vivo imaging of SCLNs (right top) and DCLNs (right bottom) from mice
injected at a low (top), moderate (middle) and high rate (bottom). Scale bars: 2 mm. (F) Quantification of
mean fluorescence intensity at the nasal turbinates. (G) Quantification of mean fluorescence intensity at
the SCLNs. (H) Quantification of mean fluorescence intensity at the DCLNs. Adapted from Paper lIl.
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Figure 18. Nasal efflux is not impaired in aging.

(A) Time — enhancement curves of NT signal enhancement in young and 2-year-old mice. Dashed grey
line indicates the start of tracer injection. (B) Time to maximum NT signal enhancement in young and 2-
year-old mice. (C) Area under curve from NT signal enhancement at the last timepoint of the experiment
in young and 2-year-old mice. Adapted from Paper IIl.

Circulating AP1-42 leads to reduced nasal efflux
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Figure 19. Nasal efflux is impaired by acute A exposure.

(A) Representative images of fluorescent in vivo tracer distribution on whole dorsal surface and nasal
turbinates at 30 min from the end of tracer injection from mice co-injected with BSA-647 and AB1.4, or
BSA-647 and aCSF. Scale bar: 2 mm. (B) Time — intensity curves showing the mean fluorescence
intensity at the nasal turbinates during the 40 min of the experiment. (C) Representative ex vivo images
of SCLNs from mice co-injected with BSA-647 and AR+, or BSA-647 and aCSF. Scale bar: 1 mm. (D)
Quantification of mean fluorescence intensity at the SCLNs. Adapted from Paper Ill.
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To demonstrate the effect of soluble ABi.4; on the nasal efflux pathway, ABi.4> was
co-injected in the CM together with the fluorescent tracer BSA-647. The tracer
signal in the nasal turbinates captured by in vivo transcranial imaging was
progressively reduced over time in the APi.42 co-injection group compared to the
group co-injected with aCSF. Signal intensity in the SCLNs was also reduced,
showing that acute exposure to APi.4; in the CSF diminished tracer efflux through
the nasal pathway (Figure 19).

Ablation of olfactory sensory neurons impairs nasal efflux

Intranasal treatment with ZnSO,; was used in mice to cause degeneration of the
olfactory sensory neurons that cross the cribriform plate, acting as conduits for the
flow of CSF to the nasal turbinates. Seven days after the ZnSO4 treatment, the
olfactory epithelium and the olfactory sensory neurons were markedly damaged.
Assessment of the signal enhancement in the nasal turbinates following the CM
injection of a GBCA revealed that the area that enhanced significantly was reduced
due to the ablation, leading to impaired signal enhancement dynamics in mice
treated with ZnSO4 compared to those treated with saline (Figure 20).
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Figure 20. Nasal efflux is impaired by intranasal treatment with ZnSO,.

(A) Representative images of the nasal turbinates (NT) at axial (fop), sagittal (left bottom) and coronal
(right bottom) views on day 7 at timepoint 18 of the experiment. Scale bars: 1 mm. (B) Number of nasal
turbinate voxels that significantly enhanced following the GBCA injection. (C) Time — enhancement
curves of the signal enhancement at the nasal turbinates of mice treated with ZnSO, or saline. Adapted
from Paper lII.

The results of Paper III establish the nasal route as an important CSF efflux
pathway that can rapidly adapt to different pathophysiological challenges. Using
multimodal in vivo and ex vivo imaging techniques, we were able to further
characterize anatomical and functional aspects of this complex efflux pathway that
extends from the cribriform plate to the lymph nodes of the cervical region.

We showed that the nasal efflux pathway can quickly respond to acute volumetric
shifts of CSF and readily disseminate the fluid to downstream compartments. We
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also validated, using light-sheet microscopy of optically cleared samples, the direct
connection between the nasal area and the SCLNs, which constitute the primary
drainage site for nasal efflux.

Interestingly, unlike other efflux pathways that have been shown to deteriorate in
aging, such as the meningeal and nasopharyngeal lymphatics***'**, CSF flow
through the cribriform plate was preserved in 2-year-old mice, suggesting that this
pathway remains functional throughout the lifespan of mice. While the downstream
flow to the SCLNs has been reported to diminish in aging due to reduced
contractility of the superficial cervical lymphatic vessels*?!, the nasal turbinates
constitute an outflow reservoir that can accommodate CSF flow.

Previous studies have linked AD to impaired CSF clearance by the nasal route'®.

