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% Family of more than 13 water channel proteins
® First described 1n 1991 as aquaporin -1 (AQP1)
® Nobel prize in Chemistry 2003 (Pezer Agre) %

® Aquaporin-4 (AQP4) 1s the dominant form in the
brain, with AQP1 being dominant at the choroid
plexus

Agre et al.

Towards a molecular understanding of water homeostasis in the brain.
Neuroscience (2004) vol. 129 (4) pp. 849-50
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® Mostly at the apical surface of choroid plexus

® Some presence at the basolateral surface of the choroid plexus

® Abundant in red blood cells R N

THEY
NEED !
an Osmotic

PN

They are
important for
Hydrocephalus

Badaut et al.
Aquaporins in brain: distribution, physiology, and pathophysiology.
J Cereb Blood Flow Metab (2002) vol. 22 (4) pp. 367-78

Filippidis et al.
Hydrocephalus and aquaporins: lessons learned from the bench.
Childs Nerv Syst. 2011 Jan;27(1):27-33. Epub 2010 Jul 13.



AQP1 on the choroid plexus
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choroid plexus: 10n channels
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Blood side

Damkier et al.
Epithelial Pathways in Choroid Plexus Electrolyte Transport.
Physiology (2010), 25, p 239-249
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® Glia Limitans
® Astrocyte foot processes around capillaries that form the Blood-Brain-Barrier (BBB)

® Ependymal cells

® Supraoptic and suprachiasmatic nuclei of hypothalamus ///—\

THEY
® Cerebellum NEED Il

an Osmotic
Gradient

® Hippocampal dentate gyrus,

{4

® Hippocampal areas CA1-CA2

i ‘They are
® Neocortex important for
Hydrocephalus
® Nucleus of stria terminalis
® Medial habenular nucleus Badaut et al.

Aquaporins in brain: distribution, physiology, and pathophysiology.
J Cereb Blood Flow Metab (2002) vol. 22 (4) pp. 367-78

Filippidis et al.
Hydrocephalus and aquaporins: lessons learned from the bench.
Childs Nerv Syst. 2011 Jan;27(1):27-33. Epub 2010 Jul 13.



PIA mater - Glia Limitans

lower CSAS interface
Black dots ?

AQP4

Nielsen et al.
Specialized membrane domains for water transport in glial cells: high-resolution

immunogold cytochemistry of aquaporin-4 in rat brain
J Neurosci (1997) vol. 17 (1) pp. 171-180



AQP4 and the Blood-Brain-Barrier and Cerebral vessels

movement



AQP4 at Ependyma

Ependyma cell




Is there a role for AQPSs?

For HYDROCEPHALUS
For IDIOPATHIC INTRACRANIAL HYPERTENSION
For SYRINGOMYELIA and CHIARI MALFORMATION



FACTS

> AQPs transfer water bidirectionally

> AQPs direction of water transport depends on

local OSMOTIC GRADIENT (at the cellular level)
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Hydrocephalus and aquaporins: lessons learned

from the bench

Aristotells S. Filippidis - M. Yashar S Kalani -
Hsarold 1. Rekate

Table 1 PMublabed stadios concoming aquaporion snd hydrocephaiun

Susdes Speoes MeOaod AQPs stedicd Rewds
Shen ot al [64) Rats H-Tx AQP4 Upregulsted
Mao ot 4l [62] Rans Kactie ing AQPs | A9 AQP wprepulaned
Towdas ctal [63] Ran LPS iy infarveratory HOP AQR4 Upregalascd
Paul et al. (40) Kat H-Tx, chosedd plexus cultere AQPs 1 A AQPF! Jow'AQMN Righ
Bloch o of [44) Ve AQPEKO, kaohin ing AQP4 Higher ICT, CSF volume, lower sarvival in AQMN-KO
Oshio m o [37) Mae AQPIKO AQPI Lower ICP, fower CSF prodection
Feng ot al [5¥) Mae AQPEKO AQP4 Sporadic ober HCP
Servth et ol [35) Humun Choroad plexan byperplana, AQP) Dowercpulsted
omae
Longen ot &l | M9) Human Oav::lma-m” AQPI Mosly stoag expeosaon 3 oo wih hydeocophaies

AQP sqmaposin, HCP hydroccphakn, ofutr chstractive, AQPY KO aqueposnd knockouts, H-Tr conpential hydsocephalic sab, /CP istracrasial

T
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Differences in distribution and regulation of astrocytic
aquaporin-4 in human and rat hydrocephalic brain

