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Overton CE (1899)
On the general osmotic properties of the cell, their probable origin,

and their significance for physiology.
Vierteljahrsschr Naturforsch Ges Zurich 44: 88i 135

Charles Ernest Overton (18651 1933)

In 1890, Overton wurde er «Privatdocent der Biologie» an der Universitat Zirich,
wo er Uber anderthalb Jahrzehnte lang wirkte.



The Overton Rule

The permeation coefficient (diffusion, P) of a molecule
across a membrane:
KD
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is directly function of its lipophilicity (K, partition coefficient between the oily and aqueous
phases), with D is the diffusion coefficient of the molecule in the membrane

and |, the membrane thickness.

The higher is the lipophilicity, the faster is the cell permeation rate




Other Suggestions from Overton

AThe boundary of cells is mostly constituted of a lipidic material

AWater and ions (non-lipophilic substances) must use different pathways,
as the lipids prevent solvation of charged particles

The Fluid Mosaic Model of the
Structure of Cell Membranes

Cell membranes are viewed as two-dimensional solutions

of oriented globular proteins and lipids.

S. J. Singer and Garth L. Nicolson

Science 175: 720-731, 1972
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Fig. 2. The lipid-globular protein mosaic model of membrane structure: schematic
cross-sectional view. The phospholipids are depicted as in Fig. 1, and are arranged as
a discontinuous bilayer with their ionic and polar heads in contact with water. Some
lipid may be structurally differentiated from the bulk of the lipid (see text), but this
is not explicitly shown in the figure. The integral proteins, with the heavy lines repre-
senting the folded polypeptide chains, are shown as globular molecules partially em-
bedded in, and partially protruding from, the membrane. The ‘protruding parts have
on their surfaces the ionic residues (— and +) of the protein, while the nonpolar
residues are largely in the embedded parts; accordingly, the protein molecules are am-
phipathic. The degree to which the integral proteins arec embedded and, in particular,
whether they span the entire membrane thickness depend on the size and structure of
the molecules.




Appearance of Water Channels in Xenopus
Oocytes Expressing Red Cell CHIP28 Protein

Gregory M. Preston, Tiziana Piazza Carroll,
William B. Guggino, Peter Agre*

AHypo-osmolar swelling
AHgCI, inhibited, no currents

SCIENCE < VOL. 256 < 17 APRIL 1992



Dendrogram of Human Aquaporins
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General Structure of Aguaporins

l periplasm

Wang et al. Structure 13, 2005



General Structure of Aquaporins
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Water transport drelevance for dialysis ?



Peritoneal Dialysis

AMode of renal repl acement t
A>300,000 patients worldwide (40% UK, 90% Hong-Kong)
AAdvantages . Simplicity, home dialysis, lower cost

APositive choice for autonomous patients (waiting pre-TP)
APreferred in developing countries

AContinuous dialysis through natural membrane



Comparison of HD and PD patient numbers in the 15 countries with the

highest dialysis patient populations.
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Structure of the Peritoneal Membrane

Fact. VI

A Mesothelium
Anterstitium - MPS hydrogel + collagen
A Capillary network - endothelial barrier

Dialysate




Water Removal : Glucose as an Osmotic Agent

Net Crystalloid Osmotic Pressure
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The Endothelium as a Functional Barrier in PD

The Three-Pore model
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aquaporins
radius 0.5 nm

large pores small pores
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Ultrasmall Pores across the Endothelium
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Ultrasmall pores : predict to account for 50% of water removal (UF)



Hypothesis : Water Channels

Osmotic
Gradient




Distribution of Aquaporin -1 in the
Endothelium Lining Peritoneal Capillaries

Hu. Perit.