However, little is known about the impact of AP on the efflux pathways. Our co-
injection experiments revealed that acute exposure to A4 impaired efflux through
the nasal pathway.

Finally, our DCE-MRI experiments expanded on previous findings regarding the
disruption of nasal efflux following intranasal ZnSO, treatment, which damages the

olfactory sensory neurons, a crucial component of the pathway>*.

Taken together, these findings highlight the nasal pathway’s unique ability to
regulate CSF efflux under different situations. Future studies could harness this
pathway to enhance CSF efflux in a variety of acute and chronic diseases.
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APi-42 clearance pathways in the gyrencephalic brain
(Paper IV)

The glymphatic system has been repeatedly shown to contribute to AP clearance
from the CNS7""%!'% However, once in the CSF, AP can still interact with the brain
and the glymphatic system and the consequences of this interaction remain largely
unknown. This study aimed to investigate the consequences of A recirculation in
the CSF on glymphatic function and to further explore A distribution and clearance
pathways. To this end, we used a pig model, which offers a larger, more complex
brain structure similar to humans, to gain insights that may be more translatable to
human physiology than those obtained from rodent studies'**'®*,

Circulating AB1-42 causes global impairment in glymphatic influx

To study the effects of AP circulation in the CSF, pigs were co-injected in the CM
with the fluorescent tracer BSA-647 and APi.4; HiLyte-555 or aCSF, which were
allowed to circulate for 2 h (Figure 214). The introduction of A4, into the CSF
resulted in significant reductions in global CSF distribution and glymphatic influx.
Whole brain imaging revealed marked decreases in tracer distribution across dorsal,
lateral, and ventral surfaces in AP.42 injected animals compared to controls (Figure
21B-F). This impairment was further evident in cortical sections, where a 31%
reduction in overall tracer influx was observed throughout the anteroposterior axis
(Figure 21G-I).

AP1-421s retained at the proximal PVS influx sites

Closer examination of A4 distribution patterns revealed a distinctive
accumulation at the proximal PVS sites. Confocal imaging of penetrating vessels
revealed that while BSA-647 traveled from large vessels to downstream
microvasculature, APi.4> appeared to be retained at the larger penetrating vessel
influx sites.

Quantification of penetration depth along penetrating vessels demonstrated that AB:.
42 penetrated on average 150 um less than BSA-647 (Figure 22A4-C). This difference
in penetration depth was intriguing, given that APi4 has a significantly lower
molecular weight than BSA-647 and would be expected to penetrate further based
on size alone.

High-magnification confocal imaging of the microvasculature approximately 1.5
mm below the brain surface revealed a striking absence of APi.4; at this depth, while
BSA-647 was present in the PVS of the microvasculature (Figure 22D-F).
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Figure 21. Glymphatic influx is impaired by AB1.4.in the CSF.
(A) Schematic representation of the experimental setup. (B) Representative images of dorsal, lateral and
ventral brain surfaces from control and AB1.4; injected pigs. (C-F) Quantification of fluorescence intensity
at dorsal (C), lateral (D), ventral (E) and all brain surfaces (F) between control and AB.4; injected animals.
(G) Representative coronal cortical sections from control and AB+.4. injected animals. (H) Quantification
of fluorescence intensity in ten sections from rostral to caudal in control and AB..4; injected animals. (l)
Quantification of average fluorescence intensity from all coronal slices between control and ABi.42
injected animals. Adapted from Paper IV.
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Furthermore, light-sheet microscopy of optically cleared pieces of pig cortex
provided a comprehensive view of this phenomenon, showing widespread APi.4
entrapment across approximately 100 vessels in the given cortical area. All of these
examined vessels exhibited substantial BSA-647 penetration along the PVS, with
only shallow aggregation of ABi.4 (Figure 22G).
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Figure 22. AB1.42 aggregation at proximal PVS influx sites.

(A) Representative images of a sulcus showing the depth of penetration between BSA-647 and AB1.42.
(B-C) Quantification of tracer penetration depth along penetrating vessels for BSA-647 and AB.4, for
each pig (B) and for all vessels analyzed (C). (D) Representative images approximately 1.5 mm below
the brain surface showing BSA-647 in smaller PVS but absent of ABs42. (E-F) Quantification of tracer
intensities in deep cortical regions for each pig (E) and for all regions analyzed (F). (G) Representative
three-dimensional reconstruction image from light sheet microscopy showing widespread ARi.42
aggregation in upper PVS and deeper BSA-647 penetration. Adapted from Paper IV.

