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8.

1. Zusammenfassung der Dissertation
1.1. Abstrakt (englisch)

Maintenance of the osmotic homeostasis by arginin-vasopressin (AVP) mediated
antidiuresis requires the coordinated action of renal epithelial and vascular structures. In
the thick ascending limb of the loop of Henle, AVP increases the transport activity of the
Na®, K*, 2CI" cotransporter (NKCC2), thereby enabling the generation of the osmotic
gradient necessary for urine concentration. AVP also reduces renal medullary blood
flow by causing vasoconstriction of glomerular arterioles and descending vasa recta in
order to control the gradient. Locally produced epoxyeicosatrienoic acid (EET)
regioisomers inhibit TAL transport activity and cause vasodilation of the renal
microvasculature to counteract the effects of AVP. We hypothesized that AVP has a
regulatory function in determining renal EET levels. To this end we used Brattleboro
rats with central diabetes insipidus (DI) due to a hereditary loss-of-function mutation in
the AVP-gene. Animals were treated for 3 days with the selective AVP type-2 receptor
agonist desmopressin (dDAVP; 5ng/h) to study medullary EET levels by mass
spectrometry-based lipidome analysis. Medullary gene expression was analyzed by an
Affymetrix mRNA microarray. Treatment of DI rats with dDAVP resulted in the expected
drop in urine flow along with increased NKCC2 mRNA (+130 + 7 %, p<0,05) and protein
(+70 = 5%, p<0,05) levels. Regioisomers of EET were decreased (5,6-EET, -56 + 3%;
11,12-EET, -50 = 3,4%; and 14,15-EET, -60 + 3,7%; p<0,05). Calcium-independent
group VIA phospholipase A, (iPLA2), which reflects EET synthesis, was significantly
reduced (MRNA, -30 + 3; protein, -65 £ 7%; p<0,05), and soluble epoxide hydrolase
(sEH), the primary EET-degrading enzyme, was increased (mRNA, +160 * 37%;
protein, +120 + 26%; p<0,05). The presence of both enzymes in ADH-sensitive nephron
segments was confirmed by immunolocalization studies. Functional relevance of 14,15-
EET for TAL transport activity was demonstrated in microperfusion studies of isolated
murine TAL segments. Administration of 14,15-EET (1umol/l) resulted in a significant
reduction of transport activity as a function of ambient chloride concentration (-30% at
147 mmol/l Cl, -70% at 30 mmol/l Cl). Furthermore, treatment of cultured rat TAL cells
with selective iPLA2 inhibitor (S)-bromoenol lactone (S-BEL; Sumol/l 1h) increased
phosphorylation (+189 *+ 6%, p<0,05) and membrane insertion of NKCC2. In sum, these

results demonstrate an inhibitory effect of AVP on renal EET levels which may result



from their decreased synthesis and augmented degradation. Downregulation of iPLA2

and activation of sEH may therefore contribute to ADH-mediated antidiuresis.

1.2. Abstrakt (deutsch)

Die Aktivierung der Harnkonzentrierung durch das antidiuretische Hormon (ADH)
erfordert die Koordination renaler, epithelialer und vaskularer Strukturen. Im dicken
aufsteigenden Ast der Henle Schleife (TAL) stimuliert ADH die Transportaktivitat des
Na®, K*, 2CI" Kotransporters (NKCC2). Dadurch wird in der Medulla der Aufbau eines
osmotischen Gradienten im Interstitium ermoglicht, welcher die treibende Kraft fur die
anschlielende Wasserresorption im Sammelrohr darstellt. ADH bewirkt weiterhin eine
Vasokonstriktion der glomerularen Arteriolen und absteigenden Vasa recta. Die
resultierende Reduktion des medullaren Blutflusses verhindert ein Auswaschen des
osmotischen Gradienten. Lokal generierte Regioisomere der Epoxyeicosatriensaure
(EET) konnen antagonistische Effekte zu ADH entfalten, indem sie die
Transportaktivitat des TAL hemmen und eine Vasodilatation renaler Widerstandsgefalle
auslosen. Hier wurde die Hypothese gepruft, dass ADH eine regulierende Funktion fur
die lokalen EET-Spiegel ausubt. Ratten mit hereditarem zentralen Diabetes insipidus
(DI) wurden fur 3 Tage mit dem ADH V2-Rezeptoranalog Desmopressin (dDAVP;
5ng/h) behandelt. Die Messung medullarer EET-Gewebekonzentrationen erfolgte
mittels Massenspektrometrie. Die medullare Genexpression wurde durch Affymetrix
MRNA-Microarray untersucht. Die Behandlung von DI-Ratten mit dDAVP fuhrte zur
Reduktion der Diurese. Gleichzeitig war die Expression von NKCC2 auf mRNA (+130 %
7 %, p<0,05) und Proteinebene (+70 % 5%, p<0,05) erhéht. Die EET-
Gewebekonzentration war dagegen signifikant reduziert (5,6-EET: -56 + 3%; 11,12-
EET: -50 * 3,4%; 14,15-EET: -60 * 3,7%; p<0,05). Die Microarray Analyse zeigte eine
signifikante Reduktion der Kalzium-unabhangigen Phospholipase A2 Gruppe VIA
(iPLA2). Dies konnte uUber Real time PCR (-30 + 3%, p<0,05) und Western blot (-65 %
7%, p<0,05) bestatigt werden. Epoxidhydrolase (sEH), die den EET-Abbau katalysiert,
war gesteigert (MRNA: +160 + 37%, Protein: +120 + 26%; p<0,05). Beide Enzyme
wurden immunhistochemisch in ADH-sensitiven Nephronsegmenten lokalisiert. Der
Einfluss von 14,15-EET auf die TAL-Transportaktivitat wurde  durch
Mikroperfusionsstudien an isolierten TAL-Segmenten der Maus untersucht. Hier fuhrte



die Behandlung mit 14,15-EET (1umol/l, 30 min) zu einer signifikanten Reduktion der
Transportaktivitat in Abhangigkeit von der umgebenen Chloridkonzentration (-30% bei
147 mmol/l Cl, -70% bei 30 mmol/l Cl). Eine selektive Inhibition von iPLA2 mit S-
Bromoenol Lacton (S-BEL; S5umol/l 1h) in kultivierten medullaren TAL-Zellen der Ratte
fUhrte zu einer Zunahme der aktivierenden Phosphorylierung von NKCC2 (+189 + 6%,
p<0,05) und bewirkte die Membraninsertion des Proteins. Zusammenfassend zeigen
diese Befunde zum ersten Mal einen inhibitorischen Effekt von ADH auf die
Gewebekonzentration von EET. Die Reduktion von EET ist dabei sowohl auf eine
verminderte Synthese als auch auf einen vermehrten Abbau zurickzufuhren. Die ADH-
abhangige Regulation von iPLA2 und sEH stellt damit einen neuen Mechanismus der

ADH-induzierten Harnkonzentrierung dar.

1.3. Einfiihrung und Zielstellung

Die Regulation der Harnkonzentrierung durch das antidiuretische Hormon (ADH)
ermoglicht eine bedarfsgerechte Steuerung der renalen Wasserausscheidung und ist
damit essentiell fur die osmotische Homoostase des Korpers. Fehlregulationen im ADH-
Signalweg fuhren zu spezifischen Krankheitsbildern wie dem Syndrom der inadaquaten
Antidiurese oder dem Diabetes insipidus (1,2) und sind an der Entstehung der
arteriellen Hypertonie, dem kardiorenalen Syndrom und der diabetischen Nephropathie
beteiligt (3,4,5,6).

Strukturelle Grundlage fur den Prozess der Harnkonzentrierung ist die enge raumliche
und funktionelle Beziehung zwischen epithelialen und vaskularen Strukturen der
renalen Medulla. Die Stimulation basolateraler, membranstandiger V2R Rezeptoren in
der dicken aufsteigenden Henle'schen Schleife (TAL) bewirkt eine aktivierende
Phosphorylierung des Na*, K*, 2CI" Kotransporters (NKCC2) und steigert damit den
transepithelialen Salztransport (7). Die resultierende Akkumulation von NaCl im
Interstitium der Medulla stellt die treibende Kraft fir die Gegenstrommultiplikation von
Osmolyten und der nachfolgenden medullaren Wasserresorption durch das
Sammelrohr dar (8,9). Gleichzeitig wird Uber vaskulare Rezeptoren der medullare
Blutfluss durch Kontraktion der absteigenden Vasa recta reduziert, um ein Auswaschen
des osmotischen Gradienten zu verhindern. Die Kombination aus aktiven,

energieverbrauchenden Transportprozessen bei gleichzeitig reduzierter Durchblutung



fuhrt zu einer physiologisch geringen Sauerstoffkonzentration im Nierenmark. Beteiligte
Gewebe sind daher bei Hypoxie durch pathophysiologische Belastung gefahrdet und
kdénnen akut oder chronisch geschadigt werden (10,11).

Mechanismen, die eine lokale Modulation der systemischen ADH-Signale und eine
Koordination der unterschiedlichen ADH-Signalwege ermoglichen, werden daher
intensiv erforscht. Von besonderem Interesse sind dabei lokal produzierte Eicosanoide
wie Prostaglandin E2 (PGEZ2), 20-Hydroxeicosatetraensaure (20-HETE) und
Epoxyeicosatriensauren (EET) (12,13,14). Diese werden in einer Multienzymkaskade
aus Arachidonsaure (AA) gebildet. Als geschwindigkeitsbestimmende
Schrittmacherenzyme dieser Kaskade gelten Phospholipasen, welche die Freisetzung
von AA aus Lipiden der Zellmembran katalysieren (15). Die freigesetzte AA wird im
Anschluss durch verschiedene Oxygenasen kompetitiv in spezifische Eicosanoide
metabolisiert (16). Der Abbau der Eicosanoide erfolgt entweder spontan oder wird
ebenfalls enzymatisch reguliert (16,17). Die beteiligten Enzyme kénnen dabei sowohl
auf transkriptioneller als auch auf posttranslationaler Ebene reguliert werden. Aufgrund
der Vielzahl der biologisch aktiven Metabolite und der an ihrer Produktion beteiligten
Enzyme entstehen ausgesprochen komplexe Regelkreise, welche durch die isolierte
Untersuchung einzelner Metabolite und Enzyme nur unzureichend verstanden sind.
Ziele der vorliegenden Arbeit waren die Charakterisierung der ADH-abhangigen
Regulation von Lipidmediatoren durch Massenspektroskopie-basierte Lipidomik und die
Erfassung der an ihrer Bildung beteiligten Enzyme durch Microarray-basierte

Genexpressionsanalyse (18,19).

1.4. Methodik

Tierversuche und Gewebeaufbereitung

Zur Untersuchung ADH-vermittelter Effekte im TAL wurde ein etabliertes Rattenmodell
(Diabetes insipidus [DI]-Ratten mit zentralem ADH Mangel) verwendet, dessen
Zulassung durch die Tierversuchskommission des Landes Berlin (LaGeSo) genehmigt
war (G006-02/05 und G0285/10). Adulte DI-Ratten, wurden fir drei Tage mit dem ADH-
Analogon dDAVP (5ng/h) oder mit 0,9% NaCl via subkutan implantierter osmotischer
Minipumpen (Alzet-minipump, Model 2001, Charles River) behandelt (20). Am Ende
des Behandlungszeitraums wurden ein Teil der Tiere anasthesiert (intraperitoneale



Injektion mit Pentobarbital 0.06 mg/g Kérpergewicht) und die Nieren mittels retrograder
Perfusionsfixierung fixiert fur die Proteinvisualisierung durch Immunfluoreszenz. Die
retrograde Perfusionsfixierung erfolgte nach einem etablierten Protokoll, nach welchem
ein Katheter in der abdominalen Aorta unterhalb der Nierenarterien fixiert wird und
anschlieend mit einem Druck von 230 cm H,0 die Perfusion mit 3% Paraformaldehyd
(PFA) erfolgt (21). Die Nieren wurden im Anschluss herausprapariert, die Nierenkapsel
wurde stumpf entfernt und das Gewebe anschlieRend fur 24 Stunden bei 4°C in
Sucrose-PBS Puffer belassen bevor es in Isopentan bei -80°C gelagert wurde. Die
restlichen Tiere wurden mittels tiefer Narkose und Genickbruch getotet. Hierbei wurden
die Nieren sofort herausprapariert, in Cortex, innere- und auftere Medulla separiert und
in flussigem Stickstoff schockgefroren.