Lt

Am J Physiol 275, 1998 ; Kidney Int 67, 2005




Peritoneal Dialysis in Mouse

PD catheter

BP TRANSDUCER PUMP
ﬁ ﬂ Saline
Carotid artery "% Jugular vein

4 A
/. /l\ \“‘
r" O
/ J X

2-hour PET
2.5 ml dialysate

Sampling TO, T30, T60, T120

Synchron CX5 Beckman

Ni et al. Kidney Int 67; 2005



Structure of the Mouse Peritoneal Membrane

Ni et al. Kidney Int 67; 2005



Water and Solute Transport in Mouse
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Peritoneal Transport : Mouse vs. Rat vs. Man

Species Dialysate volume Net UF BW BSA
(mi) (ul/g BW) (9) (cm?)
Mouse 2.5 ml 29 25 70
Rat 15 ml 25 300 425
Man 2,000 ml ~30 65,000 17,300

ASimilar ultrafiltration across species

ASmall solute transport scaled to BSA

Ni et al. Kidney Int 67; 2005



Phenotype of the AQP1 KO Mouse

Almpaired urine concentrating ability : NDI

AReduced water transport across descending vasa recta
AReduced water permeability across lung capillaries
AReduced corneal water permeability

AReduced cerebrospinal fluid production

— Transport across the peritoneal membrane ?

A.S. Verkman et al.



AQP Gene Family in the Mouse Peritoneum

Real-time RT-PCR

Agpl”

Positive
controls

AAQP1 : endothelium

mMRNA Threshold (Ct)
qu1+/+ qul'/'

GAPDH 17.2+0.1 17.2+0.2
AQPO ND ND
AQP1 21.8+0.2 ND
AQP2 ND ND
AQP3 30.8+0.8 ND
AQP4 ND ND
AQP5 279+04 26.2+04
AQP6 ND ND
AQP7 22.9+0.2 23.4+0.2
AQP38 ND ND
AQP9 27.8+0.3 29.6 £t04
AQP10 ND 30.9+0.3

AAQP7 (adipocytes), AQP9 (leukocytes), AQP3/5 (dendritic cells)



Vascular Density in Agpl Mice

Aqpl (+/+) Agpl (-/-)
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Ni et al. Kidney Int 69, 2006



Initial Water Flow in Agpl Mice
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Intraperitoneal volume during PD
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Ultrafiltration in  Agpl KO Mice
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Unchanged Osmotic Gradient in Agpl KO Mice
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AQP1 in the Peritoneal Membrane

A Studies in Agpl mice validate the 3-pore model :

— AQP1 is the ultrasmall pore in endothelial cells

— AQP1 mediates 50% of the water transport
— AQP1 deletion does not affect solute transport

ARegulation of AQP1 : expression level and gating



Survival According to PD Transport Characteristic
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AQP1 in Capillary Endothelium : Lung
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Aquaporin-1 Water Channel Protein in Lung
Ontogeny, Steroid-Induced Expression, and Distribution in Rat

Landon S. King,** Sgren Nielsen,$ and Peter Agre* J Clin Invest 97, 1996
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AQP1 Expression : Glucocorticoid Induction
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Expression of GR and Steroid Induction of AQP1

PM

MW  Control

Dexa +

4

RIKERIKLIKE
PeSodotelototedototetote!
LRRRRRRELELARKS

0.04 1

Sham

f
™

T
(QV

T

i

Amwmw._o:_ pio}) Em:w 0}

- 534

kD
- 150

aAlje|al uoe-gd/Ldov

- 100

RU-486

Dexa mg/Kg

-75

- 50

VP PP

VP PP

GR- | s o

Anti-GR Pre-ad

Stoenoiu et al. JASN 14: 555-65, 2003



Glucocorticoids upregulate AQP1
In peritoneal capillaries

i i
Water transport
: : (ml/kg)
£ o
60 *
5 | 50 i
i %0 | 38
"4 R 20 +3
AL o Y
] / e 10
L/ e |
E s s e [ Sham
O Dexa 1mg/kg
Dexa 1mg/kg —

Stoenoiu et al. JASN 14: 555-65, 2003



Steroid Induction of AQP1: PET after Living Donor Transplantation

Parameter Before Y After

Sodium sieving (D/P sodium, T30-T0) 8Y -16
Ultrafiltration USP (mL) 108 Y 190
D/P creatinine 0.53 Y 0.53

AN=3, living related kidney transplantation (F11y, M52y, M5y)
AMethylprednisolone, 1mg/m2
AMInIiPET, before and 22 days after transplant

Coll. Javier Arteaga, Cordoba



Gating aguaporin-1 to improve UF ?