67



ApP1-42 co-localizes with elastin across the cerebral arterial wall

From our first observations of the large caliber vessels of the Circle of Willis, it was
immediately noticeable that BSA-647 and APi4 seemed to have different
localization across the vascular wall. High-magnification images of coronal sections
revealed that while BSA-647 was primarily found in the outer vessel border at the
level of the adventitia, APi.42 showed a strong affinity for the inner vascular lumen
with additional string-like distributions within the smooth muscle and adventitial
layers of the vessel wall. Sections from the middle cerebral artery (MCA) were then
stained for smooth muscle actin (SMA) to visualize the smooth muscle layer (tunica
media) of the vessel. Analysis of the intensity profile of each fluorophore showed
that BSA-647 localized to the adventitia layer while ABi.42 localized to the tunica
intima, thereby confirming the previous observations (Figure 234-F).

We then hypothesized that this AB;4, localization might in fact relate to the
localization of elastin elements in the vascular wall. Immunostaining against elastin
confirmed that ABi.4 co-localized with elastin elements across the vascular wall.
These included thin fibers running throughout the media and adventitia layers of the
vessel, as well as the thick inner elastic lamina, located in close proximity to the
endothelial cell basement membrane (Figure 23G-H).

Overall, the results of Paper IV show that the glymphatic system is significantly
impaired by acute exposure to Afi.42. This observation is of great importance since
the mechanisms around waste management following glymphatic clearance from
the brain are still poorly understood. Once brain waste enters the perivenous space,
it is expected to be cleared along the different efflux pathways’'. However, the exact
anatomical pathways of this transport remain a matter of debate, and it is still unclear
whether these waste products can recirculate in the CSF compartment and for how
long. A recent study proposed that waste products can follow bridging veins which
eventually enter the dura. The arachnoid cuff exits that form around them may allow
the exit of solutes from the subarachnoid space to the dura®. Interestingly, this
global reduction in glymphatic transport was only evident in the larger
gyrencephalic brain of pigs. Previous studies in mice, as well as our own
experiments had shown that co-injection of A was not sufficient to impair the
glymphatic system'>*. While we cannot postulate what the case would be in humans,
these results highlight the importance of the pig model to study the glymphatic
system.

Based on our observation that ABi.4> does not penetrate as far into the PVS as the
BSA-647 does, despite its reduced molecular weight, we were able to identify the
distinct localization patterns of these two molecules across the vascular wall of large
caliber arteries. Again, the use of the pig model with its large structures was
invaluable in revealing these details.
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Figure 23. AB+.4; co-localizes with elastin elements across the cerebral arterial wall.

(A) Representative image of dissected circle of Willis from an AB1.4; injected pig. (B-C) Representative
confocal images of MCA (B) and posterior communicating artery (C) sections from an AB1.4, injected pig
showing BSA-647 and AR+, HiLyte-555 localizations along the vascular wall. (D) Representative
confocal image of an MCA section from an AB+.4; injected animal with immunohistochemical staining for
SMA and dotted white line along which fluorophore intensities are plotted. (E) Higher magnification image
from (D) of the vascular wall where SMA (white) denotes the tunica media of the vessel. BSA-647 (red)
is localized to the adventitia, while AB+.4; is localized towards the tunica intima. (F) Intensity plot from the
MCA of an ABi.4, injected animal showing differential peaks of fluorophore localizations across the
vascular wall. (G) Representative high magnification confocal image of the MCA from an AB1.4, injected
animal with immunohistochemical staining for elastin (white) showing co-localization of AB+.4; (cyan) and
elastin (white) along the internal elastic lamina elastin fibers throughout the vascular wall. (H) High
magnification confocal image from the vascular wall showing AB+.42 (cyan) localized at the internal elastic
lamina and the tunica media, in close proximity to the endothelial cell layer stained with lectin (white).
Adapted from Paper IV.