Weitere Nierengewebe stammten von auf gleiche Art PFA-perfundierten C57BL/6 und
BALB/c Mausen und Sprague Dawley (SD) Ratten (18,19,22). Humanes Nierengewebe
wurde nach schriftlicher Einwilligung der Patienten aus dem Resektat einer
Tumornephrektomie gewonnen und verwendet; dieses Gewebe wurde in 3%
Paraformaldehyd immersionsfixiert (7). Zur Herstellung von Kryostatschnitten wurden
alle Gewebe nach Immersion in Sucrose in Isopentan eingefroren und bei -26°C an
einem Kryostat-Mikrotom (Leica CM3050 S, Wetzlar, Deutschland) mit einer Dicke von

5um geschnitten und auf Glasobjekttrager aufgezogen.

Direkte Eicosanoidmessung

EET und andere ungesattigte Fettsaure-Derivate wurden Uber Flissigchromatographie
(Agilent 1200) mit Massenspektrometriekopplung (Agilent 6410) durch die Firma
Lipidomix GmbH am Campus Berlin-Buch gemessen. Das Nierenmark der DI-Ratten
wurde hierfur in einer Wasser-Methanol Suspension gelost und bei pH 6 gepuffert. Die
Lésung wurde in eine Bond-Elut-Certify-ll-Feststoffextraktionssaule (Phenomenex,
Torrance, USA) Uberflhrt und die erhaltenen Fettsaure-Derivate dann aufgereinigt.
Vorrangig wurden hieraus Eicosanoide und Linolsdurederivate (Epoxyoctadeca-
Monoensauren [EPOME] und Dihydroxyoctadecensauren [DiHOME]) bestimmt, welche
als etablierter Marker fir die Enzymaktivitat der sEH Verwendung finden (23).

Microarray zur ADH-Wirkung an DI-Ratten
Um neue Regulationsmechanismen der ADH-vermittelten Antidiurese zu identifizieren,

wurde eine Microarray-Genexpressionsstudie an dDAVP-behandelten DI-Ratten



durchgefuhrt. mRNA aus Ratten-Nierenmark wurde mittels Quiagen RNeasy mini kit
isoliert. cDNA und cRNA wurden nach dem Affymetrix Standardprotokoll hergestellt. Die
Analyse wurde am Zentrum fur Medizinische Forschung der Universitat Mannheim
mittels GenChip® Rat Genome 230 2.0 Array (Affymetrix, Santa Clara, USA)
fertiggestellt. Die erhobenen Daten wurden in die Gene Expression Omnibus Database
hochgeladen (GEO Zugangsnummer: GSE34225).

real-time PCR und Western blot

Zur Validierung der Microarray Daten wurden Real-time PCR und Western blot
eingesetzt. Extrahierte RNA aus Rattenniere wurde mit dem cDNA Synthese Kit
(Applied Biosystems, Darmstadt, Deutschland) Uber reverse Transkription in cDNA
umgeschrieben. Quantitative TagMan real-time PCR wurde im 7500 fast real-time PCR
System (Applied Biosystems) nach Herstelleranleitung durchgefiihrt. TagMan Sonden
wurden von Applied Biosystems (iPLA2: Rn.01485101, sEH: Mm.00514706, NKCC2:
Rn.01504428, GAPDH: 4352338E) generiert (18,19), GAPDH mRNA Spiegel wurden
parallel bestimmt und dienten als Beladungskontrolle. mRNA Spiegel wurden mithilfe
der 24°T Methode berechnet.

Antigen Verdiinnung Hersteller Seriennummer
NKCC2 1:500 Ellison* (2.1)
phosphoNKCC2 1:5000 Pineda** (pT2)

B-Aktin 1:20000 Sigma A 5441

iPLA2 1:500 Sigma HPA 001171
sEH 1:500 Sigma HPA 023094

Tabelle 1: Primérantikérper zur Proteinquantifizierung mittels Western blot
Angegeben sind die verwendeten Primarantikérper fir: Na*, K*, 2CI" Kotransporter
(NKCC?2), phosphorylierter Na*, K*, 2CI" Kotransporter (phosphoNKCC?2), B-Aktin, Ca-
unabhangige Phospholipase A, Typ VI A (iPLA2) und die l6sliche Epoxidhydrolase
(sEH) mit der eingesetzten Verdinnung im Western blot und den Seriennummern der
Hersteller.* 2.1 Antikorper zur Detektion von NKCC2 wurde in Zusammenarbeit mit dem
Labor von Prof. Ellison entwickelt und publiziert (23). ** pT2 Antikdrper zur Detektion
von phosphoNKCC2 wurde durch die Arbeitsgruppe von Prof. Bachmann, in
Zusammenarbeit mit Pineda Antikdrper-Service (Berlin, Deutschland) entwickelt und
publiziert (7).

Proteindetektion und -quantifizierung mittels Western blot erfolgte nach dem
laborinternen Standard. Unter konstanter Kihlung wurde das Gewebe zerkleinert und in
Homogenisierungspuffer (250 mM Saccharose, 10 mM Triethanolamin, Complete



Protease Inhibitor Cocktail Tabl. (Roche, Mannheim)) geldst. Das Zellhomogenat wurde
mittels kurzer Ultraschallimpulse lysiert und die Zellkerne wurden bei 800g
abzentrifugiert. Gel-Elektrophorese wurde in 10% SDS-Polyacrylamid Gel durchgeflhrt,
anschlieend erfolgte der Elektrotransfer auf eine Nitrozellulosemembran.
Proteindetektion erfolgte mit den entsprechenden Primarantikdrpern (siehe Tabelle 1)
Densitometrische Auswertungen erfolgten mit der Alpha Imager Software (Cell

Biosciences, Santa Clara, USA). Alle Ergebnisse wurden gegen B-Aktin normalisiert.

Immunfluoreszenz

Die Lokalisationsstudien fur iPLA2 wund sEH erfolgten mittels indirekter
Immunfluoreszenz. Primarantikérper wurden in 5% entfettetem Milchpulver in PBS fur 2
Stunden auf den histologischen Praparaten belassen. Sekundarantikbrper waren
Carbocyanin (CY2) und Indocarbocyanin (CY3) gekoppelt. Alle Sekundarantikérper
wurden von Jackson Research Labs (West Grove, USA) erworben und in einer
Verdiunnung von 1:250 verwendet. Bei der Doppelimmunfarbung wurden zwei
Primarantikorper unterschiedlicher Wirtsspezies und zwei Sekundarantikorper
verwendet. Die verwendeten Primarantikorper sind in der Tabelle 2 aufgefuhrt.

Antigen Verdiinnung Hersteller Seriennummer
NKCC2 1:2000 Ellison* (2.1)
phsophoNKCC2 1:5000 Pineda** (pT2)

NCC 1:100 Ellison***

AQP2 1:100 Santa Cruz SC 9882

COX2 1:200 Santa Cruz SC 1746
Calbindin 1:1000 Santa Cruz SC 9848

iPLA2 1:50 Sigma HPA 001171
sEH 1:50 Sigma HPA 023094

Tabelle 2: Primé&rantikérper zur Proteindetektion mittels Inmunfluoreszenz
Angegeben sind die verwendeten Primarantikérper fir: Na*, K*, 2CI" Kotransporter
(NKCC?2), phosphorylierter Na®, K*, 2CI" Kotransporter (phosphoNKCC2), Na-Cl-
Kotransporter (NCC), Aquaporin-2 (AQP2), Cyclooxygenase-2 (COX2), Calbindin, Ca-
unabhangige Phospholipase A, Typ VI A (iPLA2) und die l6sliche Epoxidhydrolase
(sEH), die eingesetzten Verdinnungen in der Immunhistochemie und die
Seriennummern der Hersteller. * 2.1 Antikdrper zur Detektion von NKCC2 wurde in
Zusammenarbeit mit dem Labor von Prof. Ellison entwickelt und publiziert (23). ** pT2
Antikorper zur Detektion von phosphoNKCC2 wurde durch die Arbeitsgruppe von Prof.
Bachmann, in Zusammenarbeit mit Pineda Antikdrper-Service (Berlin, Deutschland)
entwickelt und publiziert (7). *** Antikbrper zur Detektion von NCC wurde in
Zusammenarbeit mit dem Labor von Prof. Ellison entwickelt und publiziert (22,25).



Zellnuklei wurden mit dem Fluoreszenzfarbstoff 4’,6-Diamidin-2-phenylindol (DAPI)
markiert. Auswertung der Immundoppelmarkierung erfolgte konfokal am Zeiss LSM
Exciter confocal microscope und der ZEN 2008 Software (Carl Zeiss, Jena) (18,19,22).

Zellkulturversuche

Ein bereits etabliertes Zellmodell mit immortalisierten Zellen aus den medullaren
Anteilen der dicken aufsteigenden Henle’'schen Schleife (mTAL), wurde flr unsere
Versuche benutzt. Eine detaillierte Beschreibung erfolgte durch Ferreri et al. Die mTAL-
Zellen exprimieren das TAL-spezifische Tamm-Horsfall Glykoprotein und den
Bumetanid sensitiven NKCC2 (26). Eine Stimulation der mTAL-Zellen mit ADH fuhrte zu
einer signifikanten Steigerung der Phosphorylierung von NKCC2.

Zellen wurden bei 37°C und 5% CO2 bis zur Konfluenz in Petrischalen und zur
Mikroskopie auf Aminosilan beschichteten Glasscheiben belassen und mit Renal
Epithelial Growth Cell Medium (PromoCell GmbH, Heidelberg, Deutschland) inkubiert.
Das verwendete Medium wurde 48-stundlich erneuert. Die mTAL Zellen wurden mit
dem iPLA2 spezifischen Inhibitor, dem S-Enantiomer des Bromoenol Lacton (S-BEL)
(CAS 478288-94-7, Cayman Chemicals) in einer Konzentration von 5umol/l fir eine
Stunde behandelt (18). Kontrollen wurden mit dem L&sungsmittel Dimethylsulfoxid
(DMSO) behandelt.

Zur Proteinextraktion wurden die geernteten Zellen unter Kuhlung in Triethanolamin-
haltigem Homogenisierungspuffer homogenisiert und unter der Anwendung von
Ultraschall lysiert. Das weitere Prozedere erfolgte analog zum Western blot Protokoll.
Die Lokalisation des NKCC2 bzw. des phosphorylierten NKCC2 (phosphoNKCC2)
wurde mittels Immunfluoreszenz bestimmt. Hierfur wurden die auf Glas gewachsenen
mTAL Zellen in 3% PFA fixiert. Das Standardprotokoll fir Immunfluoreszenz wurde

angewandt.