A. D Sigolding®* 13, A. V. Holst*, H. Broholm?®, H. Laursent and M. Juhler*

*Urdversity Clinic of Neurosurgery, laborstory of Neurcpathology Copenhagen University Hospitel, Rigshopiialet, and
$Department of Newrosclence and Pharmecology, Faculty of Health and Madicad Sciences. University of Copenhagen,
Copemhagen, Denymark

In human brain (hydrocephalic and controls) AQP4 immunoreactivity was
found on the entire astro- cyte membrane, unlike hydrocephalic rat brain
where pronounced endfeet polarization was present.
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Hydrocephalus induces dynamic spatiotemporal
regulation of aquaporin-4 expression in the rat
brain

Anders D Sgolding ', lan J Rowland”™=, Lise V Segaaed”, Jeppe Practorus”, Miena Penkowa®, Maranne Juhler

Lateral ventricular volume was significantly increased over control at all time points after
induction and the periventricular apparent diffusion coefficient (ADC) value significantly
increased after one and two weeks of hydrocephalus. Relative AQP4 density was
significantly decreased in both cortex and periventricular region after two days and
normalized after one week. After two weeks, periventricular AQP4 expression was
significantly increased. Relative periventricular AQP4 density was significantly correlated to
lateral ventricular volume. AQP4 immunohistochemical analysis demonstrated the
morphological expression pattern of AQP4 in hydrocephalus in astrocytes and ventricular
ependyma. AQP4 co-localized with astrocytic glial fibrillary acidic protein (GFAP) in glia
limitans. In vascular structures, AQP4 co-localized to astroglia but not to microglia or
endothelial cells.
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Aquaporin-4 expression in the cerebrospinal fluid
in congenital human hydrocephalus

Leandro Castafeyra-Ruiz ~, Drahim Gonzakez-Mameno | Juan M Conzalez-10eco , Agustin Castaheyra-Rul’,

Mécior de Paz Carmong’, Agustin CastafeyraPerdomo’” and Emila M Garmona-Qalero '~

“We have shown that the AQP4 concentration is higher in the CSF of communicating
hydrocephalus infants than in the CSF of non-communicating hydrocephalus patients or
controls. It is possible that AQP4 may freely leak from the parenchyma to the CSF
during the early stages, when ependymal denudation is occurring and the hydrocephalus
remains communicating.”
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Aquaporin-4 expression is not elevated in mild hydrocephalus

Kamras Aghayev « Ercan Bal - Tural Rahissli «
Melike Mut - Serdar Balcr - Fraak Viteals -
Nejat Akalan
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HYDROCEPHALUS IN NEUROMYELMS OPTICA
A majority of paticess with nosroesydies optica (NMO)
spoctrum dwooders (NMOSD)) have MRI bean sbaoe
makties, some of which are “NMO-opicl™ with kol
mtion in aquporn 4 AQM)-rch ceosmesmcular
and poradgualuced ropoes' Alboggh uncomesce in
adult paticnts, symspeoerueic bess srvobvomers occun
in approcmedy S0% of NMO-immuneglobsln G
(gls) seropossive childorn, Hore we npont che cinical
chasscrerinticn, type, and frogquescy of bydsocephudin n
NMOSD.

Methods., Obstructive hydrocephakas was idene.
fied in the index case, Head MRIs from AQP4-
IgGcropositive patients in the Mayo Cling
NMO dassbase (125 NMO; 45 NMOSD) were
eevaewad,

Clinical/Scientific

Notes

follow-ap (age 23), the patient had undergone suc-
cessful dhird ventriculossomy

Cow 2 A 35ycarcld woman had oot of wadden
neck and thoulder puin, confaion, blaseral optic scuri-
os, and quadripanesis. MRI revesled LETM and bydro-
cepbabes (Fgaoe, case 2, Caa and Cb), She win meaned
with seroids and 2 shose was placed 5 mentds s
inicwl sympeom caset. LETM scurred in dhe subne-
quent 18 youn,

Discassion. The 1% fquency of obssrocove Bydro-
cophalin wr obsorved in panieney wich NMOSD s &
groser than in the gencrdd adult popuation, Langes
stadics will be roquired 1w cordirm that thes obwervation
a not ncidental. The incidence of dll types of hydro.
cophalis, snoual oumben of new ventecule dhuns
eecordad in the Nationwide Inpanons Sample dacabase
- a e
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Pseudotumor or IIH

Aquaporin-4 antibodies are not present in patients with idiopathic intracranial
hypertension.