Aguaporins in Plants: Arabidopsis

HdY . AQPKdown Y AQPWT
T/ v N R A -



nature Vol 43919 February 2006 dok10.1038/nature04 316

ARTICLES

Structural mechanism of plant aquaporin
gating

Susanna Tarnroth-Horsefield', Yi Wang’, Kristina Hedfalk', Urban Johanson', Maria Karlsson’,
Emad Tajkhorshid”, Richard Neutze' & Per Kjellbom’

o Extracellular

Drought stress Normal conditions Flooding

Plants counteract fluctuations in water supply by regulating their aquaporins:
Y Drought stress: dephosphorylation and closure
Y Flooding: anoxia i cytosolic acidification: protonation and closure



Gating of AQP1: Cytosolic Loop D Interacts with cGMP
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Gating of AQP1.: Interaction with BO13 (Bumetanide)

Mean % block (2Md/15t swell)

o AQP1
’ 0 AGPA4
TEA
‘/ (Hg in AQP1) . : 5 ; .
/s 0 26 50 75 100
<t - AqB013 dose (uM)
NPA
loop E M6 Alnhibition of AQP1 and AQP4

ASwelling assay, oocytes

AIC50 ~20mM, extracellular
loop D

cvtoplasmic O Site 1 C-terminus

@ Site 2 Migliati et al. Mol Pharmacol 76, 2009




g %mc:mcal Neurocrit Care (2010) 13:123-131
W Sy DOI 10.1007/512028-010-9376-8

Na'-K*"-2Cl~ Cotransport Inhibitor Attenuates Cerebral Edema
Following Experimental Stroke via the Perivascular Pool
of Aquaporin-4

Elton R. Migliati - Mahmood Amiry-Moghaddam -
Stanley C. Froehner + Marvin E. Adams -
Ole Petter Ottersen + Anish Bhardwaj

Conclusions These data suggest that bumetanide exerts
its neuroprotective and anti-edema effects partly via
blockade of the perivascular pool of AQP4 and may have
therapeutic potential for ischemic stroke in the clinical
setting.



Gating of AQP1: Possibility for Agonists ?

AChemical library screen: aryl sulfonamides
ARelated to loop diuretic bumetanide
AMembrane permeable compoundsY Ongoing tests in

Devuyst & Yool, PDI 30, 2010



AQP1 in the Peritoneal Membrane

A Studies in Agpl mice validate the 3-pore model :

— AQP1 is the ultrasmall pore in endothelial cells

— AQP1 mediates 50% of the water transport
— AQP1 deletion does not affect solute transport

ARegulation of AQP1 : expression level and gating

AGenetic variation in AQP1 : individual variability
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UCL

Université
catholique
de Louvain

Influence of variants iIAQPlon Water transport and PD Outcome

wMulticentric association study
oJCLc KULI CHC Liege: N=215
WNECOSADAMC Amsterdam: N=500
wlnitial water flow, small solute transport
wSurvival : technique and patient
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AQP1 Haplotype

Promoter Intron 1 Intron 2 Intron 3 34JTR

ﬂ.. ...@....m...... EX0n4

rs28362687
rs1476597
rs10253374
rs1049305

43
11

46



RED CELLS

Disruption of a novel regulatory element in the erythroid-specific promoter
of the human PKLR gene causes severe pyruvate kinase deficiency

Richard van Wijk, Wouter W. van Solinge, Claus Nerlov, Ermest Beutler, Terri Gelbart, Gert Rijksen, and Finn C. Nielsen
Blood2003; 101: 1594602

489 aggttacagagtggtgaaggcactctgcatttcttggttgagacagagaa

418 aaaaagtggtcagaactgggtaaccctceccccaccatattatcacagtg
S24T>A

-368 atcccttttgtectttocttcaggetccagecccaccctacageceeTgete

319  cctggattcactagagctaacttcagtaaagtacaaagaaaatggggeca

.........................................

Relative luciferase activity (%)

GATAA GATA-1
289 tatgactggccaaaaaaaaaalfiiitattcacgtggatgaccafiiinigta
4._. __’
GATAA
219  tgaatggattgaaaattfifSaggaaaaaaggatgagaggaaatgccagq
...........................................
1189  agatgagggcagagagcaggccgttotgggggagggattetgtggggaca
83G>C
CAC/ISp1 CAC/Sp1 PKR-RE GATA1
119 -:ctact-.qccccLutctctmcccnam
............. [ aassiosssacantrs Siaiarreeepas

69 agaccagcagttttgtcatcctectecectetcattccatggtecegeagec

....................