Mikroperfusionsstudien an isolierten TAL-Segmenten der Maus

Um einen funktionellen Nachweis zwischen lokaler EET und der Transportaktivitat im
TAL zu liefern, kooperierten wir mit der Arbeitsgruppe von Prof. M. Bleich am Kiel
Marine Science der Christian-Albrechts-Universitat zu Kiel. Kortikale TAL Segmente
von C57/BL6 Mausen wurden prapariert und in 1 pmol/l 14,15-EET (Cayman
Chemicals, Ann Arbor, USA), 1pmol/l 14,15-Dihydroxyeicosatriensauren (DHET)
(Cayman Chemicals) oder dem Lésungsmittel Ethanol fir 30 Minuten belassen. Die
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Tubuli wurden in eine doppellaufige Perfusionspipette eingespannt und isoliert
perfundiert. Uber den einen Schenkel wurde das transepitheliale Potential gegeniiber
dem Umgebungsmedium gemessen und uUber den zweiten Schenkel ein definierter
Strompuls appliziert. Hieraus wurde der transepitheliale Widerstand berechnet
wahrend, die Chloridkonzentration im Medium zuerst basolateral und dann luminal
reduziert wurde (19,27). Eine Veranderung im transepithelialen Widerstand spiegelt
eine veranderte Transportkapazitat durch NKCC2 wieder (19,28).

1.5. Ergebnisse

dDAVP Behandlung in DI-Ratten

Zur Untersuchung metabolisch aktiver Fettsduremetabolite und deren Synthese und
Abbau bestimmender Enzyme wurden DI-Ratten fur drei Tage mit dem ADH-Analogon
dDAVP behandelt. Erwartungsgemal® war hierdurch die Urinmenge der Tiere signifikant
reduziert (-94 + 24 %, p < 0.05). Zudem kam es zu einer Verringerung der
Plasmaosmolaritat, einer gesteigerten Urinosmolaritat, sowie zu einem Anstieg der
Kreatininclearance (10). Gleichzeitig konnte eine signifikante Zunahme sowohl an
NKCC2 mRNA (+70 £ 5%, p < 0.05) als auch an NKCC2 Proteingehalt (+130 £ 7%, p <
0.05) detektiert werden (18). Des Weiteren konnte ein signifikanter Anstieg von
phosphoNKCC2, welches die transportaktive Form des NKCC2 darstellt (7), im Western
blot der auBeren Medulla gezeigt werden (+130 + 32%, p < 0.05) (18). Diese
Ergebnisse verdeutlichen, dass es unter dDAVP-Gabe zu einer Natriumretention im
TAL und, als Folge, zur Antidiurese im Tiermodell kam. Dieses zuvor schon validierte
Modell eignete sich dementsprechend fur die Untersuchungen zur ADH-abhangigen
Regulation aktiver Fettsduremetabolite bei der Harnkonzentrierung (29).

Massenspektrometrie ungeséttigter Fettsduren unter dDAVP Therapie

DDAVP Gabe in DI-Ratten fuhrte zu einem signifikanten Abfall der Spiegel von 5,6-EET
(12.8 £ 3.2 ng/g vs. 35.7 £ 9.5 ng/g, p < 0.05), 11,12-EET (16.7 £ 3.3 ng/g vs. 38.4 + 9.7
ng/g, p < 0.05) und 14,15-EET (11.2 + 3 ng/g vs. 34.7 £ 9.2 ng/g, p < 0.05) im
Nierenmark (19). Die Reduktion der 8,9-EET Spiegel war nicht siginifikant (17.4 £ 4
ng/g vs. 44 + 13.7 ng/g, p = 0.08) (19). Die Spiegel der Linolsdurederivate waren
ebenfalls reduziert (9,10-EPOME: 69 £ 14 ng/g vs. 254 + 60 ng/g; 12,13-EPOME: 36 *
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11 ng/g vs. 166 * 44 ng/g; p < 0.05) (19). Ihre Abbauprodukte waren nicht signifikant
verandert (9,10-DIHOME: 52 £ 8.8 ng/g vs. 47 + 8.7 ng/g, p = 0.7; 12,13-DIHOME: 85 %
25 ng/g vs. 56 + 14 ng/g; p = 0.4) (19). Das Verhaltnis zwischen DIHOMEs und
EPOMEs war sowohl fur 9,10 DIHOME / 9,10 EPOME (0.85 vs. 0.23; p < 0.05), als
auch fur 12,13 DIHOME / 12,13 EPOME (2.54 vs. 0.43; p < 0.05) in den DI-Ratten nach
dDAVP-Gabe erhéht (19). Es kommt also zu einem aktiven Abbau der renalen EET und
EPOME unter dDAVP-Gabe, vermutlich auf Grund einer Aktivierung der sEH (19,30).
Erwartungsgemal® waren PGE2 Spiegel erhoht, wahrend Thromboxan und 20-HETE

nicht nachgewiesen werden konnten (19).

Microarray Daten

Die Genexpressionsanalyse der 3 Tage lang mit dDAVP behandelten DI-Ratten
verdeutlichte, dass eine Vielzahl an Enzymen des Fettsaurestoffwechsels durch ADH
reguliert werden. mRNA-Mengen diverser Phospholipasen waren unter dem Einfluss
von dDAVP reguliert; so war die Phospholipase A2 Gruppe IVA (cPLA2) heraufreguliert
und die Kalzium-unabhéngige Phospholipase A2 Gruppe VIA (iPLA2) herabreguliert
(18). Die an der EET Synthese beteiligten Cytochrom P450 (CYP) Monooxygenasen
waren nicht verandert (19). sEH und Cyclooxygenase 2 (COX2) mRNA-Mengen waren
signifikant gesteigert (siehe Tabelle 3) (19).

Gen x-fache Expression p-Wert
Phospholipase A, Gruppe IV A 1,98 <0.05
Kalzium-unabhangige Phospholipase A; Typ VIA 0,77 <0.05
Cytochrom P450 Familie 2, Unterfamilie c, Isoenzym 11 1,3 0,68
Cytochrom P450 Familie 2, Unterfamilie c, Isoenzym 23 0,97 0,52
Cytochrom P450 Familie 2, Unterfamilie j, Isoenzym 3 0,99 0,8
Cytochrom P450 Familie 2, Unterfamilie j, Isoenzym 4 0,78 <0.05
Cyclooxygenase 2 2,2 <0.05
Losliche Epoxidhydrolase 2,45 <0.05

Tabelle 3: Microarray Daten diverser Enzyme aus dem Fettsduremetabolismus
Angegeben sind Veranderungen der mRNA-Mengen von Enzymen des
Fettsauremetabolismus nach dDAVP-Gabe in DI-Ratten, ausgedrickt als das x-fache
der Kontrolltiere.
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IPLA2 und sEH unter dem Einfluss von dDAVP

Im Western blot wurde eine Reduktion der iPLA2 (-65 + 7%, p < 0.05) und eine
Zunahme der sEH (+120 = 26%, p < 0.05) im Vergleich zu den Kontrolltieren
nachgewiesen (18,19). In Einklang mit diesen Ergebnissen waren in den dDAVP
behandelten Tieren die iPLA2 mRNA Konzentration reduziert (-30 £ 3%, p < 0.05) und
die sEH mRNA Konzentration gesteigert (+160 £ 37%, p < 0.05) (18,19).

Lokalisation der iPLA2

Western blot Analysen an homogenisierten Nieren von Sprague-Dawley Ratten zeigten
immunreaktive iPLA2-Produkte vorrangig bei 70 kDa neben weiteren Banden bei 85,
63, 52 und 48 kDa (18). Bei Trennung von Mark und Rinde waren die 70 kDa Isoform
dabei vorrangig in der dupBeren Medulla und die 85 kDa Isoform hauptsachlich in der
inneren Medulla nachweisbar (18). In den kortikalen Anteilen war nur ein schwaches
iPLA2 Signal nachweisbar (18).

Das zellulare Verteilungsmuster der iPLA2 wurde mittels Immunfluoreszenz in Nieren
von Mensch, Maus und Ratte weiter untersucht. Es zeigte sich ein vorrangig
zytoplasmatisches Verteilungsmuster distal in den Henle’schen Schleifen der auferen
Medulla (18). Zellen des proximalen Tubus und Endothelzellen zeigten kein iPLA2
Signal (18). Eine Doppelimmunfarbung mit dem TAL-spezifischen Transporter NKCC2
belegte die Expression der iPLA2 im medullaren und kortikalen TAL mit Ausnahme der
Macula densa (MD) (18). Weiter wurde in der Pars convoluta des distalen Tubulus
(DCT) die Kolokalisation von iPLA2 mit dem Thiazid-sensitivem Natrium Chlorid
Kotransporter (NCC) nachgewiesen (18). Das Kalziumtransportprotein Calbindin,
welches im DCT-2, Verbindungstubulus (CNT) und frihen Sammelrohr (CD) lokalisiert
ist, lieB sich mit anti-iPLA2 ebenfalls doppelmarkieren; die Schaltzellen waren hiervon
ausgenommen (18).

Die Spezifitat des iPLA2 Antikdrpers wurde im Western blot im Gewebe von iPLA2
knockout- Mausen bestatigt (18).

Lokalisation der sEH
Western blot Analysen an praparierten Nieren von Sprague-Dawley Ratten zeigte eine
dominante Bande der sEH bei ca. 63 kDa, welche im Nierenkortex, der auf3eren- und

der inneren Medulla nachweisbar war (19). Vergleichend wies die innere Medulla ein
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starkeres Signal auf, wobei nur hier auch zwei weitere Banden bei 50 kDa und 48 kDa
gezeigt werden konnten (19). Immunhistochemisch konnte in der Rattenniere die
Verteilung der sEH in allen Nierenzonen nachgewiesen werden (19). Proximale und
distale Nephronsegmente waren gefarbt (19). Doppelmarkierungen mit anti-Aquaporin 2
(AQP2) und anti-COX2 zeigten die Lokalisation von sEH in Kkortikalen
Sammelrohrhauptzellen und in der MD (19). NKCC2-positive TAL und NCC-positive
DCT Abschnitte wiesen kein sEH Signal auf (19). In der inneren Medulla, in der im
Western blot das starkste sEH Signal erschien, waren sowohl CD als auch dinne ab-
und aufsteigende Schenkel der Henle Schleife sEH positiv (19). Ahnliche

Verteilungsmuster konnten in humanem Nierengewebe gezeigt werden (19).

IPLAZ2 Inhibition im mTAL Zellkulturmodell

Die physiologische Relevanz einer modifizierten Eicosanoidsynthese wurde an einem
mTAL-Zellkulturmodel weiter untersucht. mTAL Zellen wurden mit einem spezifischen
Hemmstoff der iPLA2, dem S-BEL behandelt (5umol/l, 1 Stunde) und die NKCC2 und
phosphoNKCC2 Proteinspiegel quantifiziert. Die resultierende Inhibition der iPLA2-
abhangigen Arachidonsaurefreisetzung fuhrte im Zellmodell zu einem statistisch
signifikanten Anstieg von phosphoNKCC2 (+189 * 6%, p < 0.05) bei unverandertem
NKCC2 (18). Immunhistochemisch konnte gezeigt werden, dass es unter der
Behandlung mit S-BEL zu einer Verschiebung des phosphoNKCC2 Signals vom
Zytosol in Richtung auf die Zellmembran kam (18).