Ekizoglu E, Icoz S, Tuzun E, Birisik O, Kocasoy-Orhan E, Akman-Demir G, Baykan B.
Cephalalgia. 2012 Feb;32(3):198-202. doi1: 10.1177/0333102411434167. Epub 2012 Jan 11.
PMID: 22238356

Is the brain water channel aquaporin-4 a pathogenetic factor in idiopathic intracranial

hypertension? Results from a combined clinical and genetic study in a Norwegian cohort.
Kerty E, Heuser K, Indahl UG, Berg PR, Nakken S, Lien S, Omholt SW, Ottersen OP,
Nagelhus EA.

Acta Ophthalmol. 2013 Feb;91(1):88-91. do1: 10.1111/5.1755-3768.2011.02231.x. Epub
2011 Sep 13.

PMID: 21914143

Absence of aquaporin-4 antibodies in patients with idiopathic intracranial hypertension.
Dhungana S, Waters P, Ismail A, Woodroofe N, Vincent A, Sharrack B.

J Neurol. 2010 Jul;257(7):1211-2. doi: 10.1007/s00415-010-5499-2. Epub 2010 Mar 16. No
abstract available. Corrected and republished in: J Neurol. 2010 Jul;257(7):1229-30.
PMID: 20232212



J Newresuryg Spine 17T:602-612, 2012

Aquaporin-4 expression and blood-spinal cord barrier permeability
in canalicular syringomyelia

Laboratory investigation

Sawan J. Hoviery, PuDY Lysose E. Bustos, Pu DL Ssaoxoos Caesa, Pu DA
AND Marcus A, Sroopesy, Pr.D.

The Asatralian School of Advanced Medicing, Macguarie Usiversity; “Newroncience Research Asatralia; 'Pringe of Wales
Clinical Schood, Universivy of New South Wales. and “School of Medical Sclence, University of New Sosh Wales, Sydney,
New South Walex, Asrtralic




Critical review of articles

We should not approach the AQP4 literature as a cancer related
literature (upregulation, downregulation) etc at the mRINA level,
how about protein levels, and physiology?

Also time of expression 1s important, hydrocephalus 1s dynamic

The positive or negative feedback loops. What 1s the meaning of eg
increased AQP4? Good or bad?

Many studies look for AQP4 levels in CSE, what 1s the
background? Is AQP4 a protein that is secreted in fluids? Are
AQP4 bearing cells die and the proteins is released in CSE?

Why not creating a molecular probe?



“Glymphatics”

CEREBROSPFINAL FLUID CIRCULATION

A Paravascular Pathway Facilitates CSF Flow Through
the Brain Parenchyma and the Clearance of Interstitial
Solutes, Including Amyloid

Jeffrey J. IL'* Minghuan Wang.'* Yenghong Liao." Benjamin A Ploge.' Welguo Peng.’
Georg A, Gundersen. Helene Benveniste.™® G. Edward Vates," Rashid Deane.'
Steven A, Goldman,'’ Erfend A, Nagethus,™* Malken Nedergaard'*
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wiutes from the brain Ntery@tior move from e parenchryma %o the C3. We demoratrate thet » wbatantial
partion of subarachnoid C3F cycle through Hhe bealn nterttial space. On the basls of In vive two photon
waging of uvall Suovessent Wacers, we showed That CSF enters the pareachyma dong pareaiculs spaces
that wurround ponetrating arterion and ™at bran irterstisel Suid h ceared slong paravenoes drairage peth
ways. Animah lacking he water channwel aguaporin 4 AQP4S| n atrocyten exhibit dowed CV influx through
NS Spsten and 3 ~TO% seduton in iInterstingl sedute Cearance, Lgoeiting that Te bulk Nuid fow between
These 2ratorvical e and oM e b LPEOrtind Dy APyt witer Tarvip<rt. Fluorewsnt tagged aryoss J
2 peptide thought 10 be pathogenic n Alrheimer's dhiease, wiaa Tarsported aslong thiy route. and deletion of
the AGpd gere wpgresind ™e Cleararde of wivbie avyond ). Wggecing 101 this pathedy MUy remove Mvtad
from the centaal neveaus system. Oearandce thvough paravenous fow may alio regulate entracelols levels of
proteira voived Wit nesrcdegener sve condtiony, £ rparment perhegn conribuing 1o e mh scouorsdlation
of salible pratenc

www.ScienceTranslationalMedicineorg 15 August 2012 Vol 4 Issue 147 147ral11
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Iliff et al, Science Translational Medicine, Aug 2012
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The giymmphatic pathwsy
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BACK TO BASICS: Is there a
reason to have osmotic gradients
in CSF disorders?