Intriguingly, the elastin-based system that facilitates the transport of AP across the
vascular wall appeared to be specific to biologically relevant proteins. Indeed, only
APi-42 and APi.40 exhibited this distribution, while biologically inert proteins such
as BSA-647 and 10,000 MW dextran-555 were only localized to the outer vascular
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wall. In an attempt to further characterize this pathway, transmission electron
microscopy of MCA sections revealed a complex network of tributaries between
smooth muscle cells that could be traced from the outer boundary of the tunica
media down to the internal elastic lamina. This suggests a potential route for the
transport of APi.42 from the CSF and outer vascular boundary to more luminal sites
in close proximity to endothelial cells. Since vascular endothelial cells and smooth
muscle cells are known to express the low-density lipoprotein related receptor
protein 1 (LRP1) that mediates the transport of AP across the BBB*2?%, it can be
postulated that this pathway facilitates the clearance of AP from the CSF to the
blood. Whether this pathway also contributes to the clearance of other proteins such
as a-synuclein as well as the degree of relative contribution compared to other
clearance pathways remains to be investigated.
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Conclusions and Future perspectives

This thesis aimed to address several aspects of CSF circulation and the glymphatic
system in physiological and pathological situations. Much like the CSF field that
extends to several different directions, this thesis also touched upon various topics;
from the investigation of disease models and their impact on the glymphatic system
to comparative studies and methodological refinement and from CSF efflux
pathways to alternative clearance mechanisms of Ap.

In Paper I we used a model of HF to study its impact on the glymphatic system.
While the system has naturally been studied in a variety of neurological diseases,
there are very few glymphatic studies done in disease models of other organs, such
as diabetes. Interestingly, in that model of diabetes, a similar case of glymphatic
mismatch was reported, with increased glymphatic influx and reduced glymphatic
clearance'*®!”’. While in our study the increased glymphatic influx was
accompanied by no difference in glymphatic clearance, these studies collectively
suggest that the mechanisms regulating influx and clearance are not identical.
Glymphatic function relies on a delicate balance among several fine-tuned factors,
and changes in each of these parameters can exert partial effects on influx,
clearance, or both. Therefore, it is crucial to comprehensively examine various
drivers of the glymphatic system, as the interplay between them both in physiology
and under different diseases is still not fully understood. At the same time, this study
found that reduced CBF correlated with reduced glymphatic clearance, pointing
towards CBF as a potential new regulator of glymphatic clearance. However, more
studies are needed to investigate how exactly CBF exerts its effect on glymphatic
clearance and whether this connection applies to other disease models as well as
under physiological conditions. It is important to note that CBF was measured under
anesthesia and emerging evidence suggests that the primary regulators of
glymphatic flow might differ between sleep and anesthesia'*’. Therefore, the role of
CBF in glymphatic clearance should be further studied in sleeping mice with the use
of MRI. While CBF changes cannot be easily induced due to autoregulatory
mechanisms that normally maintain it within a certain range, its reduction in
different disease models could still be used as a diagnostic marker for reduced
glymphatic clearance. As a result, the widespread application of CBF measurement
using MRI in clinical practice could offer a simple, non-invasive estimation of
glymphatic clearance in diseases where CBF is compromised, such as AD, HF and
diabetes. Finally, this study paves the way for future investigations into the effects
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of cardiovascular and other diseases on the brain's clearance mechanisms, raising
the awareness of different fields on the glymphatic system and its implications.

In Paper II we aimed to provide a comprehensive guide for selecting the most
appropriate lectin and labeling method for different experimental setups. Out of the
commonly used lectins that were tested, LEA lectin emerged as the ideal choice for
labeling healthy cerebral vasculature on free-floating brain slices, with its specificity
being on par with genetic labeling and a commonly used immunostaining marker.
However, it should be used with caution in disease models, especially when
neuroinflammation is expected or suspected, due to potential unspecific binding to
activated microglia. On the other hand, when the experimental design allows it,
transcardial perfusion with WGA lectin can produce equally good results compared
to histological application of LEA lectin. In conclusion, while lectins remain
valuable tools for vascular labeling in glymphatic research, their application
demands careful consideration of tissue type, physiological state, and experimental
goals. These findings underscore the need for ongoing refinement of research
methods as our understanding of the glymphatic system evolves. They also serve as
a reminder that even well-established methods require periodic re-evaluation and
validation across different experimental contexts. As the field progresses, continued
method development and cross-validation will be essential to ensure robust,
reproducible findings that expand our understanding of brain physiology and
pathology.