14,15-EET vermittelte TAL-Transportkapazitét isolierter Tubuli

Isolierte Tubuli wurden mit 14,15-EET und dem physiologisch inaktiven 14,15-DHET
behandelt, um einen direkten Zusammenhang zwischen lokaler Eicosanoidwirkung und
TAL Transportkapazitdt zu untersuchen. Diese ist malgeblich von der
Phosphorylierung und damit der Membraninsertion von NKCC2 abhangig und durch die
luminale Chloridkonzentration begrenzt (31,32). Der gemessene Kurzschlussstrom (/’sc)
in uA/cm? dient hierbei als Parameter fiir Transportaktivitit und wurde bei 30 mmol/l Cl,
entsprechend dem ECsy von NKCC2 sowie bei 147 mmol/l Cl untersucht, um die
maximale Transportkapazitdt des Transporters zu erfassen. Eine 30-minutige
Behandlung mit 14,15-EET resultierte in einer Reduktion des I’sc auf 70% bei 147
mmol/l Cl, und auf 30% bei 30 mmol/I Cl im Vergleich zu unbehandelten Tubuli (19). Mit
dem metabolisch inaktiven 14,15-DHET trat keine Anderung im I’scein (19).
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Diese Daten belegen eine funktionelle Verbindung zwischen dem antidiuretischem
Hormon und den Eicosanoid auf- und abbauenden Enzymen iPLA2 und sEH; ADH
erniedrigt somit Uber ihre Steuerung die medullaren Eicosanoidspiegel (18,19).

1.6. Diskussion

Die Konservierung von freiem Wasser durch die ADH-vermittelte Produktion eines
konzentrierten Urins gehort zu den essentiellen Aufgaben der Niere und erfordert eine
enge Koordination epithelialer und vaskularer Strukturen. Die Mechanismen und
Mediatoren, die diese Koordination vermitteln sind bisher nur unvollstandig verstanden.
Ergebnisse friherer Studien zeigten jedoch, dass lokal produzierte Eicosanoide wie
PGE2, 20-HETE und EET-Regioisomere die Transportprozesse in zentralen ADH-
Zielstrukturen wie TAL, CNT und CD beeinflussen (12,13,14) und dadurch die Effekte
der systemischen ADH-Signale modulieren konnen. Die Bedeutung dieser lokalen
Modulation ist bisher nur unzureichend verstanden. Ziel der vorliegenden Arbeit war,
die Mechanismen der ADH-abhangigen Regulation des Eicosanoidmetabolismus in der
renalen Medulla systematisch zu untersuchen.

Bisherige  Arbeiten zur  Eicosanoidsynthese im  Kontext des renalen
Konzentrierungsmechanismus waren vorrangig auf COX2-abhangig gebildete
Prostaglandine fokussiert (33). Auch die Ergebnisse der hier vorliegenden Studie
zeigen erhohte Gewebekonzentrationen von PGE2 und eine stimulierte Genexpression
von COX2 in der Medulla der dDAVP-behandelten Tiere und bestatigen damit die
Ergebnisse friherer Studien (34,35). Zusatzlich konnten signifikant verringerte Spiegel
der EET-Regioisomere unter dDAVP-Stimulation im Nierenmarksgewebe gezeigt
werden, wahrend deren metabolisch inaktive Abbauprodukte, DHET, vermehrt
nachweisbar waren (19). Unsere Microarray-Genexpressionsanalyse zeigte passend
dazu eine reduzierte Expression von iPLA2 und eine gesteigerte Expression des EET-
abbauenden Enzyms sEH und damit Evidenz flr eine koordinierte Regulation von
Schrittmacherenzymen des EET-Stoffwechsels (18,19).

Die physiologischen Effekte von EET im Herz-Kreislauf-System und in der Niere sind
gut untersucht (36). So bewirken sie in ihrer Funktion als endothelial derived
hyperpolarizing factor eine Vasodilatation von Widerstandsgefaen (37). In der Niere
fungieren 11,12- und 14,15-EET zudem als potente Inhibitoren des epithelialen
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Natriumkanals (ENaC) im CNT und CD und bewirken damit eine Salurese (38,39). Die
Kombination dieser Effekte fuhrt zu einer kraftigen Blutdrucksenkung und hat damit
antagonistische Effekte zum ADH (40).

Im Gegensatz zu den Effekten im CNT und CD sind die Auswirkungen von EET auf die
Transportaktivitat des TAL weniger gut belegt. He et al. konnten in kultivierten murinen
MD-Zellen einen inhibitorischen Effekt von 14,15 EET auf die NKCC2-Transportaktivitat
nachweisen (41). In Ubereinstimmung mit dieser Arbeit zeigen unsere
Mikroperfusionsstudien an isolierten murinen TAL-Segmenten einen inhibitorischen
Effekt von 14,15-EET auf die Transportaktivitdt von NKCC2, wahrend 14,15-DHET, das
sEH-abhangig gebildete Abbauprodukt von 14,15-EET, keinen Effekt hatte (19). Im
Gegensatz zu den hier dargestellten Ergebnissen konnten Grider et al. keinen Effekt
von 5,6-EET auf die Transportaktivitat von isolierten Ratten-TAL-Segmenten zeigen
(42); hier war jedoch die verwendete Dosis von 5,6-EET deutlich geringer als die von
uns massenspektrometrisch erfassten Gewebskonzentrationen in den DI-Ratten. Der
fehlende Effekt mag daher auf einem Dosisproblem beruhen. Zusammenfassend
zeigen die Mikroperfusionsstudien eine inhibitorische Wirkung von EET auf die
Transportaktivitat im TAL und legen damit einen funktionellen Antagonismus zwischen
EET und ADH nahe.

Die primar geschwindigkeitsbestimmenden Enzyme im Syntheseweg aller Eicosanoide
sind Phospholipasen, welche die hydrolytische Freisetzung von AA aus
Membranphospholipiden katalysieren. Die Microarray-Analyse von uber 30 bekannten
Phospholipasen zeigte eine signifikante Steigerung der Abundanz von cPLAZ2 mRNA.
Studien von Downey et al. charakterisieren die cPLA2 als Schlisselenzym im PGE2
Metabolismus (43). Da die Bedeutung von COX-2 und PGE2 fir den Prozess der
Harnkonzentrierung bereits umfassend belegt ist, wurde dieser Punkt in der Arbeit nicht
weiter vertieft (43).

Bisher nicht beschrieben war dagegen der inhibitorische Effekt von dDAVP auf die
Expression von iPLA2. Die Lokalisation von iPLA2 und die Regulation durch dDAVP
wurde daher weiter mittels TagMan real-time PCR, Western Blot und Immunlokalisation
untersucht (18). In der Rattenniere konnten wir dabei ein ADH-abhangig reguliertes 70
kDa grol’es Hauptisoenzym nachweisen (18,44). Das Verteilungsmuster der iPLA2 in
der Niere von Mensch, Maus und Ratte betraf das distale Nephron und die
Sammelrohre; dies stellt einen neuartigen Befund dar (18). Die zuvor beschriebene
COX2 abhangige Prostaglandinsynthese in der MD scheint - vom betroffenen Zelltyp
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her - anhand dieser Daten als iPLA2 unabhangig (18). Eine weitere Arbeit berichtet von
einer Expression der iPLA2 im proximalen Tubulus des Kaninchens, doch konnten wir
dies immunhistochemisch nicht bestatigen, moglicherweise aufgrund einer quantitativen
Problematik (45).

Zur Bestatigung der funktionellen Relevanz von iPLA2 fur die NKCC2-Transportaktivitat
wurden Zellkulturstudien mit dem selektiven iPLA2-Inhibitor S-BEL durchgefuhrt. Hier
zeigten sich eine gesteigerte  Proteinbiosynthese, Phosphorylierung  und
Membraninsertion von NKCC2 nach Inkubation der Zellen mit dem Inhibitor (18).
Mehrere Studien von Gimenez et al. und aus dem Labor von S. Bachmann haben
gezeigt, dass Mechanismen, welche mit einer vermehrten Phosphorylierung von
NKCC2 einhergehen, auch die NKCC2 Transportaktivitdt steigern (7,31,46). Die
Zellkulturstudien belegen eine inhibitorische Wirkung von iPLA2 auf den TAL-Transport.
Ein Zusammenhang zwischen iPLA2 und dem Transport im TAL wurde zuvor im
Kontext der Dopamin-vermittelten Salurese beschrieben (47). Interessanterweise
konnten Zhang et al. zeigen, dass die blutdrucksenkenden und saluretischen Effekte
von Dopamin in der Niere durch EET vermittelt werden (48).

Zusammenfassend zeigen diese Studien eine inhibitorische Wirkung von iPLA2 auf die
Transportaktivitdt von NKCC2 (18). Eine verminderte iPLA2-Enzymaktivitdt in den
dDAVP-behandelten Tieren fuhrt daher vermutlich zu einer Aktivierung von NKCC2 und
unterstutzt damit die Harnkonzentrierung.

Die Oxidation von AA zu 5,6-, 8,9-, 11,12- und 14,15-EET wird durch CYP
Monooxygenasen katalysiert (49,50). Diverse CYP Isoformen (CYP 2C11, 2C23, SJ3
und SJ4) wurden im Kontext der renalen EET Synthese beschrieben (50,51). In Ratten
gilt die CYP SC23 als die wichtigste Monooxygenase im renalen EET Metabolismus
(62). Basierend auf den Ergebnissen des Microarray wurden CYP Monooxygenasen
nur marginal durch ADH reguliert (19). Sie sind daher in diesem Zusammenhang eher
nicht limitierend in der Regulation der Iokalen EET Spiegel und wurden
dementsprechend in dieser Arbeit nicht weiter untersucht.

Der Abbau der EET erfolgt entweder Uber die Beta-Oxidation oder, quantitativ
relevanter, enzymatisch durch sEH-vermittelte Hydrolyse (53). Die bei der Hydrolyse
entstehenden DHET sind im Vergleich zu ihren Ausgangssubstanzen biologisch
deutlich weniger aktiv (54). Gleichzeitig sind sie durch die hydrophile Modifikation
deutlich besser wasserloslich und werden dadurch mit dem Blutstrom aus der Medulla
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entfernt (55). Dementsprechend wird die Aktivitat von sEH als Hauptdeterminante der
EET-Bioverfugbarkeit gewertet (53).

Lokalisationsstudien zur intrarenalen sEH Verteilung haben in der Literatur
unterschiedliche Ergebnisse produziert. So haben Weiss et al. an humanem
Nierengewebe die sEH vorrangig in afferenten Arteriolen nachgewiesen und eine
Regulation des renalen Blutflusses durch EET sowie einen Einfluss auf Blutdruck und
Salzhomdostase Uber juxtaglomeruldre Regulation vermutet (56). Fleming et al.
hingegen konnten an murinem Gewebe die sEH vorrangig in den distalen
Tubulusepithelien nachweisen, wahrend GefalRendothelien keine sEH aufwiesen (57).
Beide Arbeitsgruppen haben jedoch bei den Lokalisationsstudien auf
Doppelmarkierungen mit distal-tubularen Zielstrukturen verzichtet. Mit dieser Methode
konnten wir die sEH dezidiert in dinnen absteigenden und aufsteigenden Schenkeln
der Henle Schleife, in der MD und im CD, nicht jedoch im TAL von murinem und
humanem Nierengewebe nachweisen (19). Durch den anatomischen Aufbau der
aulleren Medulla der Saugetierniere besteht jedoch eine enge raumliche Beziehung
zwischen TAL und CD-Profilen (58,59). Eine ADH-abhangig vermehrte Expression von
sEH im CD kann daher die EET-Gewebekonzentration lokal absenken und damit die
inhibitorische Wirkung der EET auf die Transportaktivitdit des TAL reduzieren (19).
Weitere Studien sind notwendig, um diese Hypothese zu bestatigen.