Only THEN AQPs could have a role in the pathophysiology

The logic of measuring AQPs only without proving that there 1s
an osmotic gradient would never provide insight into their role

in key pathophysiologic steps.



Has the effect of hydrostatic pressure
being studied in AQPs?

“No, but results are totally predictable from the biophysics of
water permeation. The problem with studying pressure effects
1s that very large pressures would be needed, and, as soon as
water moves 1n one directly, an osmotic gradients is created that

opposes the flow.”

Alan Verkman, 4/8/2014, personal communication



Brain edema types

(revised Klatzo classification)

CYTOTOXIC
HYDROCEPHALIC or
or CELLULAR

INTERSTITIAL

VASOGENIC
Klatzo.

Evolution of brain edema concepts.
Acta neurochirurgica Supplementum (1994)
vol. 60 pp. 3-6



Thinking beyond structures =
“Ion & Water mechanics”

Water FOLLOWS Sodium in polarized epithelia

o=1

(e.g. choroid plexus, pleura, pericardium, omentum, nephron)

P TN

Na+
Na+
//—\ Na+
' \ Na+
PR Osmotic .
. a P TN
Na+ Gradient
— Na+
Na+

Na+



Thinking beyond structures 2
“Ion & Water mechanics”

Water FOLLOWS Chloride in polarized epithelia

(e.g. sweat glands, salivary glands, bronchi)

-
e O - O

Osmotic .
. Gradient = ‘




Thinking beyond structures =2
“Ton & Water mechanics’

Water FOLLOWS osmotic gradient of osmolytes

through AQPs
. N
osmolytes
-
- N

15 0) s \ osm e N

Y

- \\
™ Aquaporins osm N
osm
. - osm

-
osm

osm
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Costantino Iadecola & Maiken Nedergaard, Nature Neuroscience, 2007




“the short circuit”
AQP4 at the BBB

a GFAPR b Y c APl d MERGED

Image courtesy of Marmarou Lab
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Interrelationships of the pla mater and the perivascular
(Virchow-Robin) spaces in the human cerebrum®

ET.ZHANGYH C B E INMAN!t AND R, O. WELLERY

CAPS

Fig. 10. Dhagram demomsirating the sclatiombipe of the pia suaser and imeracersbeal Slood vessls
Subaracheced wpace (SAS) mparstes the arschacsd (4) from the pia maier aseriying the corebeal
corten. A artery on Lhe loft of (he pacture s costed by 3 sheash of cells derived foom the pla mate
the shwath has bown ot away 10 show 1hat the perianenal spoces (PAS) of the iiracerchesl and
cviescerebeal arferes am | costiasity. The layer of paad ool bucomms perforated (PF) s
compiens as smooth masche ool are Joul Fom Be smalier branches of the antery. The pad sheuth
Erally Gsappean aa the pervascelar spaces are obBterated around capillanies (CAPS ) Perivasoular

e aroand 1he veon (gt of pacture) are confloenl wath (he wbpal space and oaly smal membery
of peal oclls are amociasod with the vessed wall




Indirect evidence about brain edema
(excess water) clearance at this interface

Glia limitans — subarachnoid space

~  ARACHNOID. -

‘~
® - *

—

Subarachnoid space

Tait et al.

Water movements in the brain: role of
aquaporins.

Trends Neurosci (2008) vol. 31 (1) pp. 37-43

Reulen et al.

Role of pressure gradients and bulk flow in
dynamics of vasogenic brain edema.

J Neurosurg (1977) vol. 46 (1) pp. 24-35




Cerebrospinal Fluid Production by the Chareid
Plexus and Brain

Abstract. The production of cerebvocpingl fuld and the tramaport of ""Na from
he Nood w0 the coreboaspindd aid were nindind simalasecsnly I norman o
choroid plesectomized rhesss monbeys, Chovald pleracromy reduced the prodwc-
fon of coredroupined fald &y on average of 37 2 40 perient and 1he raxe of ap-
peavance of ""Nea In the cerebrorpingl Puld ond s Snal comcenwivalion wire poo-
porvionacely reduced. In boch normal and plexecsomized animaly, "Na levels were
found 10 be il odly groaver In the pray macver pwrroanding the ventricler and In
the gray vatier Mvdeviag e mberochacdd spoce. Thw sodiare cichanges In
hear two genered r of the Bbrain may v Anbted 0 the Jormanion of he cere-
Masplnal Aald 0w wssnd Ao ve