In Paper III we delved into the functional characterization of the nasal CSF efflux
pathway using a range of in vivo and ex vivo imaging techniques. We confirmed
that this site of CSF drainage can dynamically adapt to acute volumetric shifts of
CSF, while it also remains functional in aging. However, it is acutely impaired by
exposure to circulating AP and when the olfactory sensory neurons are damaged.
Further studies should try to unravel the mechanisms behind this AB-induced
impairment and whether it is due to a mechanical blockade or a functional
phenomenon specific to AP. Investigation of the efflux pathways in transgenic
models of AD could be useful in this regard. Similarly, more work is needed to
elucidate the role of olfactory sensory neurons in this pathway and identify whether
CSF flows within the perineurium or within lymphatic vessels that cross the
cribriform plate. Functional experiments using lymphatic reporter mouse lines as
well as the application of vascular endothelial growth factor C (VEGFC), which
promotes lymphangiogenesis could provide answers to these questions. Finally, we
also reported that this pathway is conserved between mice and pigs, paving the way
for investigation of the anatomical and functional aspects of this pathway in humans.
While the CSF efflux pathways have been an area of increased research in the last
few years, several key questions remain unanswered, such as their relative
contribution to CSF efflux under physiological and pathological conditions. To this
end, more in vivo studies are needed to investigate CSF in different pathways
simultaneously and not in isolation. Additionally, their connections to the
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glymphatic system have been seriously understudied. A recent study reported that
improving the contractility of superficial cervical lymphatic vessels increased
glymphatic clearance following an intraparenchymal injection of tracer’!, paving
the way for therapeutic applications that target the efflux pathways to exert an effect
on the glymphatic system. Since the nasal efflux pathway runs in close proximity to
the nose, the intranasal route constitutes a promising candidate for drug delivery
targeting the nasal efflux pathway and ultimately the glymphatic system.

In Paper IV we used the pig model that has been developed in our lab'**'®® to study
how the glymphatic system is affected by acute exposure to AB. We found that
soluble AP caused a global impairment of glymphatic influx, providing insights into
the consequences of AP recirculation in the CSF. This impairment of glymphatic
influx that was observed in pigs, but not in mice, highlights the importance of
studying these processes in the larger gyrencephalic brain of pigs that better
resembles human physiology. Additionally, the identification of an elastin-based
pathway that mediates A transport across the vascular wall provides new insights
into potential clearance mechanisms. This pathway, which appears to be specific for
biologically relevant proteins, may serve to funnel waste from the CSF to vascular
endothelial cells, where it can be cleared to the blood. Further work is needed to
delineate the mechanisms of this transmural pathway as well as to identify the exact
role of elastin in it. To this end, mice with elastin haploinsufficiency could be used
to study how the reduction of vascular elastin affects AP circulation. These mice
could also be crossed with transgenic AD mouse lines to investigate whether
reduction of vascular elastin aggravates AD pathology. The existence of this
pathway specifically for the transport of biologically relevant proteins also exposes
potential caveats of glymphatic studies. Inert tracers that are commonly used to
study CSF circulation might follow different paths compared to proteins that are
actually cleared by the glymphatic system. Therefore, the use of biologically
relevant proteins (conjugated with fluorophores or radio-labeled) should be an
integral part of future CSF and glymphatic research. In conclusion, this study not
only advances our understanding of brain waste clearance but also poses important
questions about the clearance of waste once it (re)enters the CSF.

Reflection on methods and final remarks

The studies included in this thesis started amidst an ever-changing landscape of
methods used to study CSF circulation and the glymphatic system. In many cases
our methodology changed to comply with emerging advances in the field, while we
also implemented well-established methods. The use of MRI (Papers I and III) has
been pivotal for the expansion of our understanding of in vivo CSF dynamics. While
the development and constant refinement of the sophisticated analysis pipelines can
be challenging, each new application pushes the boundaries of the field a little
further. Given the dependence of glymphatic influx measurements on tracer size,
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we have tried to use both small GBCA and large fluorescent tracers in our studies
(Papers I and III). The similar results that we reported highlight the efficacy of both
methodologies and provide complementary insights into different aspects of
glymphatic function and CSF efflux. Additionally, the use of light sheet microscopy
(Papers I, IIT and IV) has opened new avenues for visualizing the system as a whole,
unveiling previously hidden connections. Finally, the use of both mice and pigs
(Papers III and IV) with their converging and conflicting findings highlights
important translational insights. Since the methods to study the glymphatic system
are constantly evolving, there is great need for comparative studies and for results
that are consistent across different methodologies.

After more than a decade of intense glymphatic research, some of the early
controversies that emerged regarding the role of sleep and AQP4 have now been
elucidated, while others still remain'”!%?2>22% [t is certain that future technological
advances will allow us to dig deeper into the mechanisms and implications of this
system. Despite opposing views, the discovery of the glymphatic system sparked an
unparalleled interest in the field of CSF circulation, with thousands of studies
constantly challenging the boundaries of our knowledge and opening new avenues
for exploration.
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