Zusammenfassend konnte in den vorliegenden Arbeiten erstmalig eine ADH-vermittelte
Reduktion der renalen EET-Gewebekonzentration und die funktionelle Bedeutung von
EET fir den renalen Konzentrierungsmechanismus beschrieben werden (19). Weiterhin
konnten die fur die Reduktion der EET-Spiegel relevanten Enzyme identifiziert werden
(18,19). Diese Studien erweitern damit grundlegend unser Verstandnis der
Mechanismen der ADH-induzierten Harnkonzentrierung (18,19).
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Boldt C, Rioschel T, Himmerkus N, Plain A, Bleich M, Labes
R, Blum M, Krause H, Magheli A, Giesecke T, Mutig K, Rothe
M, Weldon SM, Dragun D, Schunck WH, Bachmann S, Paliege
A. Vasopressin lowers renal epoxyeicosatrienoic acid levels by
activating soluble epoxide hydrolase. Am J Physiol Renal Physiol
311: F1198-F1210, 2016. First published September 28, 2016;
doi:10.1152/ajprenal.00062.2016.—Activation of the thick ascend-
ing limb (TAL) Na*-K*"-2Cl~ cotransporter (NKCC2) by the
antidiuretic hormone arginine vasopressin (AVP) is an essential
mechanism of renal urine concentration and contributes to extra-
cellular fluid and electrolyte homeostasis. AVP effects in the
kidney are modulated by locally and/or by systemically produced
epoxyeicosatrienoic acid derivates (EET). The relation between
AVP and EET metabolism has not been determined. Here, we show
that chronic treatment of AVP-deficient Brattleboro rats with the
AVP V2 receptor analog desmopressin (dDAVP; 5 ng/h, 3 days)
significantly lowered renal EET levels (—56 * 3% for 5,6-EET,
—50 * 3.4% for 11,12-EET, and —60 * 3.7% for 14,15-EET).
The abundance of the principal EET-degrading enzyme soluble
epoxide hydrolase (sEH) was increased at the mRNA (+160 *=
37%) and protein levels (+120 = 26%). Immunohistochemistry
revealed dDAVP-mediated induction of sSEH in connecting tubules
and cortical and medullary collecting ducts, suggesting a role of
these segments in the regulation of local interstitial EET signals.
Incubation of murine kidney cell suspensions with 1 wM 14,15-
EET for 30 min reduced phosphorylation of NKCC2 at the AVP-
sensitive threonine residues T96 and T101 (—66 = 5%; P < 0.05),
while 14,15-DHET had no effect. Concomitantly, isolated perfused
cortical thick ascending limb pretreated with 14,15-EET showed a
30% lower transport current under high and a 70% lower transport
current under low symmetric chloride concentrations. In summary,
we have shown that activation of AVP signaling stimulates renal
sEH biosynthesis and enzyme activity. The resulting reduction of
EET tissue levels may be instrumental for increased NKCC2
transport activity during AVP-induced antidiuresis.

urine concentration mechanism; thick ascending limb; NKCC2

WATER CONSERVATION BY THE mammalian kidney is achieved by
the tightly controlled, coordinate action of epithelial and vas-
cular components. The hypothalamic antidiuretic hormone (ar-
ginine vasopressin, AVP) plays a dominant role herein. It
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stimulates luminal insertion of water channels along the con-
necting tubule and collecting duct epithelia, as well as the
insertion of urea transporters into medullary portion of the
collecting duct (37). The thick ascending limb (TAL) is sen-
sitive to AVP as well, since abundance, phosphorylation, and
surface expression of the furosemide sensitive Na™-K™-2Cl~
cotransporter (NKCC?2) are stimulated by the hormone (37). At
the vascular level, AVP causes vasoconstriction of preglo-
merular arterioles and descending vasa recta and, thereby,
reduces medullary blood flow. The combination of an aug-
mented solute transport activity and a reduced perfusion facil-
itates efficient countercurrent multiplication but also results in
a marked hypoxia of key medullary structures (17), which may
promote the development of renal disease (5). The renal effects
of AVP are modulated by locally produced arachidonic acid
derivates such as 20-hydroxyeicosatetraenoic acid (20-HETE),
epoxyeicosatrienoic acid (EET), and prostaglandin E, (PGE,)
which inhibit TAL transport activity (1, 15, 26, 31, 57) and
increase medullary perfusion (4, 74). While the regulation of
20-HETE and PGE; during AVP-induced antidiuresis has been
studied in considerable detail (59, 73, 77), less is known
regarding the mechanisms that determine synthesis and
metabolism of EET in this setting. EETs exist as four
regioisomers: 5,6-EET, 8,9-EET, 11,12-EET, and 14,15-
EET, which are synthesized by the cytochrome P-450
(CYP450) monooxygenases (18, 57). CYP450 isoforms
2C9/10, 2C11, 2C23, 2J3, and 2J4 have all been shown to
contribute to renal EET synthesis (18, 19, 34). In rats, 2C23
is considered the principal renal isoform to generate EET in
rat kidney (34). EETs are metabolically degraded mainly by
soluble epoxide hydrolase (sEH), which hydrolyzes EET to
their corresponding, less active dihydroxyeicosatrienoic
acid isomers (DHETS) (31, 57). The preferred substrates for
sEH are 14,15-EET, 11,12-EET, and 8,9-EET, whereas the
affinity of the enzyme toward 5,6-EET is low (30). The
kidney shows substantial sEH activity, but the site of its
synthesis and regulation within the renal parenchyma has
not been unequivocally clarified (19, 33, 38, 48, 75). Earlier,
microarray-based gene expression studies have provided
evidence for AVP-dependent activation of sEH in the kid-
ney (17, 51), prompting us to study the effects of AVP on
renal medullary EET metabolism in greater detail.

http://www.ajprenal.org

Downloaded from journals.physiology.org/journal/ajprenal (080.187.084.080) on April 17,2021.
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VASOPRESSIN ACTIVATES RENAL SOLUBLE EPOXIDE HYDROLASE

In the present study, we found that sEH is abundantly
expressed in the segments of human and rat nephrons and
collecting duct system. Chronic AVP treatment induced sEH
biosynthesis in AVP-deficient Brattleboro rats, which was
associated with a reduction of renal EET levels. Functional
studies in isolated TAL segments demonstrated an inhibitory
effect of 14,15-EET on NKCC2 phosphorylation and transport
activity. Induction of sEH by AVP may, therefore, be an
essential mechanism for the maintenance of sustained antidi-
uresis.

MATERIALS AND METHODS

Animal studies and tissue preservation. Animal studies were per-
formed according to National Institutes of Health’s guidelines after
approval from the Berlin Council on Animal Care (permission num-
bers G006-02/05, G0285/10, and 0O0124/96). For localization studies,
adult Sprague-Dawley (SD) rats (n = 3) were perfusion-fixed via the
abdominal aorta, using a fixative containing 3% paraformaldehyde
(Merck, Darmstadt, Germany) dissolved in PBS, as previously de-
scribed (52). Kidneys were harvested and processed for cryostat and
paraffin sectioning using established methodology (51). For Western
blot analysis of zonal sEH distribution, additional SD rats (n = 3)
were killed by cervical dislocation. Kidneys were carefully removed
and dissected into cortex, outer medulla, and inner medulla using
sterile razor blades and a stereotactic microscope. Samples were
subsequently snap frozen in liquid nitrogen, and stored at —80°C until
further use. Human kidney samples (n = 3) were obtained from the
healthy parts of tumor nephrectomy specimen after written consent of
the patients. Tissue blocks were immersion-fixed for 12 h using 3%
paraformaldehyde in PBS and subsequently processed for paraffin
embedding (46). Detailed protocols for treatment of Brattleboro rats
with 1-desamino-8-p-Arg vasopressin (IDAVP) have been published
before (51). Briefly, Brattleboro rats aged 2-3 mo (n = 26) were
treated with normal saline as vehicle or dDAVP (n = 13 each; 5 ng/h
for 3 days; Sigma Aldrich, Munich, Germany) via subcutaneous
infusion using osmotic minipumps (ALZET osmotic minipump,
model 2001; Charles River, Sulzfeld, Germany). At the end of the
treatment period, animals for microarray (n = 3 per group) and
biochemical studies (n = 5 per group) were killed by cervical
dislocation. Kidneys were carefully removed and processed at 4°C.
Samples were snap frozen in liquid nitrogen, and stored at —80°C
until further use. Animals for morphological studies (n = 5 per group)
were perfusion fixed as detailed above. sEH-deficient mice were
originally obtained from Boehringer Ingelheim Pharmaceutical
(Ridgefield, CT) and bred in the animal facility of the Max Delbriick
Center for Molecular Medicine in Berlin. A detailed description for
the establishment of gene deletion and genotyping has been published
(41, 62). Animals were back-crossed into FVB/N background for at
least six generations (28). At 3 mo of age, kidneys of male knockout
and wild-type mice (n = 4 for each genotype) were harvested for
biochemical analysis or fixed overnight using 3% paraformaldehyde
in PBS and processed for histological studies. Microdissection of
murine TAL segments was performed as previously described (9)
using a total of six male C57/BL6 mice (Charles River, Sulzfeld,
Germany).

Microarray studies. Gene expression profiling studies were con-
ducted in the microarray facility at the Zentrum fiir Medizinische
Forschung of the University Mannheim (Mannheim, Germany), as
previously described (17, 51). Affymetrix rat genome 230 2.0
arrays and a custom CDF version 9 annotation with Unigene-based
gene definitions (http://brainarray.mbni.med.umich.edu/Brainar-
ray/Database/CustomCDF/CDF_download_v9.asp) were used for
the analysis. Raw and normalized data were deposited in the Gene
Expression Omnibus database (http://www.ncbi.nlm.nih.gov/geo/;
GEO accession number: GSE34225).
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Quantification of renal outer medullary lipid levels. Free tissue
lipid levels were determined by mass spectrometry in kidney samples
of dDAVP-treated Brattleboro rats and controls. Samples were pow-
dered in liquid nitrogen, dissolved in a 50/50 vol/vol mixture of water
and methanol supplemented with 0.01% butylhydroxytoluol, mixed
with 10 pl internal standard solution (0.5 wg/ml), and buffered at pH
6 with 2 ml SPE-buffer (0.1 mol/l aqueous sodium acetate solution,
pH 6). Solid-phase extraction was performed using a Bond-Elut-
Certify-II-Column (Phenomenex, Torrance, CA). Eicosanoids were
eluted with 2 ml n-hexane/ethylacetate (25/75 vol/vol) with 1% acetic
acid. The solvent was evaporated with a gentle stream of N, at 40°C.
Residues were resuspended in 100 pl methanol/water mixture and
processed for measuring. Liquid chromatography-mass spectrometry
(LC-MS/MS) was performed at the mass spectrometry facility of
Lipidomix, as previously described (Lipidomix, Berlin, Germany) (2).
Free tissue levels of EET isomers and of the linoleic acid epoxides
9,10-EPOME and 12,13-EPOME and their respective diols 9,10-
DIHOME and 12,13-DIHOME were determined in parallel. Since the
formation of these diols is also catalyzed by sEH, the ratio of
DIHOME and EPOME isomers can be used as a measure for sSEH
tissue activity (20, 68).

Real-time PCR. mRNA was isolated from whole kidney homoge-
nates using Roti-Aqua phenol-chloroform extraction kit, according to
the manufacturer’s protocol (Carl Roth, Karlsruhe, Germany). After
digestion of genomic DNA by DNase 1 treatment (Qiagen, Hilden,
Germany) cDNA was generated by reverse transcription using the
Applied Biosystems cDNA synthesis kit (Applied Biosystems, Darm-
stadt, Germany). TagMan quantitative RT-PCR for sEH was per-
formed using the Applied Biosystems probe Mm00514706 and the
7500 Fast real-time PCR system (Applied Biosystems) following the
manufacturer’s instructions. The mRNA levels of GAPDH were
determined in parallel and served as a loading control (catalog no.
4352338E; Applied Biosystems). Expression levels were calculated
using the 274ACT method and were expressed as a percentage of
control (40).