Milhorat et al.
CSAS- Cerebrospinal fluid production by the choroid plexus and brain

brain surface interface ! Science (1971) vol. 173 (994) pp. 330-332
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CSAS Ion channels

Solute-coupled transport



Membrane Electrophysiology

“Hans Ussing” chambers

e Wik
2 ¢

ESTABLISHED METHOD
FOR SOLUTE-COUPLED TRANSPORT STUDIES Caps

Typ | (Current) \\
Ussing HH, Zerahn K. .lL.
Active transport of sodium as the source of electric current Typ U (Voltage) | | \/4‘

in the short-circuited 1solated frog skin.
Acta Physiol Scand. 1951 Aug 25;23(2-3):110-27.

Electrode Position




Ex vivo CSAS model

We get the:

Transmembrane
Resistance

R (R *cm?)

HIGH transmembrane resistance = LOW 1onic permeability
LOW transmebrane resistance = HIGH 1onic permeability

88 Orientation
SN in between
hemichambers




RAPID COMMUNICATION
Transmembrane resistance and histology of

isolated sheep leptomeninges

Aristotelis Filippidis*, Sotirios Zarogiannis*, Maria loannou’, Konstantinos
Gourgoulianis*, Paschalis-Adam Molyvdas* and Chrissi Hatzoglou*

Neurol Res. 2010 Mar;32(2):205-8. Epub 2009 May 8.



A. Filippidis et al.

Transmembrane resistance of leptomeninges
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Figure 1

1

Samples n=26

Boxplot diagram describing the distribution of
measured values of leptomeningeal transmem-
brane resistance in sh€ep aiang with mean value
and outliers. Dotigd line in the box represents
the mean value off 11-38 Q cm? Jobtained from 26
experiments
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Filippidis et al.
Transmembrane resistance and histology of isolated sheep leptomeninges
Neurological Research (2010) vol. 32 (2) pp. 205




ARACHNOID
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Filippidis et al.
Transmembrane resistance and histology of isolated sheep leptomeninges
Neurological Research (2010) vol. 32 (2) pp. 205




So...

The arachnoid and pia mater, line a preformed space (CSAS), with a
biological fluid (CSF) which consists of 99% WATER.



We need to address the
relationship of CSAS with
Water...

Let’s move on to the cellular level

Let’s talk about solute-coupled transport of water



Endohsia ode ) worh whe orer Fa mater

Peergyin

Endothred e «

VAR Jarchom

Costantino Iadecola & Maiken Nedergaard, Nature Neuroscience, 2007




CSAS

“It is a “leaky” epithelium which bears properties of mesothelium”

Filippidis A, Zarogiannis S, loannou M, Gourgoulianis K, Molyvdas PA, Hatzoglou C.
Transmembrane resistance and histology of isolated sheep leptomeninges.
Neurol Res. 2010 Mar;32(2):205-8. Epub 2009 May 8.



Childs Nerv Syst
DOI 10.1007/s00381-012-1688-x

ORIGINAL PAPER

Permeability of the arachnoid and pia mater. The role of ion
channels in the leptomeningeal physiology

Aristotelis S. Filippidis - Sotirios G. Zarogiannis -
Maria Ioannou - Konstantinos Gourgoulianis -
Paschalis-Adam Molyvdas - Chrissi Hatzoglou




Sodium-Potassium-ATPase

Main source of extracellular Sodium

We tested inhibition with OUABAIN



Leptomeninges Ouabain 10-3M
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Leptomeninges Ouabain 10°M
Pial side
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al subunit
Sodium-Potassium-ATPase

Flgure 1 Arachnoid mater cells

/ .K’/’\-

~ Subarachnoid space

!

{ ¢

. .
! Pia mater cells
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3 subunit of ENaC

arachnoid mater




O subunit - ENaC




Conclusions

There IS a role for AQPs and hydrocephalus. Is this the most important?

Possibly deserves a “point of obstruction” reference in Dr. Rekate’s hydrocephalus
model

A new approach is needed for AQP research in hydrocephalus

Key 1s OSMOSIS at the cellular level

Responsible to 1dentify if Osmotic gradients exist in Hydrocephalus microcosmos

If so then we have to explain how pressure (hydrostatic or ICP) affect the physiology

More studies needed to explore this new field.

Hydrocephalus is a multifactorial disease that bears mysteries in both the
mmmpw and mxcroswpw world. A oombmed approadt is needed to identify
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