-19 ccaggcccacactgaaage

CTCTG, core binding motif of a regulatory element for PKLR - “M;na;m _



Mutations in AQP1promoter Down-regulate Promoter Activity
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Maréchal C et al. ASN 2010



Scattered light intensity

(volt)

Measurements of water transport in human erythrocytes
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rs2075574 CC CT TT P-value
N =94 N =94 N =23
Transport parameters
UF Mean (Std) 588 (338) 673 (309) 483 (266) 0.02
Seaving Na Mean (Std) (n = 155) 0.05 (0.03) 0.05 (0.02) 0.04 (0.03) 0.046
D/P creat 4 hours Mean (Std) 0.72 (0.12) 0.73 (0.11) 0.76 (0.12) NS
20=
" TT=17%

Effectif
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o= 0
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Maréchal C et al. ASN 2010



Promoter Variant of AQP1 Influence on Survival
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Conclusions

1. The peritoneal membrane is a useful model to investigate AQP1.:
U highly expressed in endothelium
U baseline / inflammation
U correlation with transport parameters

2. Multiple defects related to AQP1 in endothelial cells:

U defective water transport during peritoneal dialysis
U defective vascular proliferation
U defective leukocyte recruitment and macrophage activation

3. Pharmacoregulation of AQP1 : benefit for peritoneal dialysis

4. Individual variability in water transport : AQP1 genotype ?
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What Makes an Agquaporin a Glycerol Channel ?
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Wang et al. Structure 13, 2005



Fasted statg

ADIPOCYTE ‘
Glucose

t Nucleus
G3P

!

TG
HSL —»

X
FFA Glycerol

§ §ee

FFA

Glycerol

Bloodstream

G3P: glycerol-3-phosphate
TG: triglycerides
HSL: hormone-sensitive lipase
FFA: free fatty acid
IRE: negative insulin response
element
& fatty acid binding protein
fatty acid translocase
fatty acid transporter protein

Glucose

During fasting, AQP7 and AQP9 expressions are elevated through the negative IRE of their promoter regions.
Triglycerides are hydrolysed to glycerol and FFA by HSL and released into the bloodstream. Glycerol is secreted
from adipocytes through AQP7. Plasma glycerol is introduced into hepatocytes through AQP9. In the liver, glycerol

is one of substrates for glucogenesis.

Modified from FEBS Letters 580 (2006), 4771-76



Expression of AQP7 in the Peritoneum

; Visceral peritoneum
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T. Nishino, unpublished data



Fasting Increases AQP7 and AQP1
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Clinical Factors Influencing Baseline Transport

AAUSTRALIA T NEW-ZEALAND (Registry, N = 3188) :

— MV : Age i cerebrovascular disease - BSA - ethnicity

The clinical variables account for only ~ 20% of the variability
of solute & water transport at the start of PD :

Room f or varili abl es t hat ar e no:

Churchill et al. JASN 1998
Davies SJ. Kidney Int 2004
Rumpsfeld et al. AJKD 2004



Induction of INOS and Release of NOx

Immunoblotting: iINOS in catheter -model gPCR:INOS in LP$nodel
1200 .
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Defective Cell Margination in AQP1 KO

Number of marginating cells/vessel Number of marginating cells/vessel
[6-day catheter-model] [18-h LPS-model]
20 |
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, L 1E
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J Biol Chem. 1998 Feb 20;273(8):4296

Severely impaired urinary concentrating ability in transgenic mice
lacking aquaporin-1 water channels.

Ma T, Yang B, Gillespie A, Carlson EJ, Epstein CJ, Verkman AS.
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Peritoneal Structure in Aqpl Mice: Morphology
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Capillary Ultrastructure in Agpl Mice
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Parietal peritoneum
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Nature 434:786792, 2005

Impairment of angiogenesis and cell migration by targeted aquaporii gene
disruption.
Saadoun S, Papadopoulos MC, Har&hikuma M, Verkman AS.

« Our findings support a fundamental role of water channels in cell migration,

which is central to angiogenesis and wound healing. »