Primary antibodies. For detection of sEH, we used an Affinity-
purified rabbit antibody against human sEH (1:500, HPA023094;
Atlas Antibodies, Stockholm, Sweden). Antibodies against total and
phospho-(p)-T96/T101-NKCC2 were generated in our laboratory and
have been described before (46). Antibodies for cyclooxygenase 2
(COX-2; sc-1746) and aquaporin 2 (AQP2; sc-9882) were obtained
from Santa Cruz Biotechnology (Dallas, TX). Antibody against the
Na*-Cl -cotransporter NCC was provided by D. Ellison (Oregon
Health & Science University, Portland, OR) and served as a marker
for the distal convoluted tubule (51). Antibody for the proximal tubule
marker megalin was a kind gift of T. Willnow (MDC, Berlin,
Germany) and has been described before (3). The antibody against
mouse a-smooth muscle actin was obtained from DAKO (Hamburg,
Germany); the antibody for B-actin was obtained from Sigma-Aldrich.

Immunoblotting. Samples for Western blot analysis were prepared
as previously described (71). Briefly, tissues were ground in liquid
nitrogen using sterile mortar and pestle and subsequently dissolved in
homogenization buffer containing 250 mM sucrose, 10 mM trietha-
nolamine, and protease inhibitors (cOmplete protease inhibitor cock-
tail; Roche Diagnostics, Indianapolis, IN). Nuclei were removed by
centrifugation (1,000 g for 10 min). Protein concentration of post-
nuclear homogenates was determined using bicinchoninic acid protein
assay following the manufacturer’s instructions (ThermoFisher Sci-
entific, Bonn, Germany). Samples were subsequently separated by
SDS-PAGE in a 10% gel (50 pg protein/lane) and electrophoretically
transferred to nitrocellulose membranes. Primary antibodies were
applied after blocking of nonspecific protein binding sites with 5%
nonfat dry milk in PBS. Membranes were incubated for 1 h at room
temperature followed by an overnight incubation at 4°C. Bound antibody
was detected using the appropriate HRP-conjugated secondary antibodies
and chemiluminescence. Developed X-ray films were scanned and den-
sitometrically evaluated using the Alpha Imager software (Cell Biosci-

AJP-Renal Physiol « doi:10.1152/ajprenal.00062.2016 - www.ajsprcnal.org
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Table 1. Microarray analysis of dDAVP effects on outer medullary mRNA levels of soluble epoxide hydrolase and

cytochrome P-450 monooxygenases

Gene Title Gene Symbol mRNA Accession Probe Set ID x-Fold of Control B
Epoxide hydrolase 2, cytoplasmic EPHX2 NM_022936 Rn.54495_at 245 0.04*
Cytochrome P-450, family 2, subfamily c, polypeptide 11 Cyp2cll NM_019184 1387328_at 13 0.68
Cytochrome P-450, family 2, subfamily c, polypeptide 23 Cyp2c23 NM_031839 1367988 _at 0.97 0.52
Cytochrome P-450, family 2, subfamily j, polypeptide 3 Cyp2j3 NM_175766 1370706_a_at 0.99 0.8
Cytochrome P-450, family 2, subfamily j, polypeptide 4 Cyp2j4 NM_023025 Rn.44992_at 0.78 0.003*
Cytochrome P-450, family 2, subfamily j, polypeptide 10 Cyp2j10 NM_001134980 Rn.34638_at 0.95 0.26

Analysis of published microarray data of kidney extracts from dDAVP-treated Brattleboro rats shows strong induction of sEH mRNA levels, as compared to
vehicle-treated controls, whereas the mRNA abundance of the principal cytochrome P-450 monooxygenases, Cyp2cll, Cyp2c23, Cyp2j3, and Cyp2jl0 are
unaltered. Cyp2j4 mRNA shows a modest decrease which, however, could not be reproduced by an alternative technology. Data are derived from (51) and are

presented as x-fold of vehicle-treated controls. *P < 0.05; n = 3 per group.

ences, Santa Clara, CA). Expression levels were normalized to the
expression of the housekeeping gene B-actin.

Immunostaining. Immunofiuorescence and immunoperoxidase
staining were carried out as previously described (51). Briefly, 4-pum
paraffin sections were deparaffinized, rehydrated, and subjected to
antigen retrieval by boiling in 0.1 M sodium citrate buffer using a
pressure cooker. Nonspecific binding sites were blocked by incubation
with 5% dry milk in PBS. Renal localization of sEH was studied by
immunofluorescence staining on 4-pm paraffin sections of human and
rat kidneys using the rabbit anti-sEH antibody in a 1:100 dilution.
Immunoreactive nephron segments were characterized by double
labeling with the established segment-specific antibodies to NKCC2
(1:5,000 dilution) for TAL, COX-2 (1:100 dilution) for macula densa,
NCC (1:100 dilution) for distal convoluted tubule, and AQP2 (1:100
dilution) for connecting tubule and collecting duct, respectively.
Bound antibodies were detected with the appropriate Alexa Fluor 488
or Cy3-labeled secondary antibodies (Dianova, Hamburg, Germany).
Stained sections were examined by confocal microscopy using a Zeiss
LSM Exciter confocal microscope and ZEN 2008 software (Carl
Zeiss, Jena, Germany). Sections for immunoperoxidase staining were
prepared as detailed above. Tissue peroxidases were blocked with 3%
hydrogen peroxide in methanol prior to application of the primary
antibodies. Signal was developed using HRP-labeled donkey anti-
rabbit secondary antibody (Dianova) and 3,3'-diaminobenzidine con-
taining 0.3% hydrogen peroxide (Sigma-Aldrich); samples were pro-
cessed synchronously with standardized incubation times to ensure
comparability of the measurements.

Validation of sEH antibody. Antibody specificity was verified by
immunoblotting in sEH knockout tissue and by peptide blockade in rat
kidney sections. To this end, we performed Western blot analysis on
total kidney homogenates from sEH-deficient mice and their respec-
tive controls. Peptide blockade studies were conducted using the
immunizing peptide (APrEST76223, Atlas Antibodies, Stockholm,
Sweden). sEH antibody was diluted in 5% nonfat dry milk in PBS and
incubated at 37°C for 30 min with different amounts of blocking
peptide prior to application to rat kidney sections. Western blot
analysis and immunostainings were performed as described above.

Renal tubule perfusion. Freshly isolated cortical thick ascending
limb segments of 10 male C57/BL6 mice (Charles River, Sulzfeld,
Germany) were incubated with either 0.34% ethanol (control) or with
1 uM 14,15-EET (Cayman Chemicals, Ann Arbor, MI) in 0.32%
ethanol or 1 pM 14,15-DHET (Cayman Chemicals) in 0.34% ethanol
for 30—40 min at 30°C in incubation solution (140 mmol/l NaCl, 0.4
mmol/l KH>POy4, 1.6 mmol/l K;HPO,4, 1 mmol/l MgCl,, 10 mmol/l
Na-acetate, 1 mmol/l a-ketoglutarate, 1.3 mmol/l Ca-gluconate, 3.75
mg/ml glycine, 0.48 mg/ml trypsin inhibitor, 0.25 mg/ml DNase I, and
5 mg/ml albumin, at pH 7.4). All chemicals were obtained from
Merck (Darmstadt, Germany) unless indicated otherwise. Preincu-
bated cortical thick ascending limbs (cTALs) were then transferred
into the bath on a heated microscope stage. The bath was heated to
37°C, and continuous bath perfusion at 3-5 ml/min with control

solution (140 mmol/l NaCl, 0.4 mmol/l KH,PO,, 1.6 mmol/l
K>HPOs, 1 mmol/l MgCl,, 5 mmol/l glucose, 1.3 mmol/l Ca-
gluconate, at pH 7.4) was obtained by gravity perfusion. Tubules were
held and perfused by a concentric glass pipette system. The perfusion
pipette was double-barreled, and barrel 1 was used for voltage
measurement and perfusion (perfusion rate 10-20 nl/min; 7.6 = 0.3
pm inner diameter) with control solution. Barrel 2 was used for
constant current injection (13 nA) and perfusion with low Cl

solution (28 mmol/l NaCl, 0.4 mmol/l KH,PO,, 1.6 mmol/l K;HPO,,
1 mmol/l MgCl,, 5 mmol/l glucose, 1.3 mmol/l Ca-gluconate, 51
mmol/l mannitol, 62 mmol/l NaSOs, at pH 7.4). After an equilibration
period under symmetric control conditions, first the basolateral and
then the luminal solution was changed to low Cl . Cable equations
were used to calculate transepithelial resistance R., as described
previously (21). Equivalent short-circuit current I’ was calculated
from R. and Vi, according to Ohms law, for both conditions,
respectively. The percentage of I's. under low Cl~ in relation to the
I'. under high Cl~ (Vimax) was calculated as the measure of Cl~
affinity of the transporter (9). The effects of the EET isomers on
NKCC2 phosphorylation were determined using mouse kidney cell
suspensions. To this end, kidneys of adult male C57/BL6N mice were
flushed with incubation solution to remove the blood. Kidneys were
subsequently incubated for 10 min in incubation solution containing 1
mg/ml collagenase 2 (Sigma-Aldrich) for collagenase digestion. After
complete digestion, the cells were pelleted by centrifugation at 1000 g
for 10 min, collagenase solution was discarded, and the pellet resus-
pended in fresh incubation solution containing 100 nM dDAVP to
induce NKCC2 phosphorylation. Aliquots of the resulting cell sus-
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Fig. 1. Effect of AVP V2 receptor analog desmopressin (dDAVP) treatment on
outer medullary free epoxyeicosatrienoic acid (EET) levels in Brattleboro rats.
Quantification of outer medullary free EET concentrations reveals significantly
lower levels of 5,6-EET, 11,12-EET, and 14,15-EET upon 5 ng/h dDAVP for
3 days compared with vehicle-treated controls. 8,9-EET reduction failed to be
significant (P = 0.08). Data are expressed as means * SE; *P < 0.05;n = 7
or 8 per group.
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Fig. 2. Effect of dDAVP treatment on outer medullary levels of linoleic acid
derivates in Brattleboro rats. Quantification of outer medullary levels of
epoxide (EPOME)- and dihydroxy (DIHOME)-derivatives of linoleic acid
reveals an increased DIHOME/EPOME ratio; this suggests increased activity
of soluble epoxide hydrolase (sEH) (61). *P < 0.05; **P < 0.01;n = 7or 8

per group.

pension were treated for 30 min at 37°C with 5,6-EET, 8,9-EET,
11,12-EET, 14,15-EET, and 14,15-DHET (1 pM final concentration;
Cayman Chemicals) or with ethanol as vehicle. After the treatment,
cells were pelleted at 1000 g for 10 min and prepared for Western blot
analysis as described above.

Statistical analysis. All values are given as means = SE. Statis-
tical analysis was performed using unpaired Student’s t-test or
ANOVA with post hoc Tukey’s test. Null hypothesis was excluded
when P was <0.05.

RESULTS

Effect of dDAVP on medullary expression of EET-metabo-
lizing enzymes. Screening of Affymetrix microarray results
from kidney extracts of dADAVP- or vehicle-treated Brattleboro
rats revealed constant mRNA levels for the CYP monooxy-
genases in CYP2C11, CYP2C23, CYP2J3, and Cyp2J10 (Ta-
ble 1). Abundance of CYP2J4 mRNA was reduced by 20%
relative to the vehicle-treated controls (P < 0.05), but subse-
quent real-time PCR verification studies in a separate set of
animals (n = 5 per group) failed to confirm differential
regulation (data not shown). mRNA levels for sEH were
significantly induced (+145% relative to controls; P < 0.05)
and in the real-time PCR verification studies (+160 * 37%,
P < 0.05).

Effect of dDAVP on renal-free EET tissue levels. Mass
spectrometry analysis of renal lipid levels in dDAVP-treated
Brattleboro rats revealed a reduced abundance of 5,6-EET
(12.8 = 3.2 ng/g vs. 35.7 = 9.5 ng/g; P < 0.05), 11,12-EET
(16.7 = 3.3 ng/g vs. 384 * 9.7 ng/lg; P < 0.05), and
14,15-EET (11.2 = 3 ng/g vs. 34.7 = 9.2 ng/g; P < 0.05)
relative to controls. Levels of the 8,9-isomer showed a strong
trend toward reduced levels (17.4 * 4 ng/g vs. 44 * 13.4 ng/g;
P = 0.08) but failed to reach the level of statistical signifi-
cance. Values are given as ng EET/g wet tissue weight in
dDAVP and vehicle-treated animals with n = 7 to 8 animals
per group (Fig. 1). It must be noted that 5,6-EET rapidly forms
a lactone in aqueous solutions, which may differ from the
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Fig. 3. Verification of anti-sEH antibody and distribution of sEH protein. A:
representative micrographs documenting labeling of rat kidney sections with
rabbit anti-sEH antibody (/) or with rabbit anti-sEH antibody following
preincubation with the immunizing peptide (/). Abundant signal for sEH is
present in the macula densa, proximal tubule, and collecting duct profiles I:
preincubation of sEH antibody with the immunizing peptide results in a
dose-dependent reduction of immunofiuorescence signal. Blockade was max-
imal at 10-fold excess of the peptide //: immunofluorescence staining; bar
indicates 20 wm. B: Western blot analysis of kidney homogenates of wild-type
(lanes 1 and 2) and sEH-deficient mice (SEH-/-; lanes 3 and 4) showing a
dominant band at 63 kDa in the wild-type animals, whereas no product is
present in the sEH-/- kidneys, thus confirming the specificity of the antibody.
C: Western blot analysis of the zonal distribution of SEH reveals a dominant
immunoreactive band at ~63 kDa, which is present in all kidney zones.
Samples from the inner medulla contain additional immunoreactive products at
~50 and 48 kDa, which probably represent splice variants of sEH (27).
Western blot for NKCC2 shows abundant signal in the outer medulla, weaker
signal in the cortex, and absence of signal in the inner medulla, thus confirming
the adequate separation of the kidney zones. B-actin serves as a loading
control.
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parent molecule in its biological activity. During the tissue
processing for our mass spectrometry assay, this lactone is
converted back to 5,6-EET. Thus, the measured levels for the
5,6-EET regioisomer may be higher than the biologically
active levels in the tissue.

We also determined the levels of the linoleic acid epoxides
9,10-EPOME (69 * 14 ng/g vs. 254 = 60 ng/g; P < 0.05) and
12,13-EPOME (36 = 11 ng/g vs. 166 * 44 ng/g; P < 0.05),
as well as their respective diols 9,10-DIHOME [52 * 8.8 ng/g
vs. 47 * 8.7 ng/g; P = 0.7, not significant (n.s.)] and 12,13-
DIHOME (85 * 25 ng/g vs. 56 * 14 ng/g; P = 0.4 n.s.) in
dDAVP-treated Brattleboro rats and control rats. The ratios
for 9,10-DIHOME and 9,10-EPOME (0.85 vs. 0.23; n = 7
to 8 animals per group; P < 0.05) and 12,13-DIHOME and
12,13-EPOME (2.54 vs. 0.43; n = 7 or 8 animals per group;
P < 0.01) were significantly increased in the dDAVP-
treated animals, thus demonstrating increased sEH enzyme
activity (Fig. 2).

JGA

Fig. 4. Localization of sEH protein in
Sprague-Dawley rat kidney. Representative
micrographs documenting double labeling of
rat kidney sections with rabbit anti sEH anti-
body (A, D, G, J) and cyclooxygenase 2
(COX-2; B and E) as a marker for the macula
densa segment, the Na™-Cl™-cotransporter
NCC as a marker for the distal convoluted
tubule (DCT; magenta in /), aquaporin 2
(AQP2) as a marker for the principal cells of
the connecting tubule (CNT; H), and megalin
as a marker for the proximal tubule (K). In the
merged color images (C, F, I, L), red signal
indicates sEH, and green signals mark COX-2
(C and F), AQP2 (J), and megalin (L). Ma-
genta signal (/) marks NCC. Macula densa
[between flanking lines in (C)] shows strong
signal for sEH and COX-2 (A-C). sEH and
COX-2 are also coexpressed in a subset of
TAL cells distant to the juxtaglomerular ap-
paratus (JGA; D-F). Abundant signal for sEH
is present in the AQP2-immunoreactive CNT
principal cells (G-I). DCT profiles are nega-
tive for sEH (G-/). Proximal convoluted tu-
bule shows subapical sEH signal beneath
megalin staining (J-L). Immunofluorescence
staining: bars 20 wm. Blue nuclei are stained
by DAPIL. G denotes glomerulus in C; while *
denotes TAL in F. Dashed line in / marks the
transition from DCT (+) to CNT (#).

transition DCT-CNT cortical TAL

cortical labyrinth
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Characterization of sEH antibody. Specificity of the sEH
antibody was verified by peptide blockade and by immuno-
blotting on kidney samples of sEH-deficient mice. Preincuba-
tion of sEH antibody with the immunizing peptide caused a
dose-dependent decrease in signal intensity in rat kidney sec-
tions. Blockade was maximal at 10-fold excess of the blocking
peptide (Fig. 3A). Western blot analysis of kidney homoge-
nates from wild-type mice revealed the presence of a dominant
sEH-immunoreactive band at 63 kDa, which was absent in the
homogenates of the sEH-deficient mice. An additional band
was detected at 70 kDa. However, this band was also present
in the sEH-deficient mice and was, therefore, considered un-
specific (Fig. 3B).

Renal distribution of sEH. Zonal distribution of sEH was
analyzed on rat kidney homogenates isolated from cortex and
outer and inner medulla. Distribution of NKCC2 was deter-
mined in parallel and showed abundant signal in the outer
medulla, weaker signal in the cortex, and absence of signal in
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the inner medulla, thus confirming the adequate separation of
the kidney zones. Western blot for sEH revealed a dominant
immunoreactive band at ~63 kDa, which was present in all
kidney zones. Samples from the inner medulla contained ad-
ditional sEH-immunoreactive products at 50 and 48 kDa,
which probably represent splice variants of the enzyme (Fig.
30) (27).

Immunofluorescence labeling of rat and human kidney sec-
tions confirmed abundant expression of immunoreactive pro-
tein in all kidney zones (Figs. 3-6). In the cortex, strong
cytosolic sEH signal was found in profiles of the macula densa,
as indicated by the coexpression COX-2 (Fig. 4, A-C). Co-
expression of SEH and COX-2 was further detected in a subset
of cells in the cortical TAL (Fig. 4, D-F), whereas the remain-
ing TAL was devoid of staining. Principal cells of the connect-
ing tubule and the cortical collecting duct were identified by
their expression of AQP2 and showed abundant sEH signal

transition PT-DTL

transition ATL-TAL

outer medulla

inner medulla

F1203

(Fig. 4, G-I). Triple labeling with the Na*-Cl~-cotransporter
NCC demonstrated the complete absence of sEH from the
distal convoluted tubule (Fig. 4I). Profiles of the proximal
tubule displayed subapical signal with intermediate intensity,
which was localized directly below the megalin-immunoreac-
tive brush-border membrane (Fig. 4, J-L). Signal intensity
increased toward the end of the S3 segment and extended into
the thin descending limb of the loop of Henle (Fig. 5, A-C).
Profiles of the thin ascending limb of the loop of Henle stained
positive as well (Fig. 5, D-F). Strong staining for sEH in the
outer medulla was further detected in the collecting ducts,
which were typically in close proximity with NKCC2-expressing
profiles of the thick ascending limb, thus suggesting functional
interaction (Fig. 5, G-I). Staining in the inner medulla was
localized to tDLH, tALH, and to the principal cells of the inner
medullary collecting duct, as indicated by the coexpression of
AQP2 (Fig. 5, J-L). Since immunohistochemistry does not allow

Fig. 5. Localization of sEH protein in
Sprague-Dawley rat kidney (continued). Rep-
resentative micrographs documenting double
labeling of rat kidney sections with rabbit anti
sEH antibody (4, D, G, J) and megalin (B) as
a marker for the proximal tubule (PT), Na-K-
2Cl-cotransporter NKCC2 (E and H) as a
marker for the thick ascending limb (TAL),
and aquaporin 2 (AQP2; K) as a marker for the
medullary collecting duct. In the merged color
images (C, F, I, L), red signal indicates sEH,
and green signals mark megalin (C), NKCC2
(F and 1), and AQP2 (L). PT sEH signal is
localized subapically (A-C). Signal is stronger
within terminal S3 and ensuing descending
thin limb (DTL) portions (arrows in C) and
continues to the ascending thin limb (ATL; +
in F) until its transition to the negative TAL
(* in F and /). Abundant sEH signal is present
in the principal cells of the collecting duct in
the outer (G-/) and inner medulla (J-L). Dou-
ble labeling with NKCC2 shows the close
local association between sEH-expressing col-
lecting ducts (# in /) and profiles of the TAL in
the outer medulla (G-). In the inner medulla,
sEH is abundantly expressed in DTL, ATL,
and collecting ducts, with partial overlap to
AQP2 in the latter (J-L). Immunofluorescence
staining: bars 20 pm. Blue nuclei are stained
by DAPL The dashed line in F marks the
transition from ATL to TAL.
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the distinction between the full-length protein and the shorter
products, the observed signals in the inner medulla refiect the sum
of the full-length protein and the shorter variants.

The renal vasculature, as identified by the expression of
a-smooth muscle actin in myocytes and pericytes of the vas-
cular wall, was devoid of sEH staining (Fig. 6). Studies in
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human kidney samples confirmed the expression in the macula
densa and in the collecting duct using the sEH antibody
validated in rodent tissue together with NKCC2 or AQP2
costaining (Fig. 7).

Effect of chronic dDAVP treatment on renal sEH expression.
The effects of a chronic activation of the urine-concentrating

Fig. 6. Localization of sEH protein in the renal vasculature. Representative micrographs documenting double labeling of rat kidney sections with rabbit anti-sEH
antibody (A, D, G, J) and a-smooth muscle actin (B, E, H, K; a-sma) as a marker for the vascular wall. In the merged color images (C, F, I, L), red signal indicates
sEH, and green signals mark «-sma. There is complete separation of the two signals, demonstrating an absence of sEH from vascular smooth muscle and
endothelial cells of afferent arterioles (A-C), arcuate vessels (D—F), vasa recta of outer (G-I), and inner medulla (J-L). Immunofluorescence staining: bars 20
pm. Blue nuclei are stained by DAPL. G denotes glomerulus, while * denotes afferent arteriole in C; + indicates the lumen of an arcuate vein, and § indicates

the lumen of an arcuate artery in F.
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mechanism on renal sEH expression were studied in dDAVP-
treated Brattleboro rats. Functional data for these animals
demonstrating augmented urine concentration and induced
levels of NKCC2 and aquaporin 2 have been reported before
(17, 51). Immnuohistochemistry revealed increased sEH pro-
tein levels in the cortex and in the outer medulla of dDAVP-
treated animals. Here sEH signal was strongly increased in
connecting tubules and in the cortical and outer medullary col-
lecting ducts. Protein levels in the inner medulla remained un-
changed (Fig. 84). Western blot analysis of total kidney homog-
enates confirmed increased levels of the 63 kDa (+65 = 7%
compared with controls; P < 0.05) and the 50 kDa (+65 * 7%
compared with controls; P < 0.05) variant of the protein in the
dDAVP-treated animals (Fig. 8, B and C).

Effect of EET regioisomers on TAL transport activity and
NKCC2 phosphorylation. The acute effects of the different
EET regioisomers on the phosphorylation of NKCC2 were
determined in murine kidney cell suspensions prestimulated
with 100 nM dDAVP. Incubation of these cell suspensions
with the individual EET regioisomers resulted in a significant
reduction of pNKCC2 abundance for 5,6-EET, 8,9-EET and
14,15-EET compared with the vehicle-treated controls (—35 *=
14%, —53 * 8%, and —66 * 5%, respectively; P < 0.05). In
contrast, 11,12-EET had no effect (+18 *= 15%, P = 0.5)
(Fig. 9). To corroborate these results, we studied the effects of
the 14,15-EET regioisomer in greater detail and also included
the inactive metabolite 14,15-DHET. Phosphorylation of

F1205

Fig. 7. Localization of sEH protein in the
human kidney. Double labeling of human
kidney sections with rabbit anti-sEH antibody
(A, D, G) and antibodies against NKCC2 (B
and E) or aquaporin 2 (AQP2; H). In the
merged color images (C, F, I), red signal
indicates sEH, and green signals mark
NKCC2 (C and F) and AQP2 (/). Ample sEH
protein is expressed in the macula densa (be-
tween flanking lines in (C), whereas the cells
of the surrounding TAL are negative. Strong
staining is also present in outer and inner
medullary collecting duct profiles. Immuno-
fluorescence staining: bars 20 pm. G denotes
glomerulus in C, while * denotes TAL in F;
and # shows the collecting ducts in F and 1.

NKCC?2 functionally changes the transport current by changing
NKCC2 membrane trafficking, as well as by changing its C1~
affinity, rate-limiting in the cortical TAL with already dilute
luminal fluid (9, 22). To investigate the effect of 14,15-EET on
TAL tubular transport, we, therefore, measured the equivalent
short-circuit current I’g. under two Cl~ concentrations, at 147
mmol/l to assess maximal transport velocity (Vi) of the
transporter and at 30 mmol/l, a concentration close to the
described ECsy of NKCC2 for C1~ (22). Freshly isolated
cTAL were incubated with either vehicle (control), 1 pmol/l
14,15 -EET or 1 pmol/l 14,15-DHET for 30-40 min. After
this preincubation period isolated perfused cTALs of the three
groups, Control, 14,15-EET, and 14,15-DHET, showed the
typical lumen positive transport I’sc. Pretreatment with 14,15-
EET reduced I'sc to 70% of the control I’sc under high C1~
concentrations and to ~30% under the low Cl~ concentration,
respectively (Fig. 10A). To address the question of whether
14,15-EET only reduces the total amount of NKCC2 in the
plasma membrane, thereby shifting the curve in the scheme
(Fig. 10B) from 1 to 2, or also decreases its Cl1~ affinity (curve
3 in the scheme), we calculated the percentage of I'sc (low
CI7) of the respective Vi (147 C17) values (Fig. 10B).
14,15-EET treatment led to a 55% reduction, indicating a
markedly reduced C1~ affinity. In contrast, pretreatment with
14,15-DHET did not induce a change in any of the parameters.
Treatment of murine kidney cell suspensions with 100 nM
dDAVP and 14,15-EET at concentrations of 0.1 or 1 pM
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Fig. 8. Effect of chronic vasopressin V receptor activation on sEH protein
expression in Brattleboro rats. A: representative high-power micrographs
showing sEH signal in the cortex (I, II), outer medulla (/I/, V), and inner
medulla of Brattleboro rats after vehicle (Z, /1, V; control) or dDAVP treatment
(11, 1v, VI, dDAVP). Treated animals show a stronger accumulation of
immunoreactive sEH in the cortex and outer medulla compared with controls.
Inner medullary sEH signals are not different. Immunoperoxidase staining:
bars 100 pm; n = 8 per group. B: Western blot of kidney homogenates from
Brattleboro rats treated with vehicle or dDAVP showing increased signal
intensity for the 63- and 50-kDa sEH variants; B-actin served as a loading
control. C: densitometric analysis of the signal confirms increased total
abundance of sEH in the treated animals. Data are means * SE; *P < 0.05;
n = 8 per group.

resulted in a dose-dependent reduction of pNKCC2 levels
compared with cell suspensions treated with 100 nM dDAVP
and ethanol as vehicle (control). Treatment with 1 wM 14,15-
DHET had no effect on the NKCC2 phosphorylation (Fig.
10D).

Effect of sSEH gene disruption on NKCC2 phosphorylation.
Analysis of outer medullary pNKCC2 abundance revealed
greatly reduced levels in the sEH-deficient mice relative to the

VASOPRESSIN ACTIVATES RENAL SOLUBLE EPOXIDE HYDROLASE

wild-type controls (Fig. 11), whereas total NKCC2 abundance
was unchanged (data not shown).

DISCUSSION

The aim of the present study was to characterize the effects
of AVP on the abundance and metabolism of EET isomers in
the kidney. We have demonstrated markedly reduced tissue
levels of EET isomers along with an increased abundance of
the principal EET-metabolizing enzyme sEH in connecting
tubules and collecting ducts of AVP-treated Brattleboro rat
kidneys compared with vehicle-treated controls. EET isomers
and AVP have been shown to exert opposing effects on
essential renal sodium transporters. In connecting tubule
(CNT) and collecting duct (CD), AVP activated the amiloride-
sensitive epithelial sodium channel ENaC (5, 6), whereas
14,15-EET acted as a potent inhibitor of ENaC transport
activity (13). In the TAL, AVP caused activation of NKCC2-
dependent ion transport, in part, by increasing its phosphory-
lation (46). In the present study, we found a pronounced
inhibitory effect of all EET regioisomers with the exception of
11,12-EET on NKCC2 phosphorylation. Parallel microperfu-
sion studies on murine cortical TAL segments demonstrated an
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Fig. 9. Effect of EET regioisomers on NKCC2 phosphorylation. A: Western
blots of murine kidney cell suspensions treated with 100 nM dDAVP as
control (—) or with 100 nM dDAVP and 1 pM 5,6-EET, 8,9-EET,
11,12-EET, or 14,15-EET (+) for 30 min. Bands show lower levels of
phosphorylated NKCC2 (pNKCC2) after treatment with 5,6-EET, 8,9-EET,
and 14,15-EET; total NKCC2 abundance was determined in parallel and
serves as loading control. B: Densitometric analysis of the signal intensity
and normalization to total NKCC2 levels confirms reduced abundance of
pNKCC2 after treatment with 5,6-EET, 8,9-EET, and 14,15-EET. No effect
is detectable following treatment with 11,12-EET. Data are expressed as
means n = SE; **p < 0.01;
n = 8-10 per group. Samples were prepared from a total of six mice.
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Fig. 10. Effects of 14,15-EET on TAL transport activity and NKCC2 phosphorylation. A: summarized data of the equivalent short-circuit current I’ of isolated
perfused cTAL pretreated with vehicle (control; white bars), 1 pM 14,15-EET (black bars), or 1 pM 14,15-DHET (gray bars) under two symmetric C1~
concentrations, 30 mmol/l CI~ (30) and 147 mmol/I C1~ (147). B: simplified scheme to illustrate enzyme kinetic like properties of NKCC2 (curve 1) with
maximal transport rate (Vimax, dashed line). Reduced number of NKCC2 in the membrane reduces Vim.x With unchanged ECs; (curve 2). Changes in Cl1— affinity
of NKCC2 lead to an additional shift of ECs, to higher C1~ concentrations (curve 3). C: I'. at low-chloride concentration expressed as a percentage of the
respective Vimax values; the 55% reduction after 14,15-EET pretreatment shows a markedly reduced Cl™ affinity. Treatment with 14,15-DHET has no detectable
effect on I'«.. Electrophysiological data are means = SE; n = 8, 9, and 8 for control, 14,15-EET, and 14,15-DHET, respectively. *P < 0.05 control vs. 14,15-EET.
#P < 0.05 14,15-EET vs. 14,15-DHET. D: Western blot of dDAVP-stimulated murine kidney cell suspensions showing a dose-dependent reduction of
phosphorylated NKCC2 (pNKCC2) after treatment with 0.1 pM and 1 wM 14,15-EET compared with the vehicle-treated control. Treatment of dDAVP-
stimulated kidney cell suspensions with 14,15-DHET has no effect. Total NKCC2 abundance was determined in parallel and serves as a loading control.

Representative example of n = 9 for vehicle-, EET-, and DHET, respectively. Samples were prepared from a total of six mice.

inhibitory effect of 14,15-EET on the chloride sensitivity of
NKCC2 and overall TAL transport activity. In line with this,
sEH-deficient mice, which display elevated tissue levels of
EETs and 20-HETE (41, 62), showed markedly reduced phos-
phorylation of NKCC2. These findings agree with data by He
et al. (26) on the inhibitory effects of 14,15-EET on NKCC2
transport activity in cultured murine macula densa cells. By

sEH /-

O““f‘b

e

Fig. 11. Effect of sEH deficiency on outer medullary levels of phosphorylated
NKCC2 (pNKCC?2). Representative low- (/ and [I) and high- (/II and 1V)
power micrographs showing reduced levels of immunoreactive pNKCC2 in the
outer medulla of sEH-deficient mice (/ and IV; sEH-/-) compared with
wild-type controls (/ and /). Immunoperoxidase staining: bars, 200 wm for /
and /1, and 20 pm for /I and IV. n = 4 per group.

contrast, Grider et al. (23) found no effect of 1078 M 5,6-EET
on transport activity in isolated rat TAL segments. However,
the 5,6-EET concentration used in that study was well below the
free tissue concentrations observed in our study and may,
therefore, have been insufficient to inhibit NKCC2-dependent
transport. Opposing effects of AVP and EETs have further
been described for the renal vasculature. Here, AVP causes
vasoconstriction either directly by activating vascular V, re-
ceptors or indirectly by its effects on epithelial V, receptors (8,
45, 67), whereas EETs may function as vasodilating mediators
in afferent arterioles and interlobular arteries (reviewed in Ref.
30). The observed reduction of renal EET levels in response to
AVP may, therefore, be instrumental for sodium retention and
increase in renovascular resistance during AVP-mediated urine
concentration.

Cellular sources and regulation of renal EET synthesis
during antidiuresis have not been clarified satisfactorily in
previous work. The first rate-limiting step during the formation
of EETs is the release of arachidonic acid from membrane
phospholipids, which is typically catalyzed by a phospholipase
A2 (PLA2) isoenzyme. The identity of the PLA2 isoenzyme
involved in the synthesis of EETs has not been elucidated.
However, in a previous study, we have shown that the calcium-
independent isoform of PLA2 (iPLA2(B) is abundantly ex-
pressed in the connecting tubule and medullary collecting duct
and that chronic stimulation with dDAVP led to a reduction of
iPLA2@ biosynthesis, with the assumed consequence of re-
duced AA release (51). Since both connecting tubule and
collecting duct have been identified as important sites for
intrarenal EET production (65), reduced iPLA2 levels at these
sites may likely have contributed to the reduced abundance of
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EETs observed in the present study. Alternative pathways for
arachidonic acid release have been described, but their rele-
vance for renal EET synthesis remains to be determined (16,
36). The next step in the biosynthesis of EETs is catalyzed by
a CYP monooxygenase isoenzyme; however, on the basis of
the results of microarray studies CYP monooxygenase abun-
dance was not affected by AVP. This finding argues against a
relevant role of CYP monooxygenases as rate-limiting en-
zymes in EET metabolism under this condition. Here, we have,
however, identified an additional mechanism for the regulation
of EET levels in response to AVP, which centrally involves the
function of sEH.

So far, ample evidence has linked sEH to the pathophysiol-
ogy of cardiovascular and renal disease, and inhibitors of SEH
have been shown to exert antihypertensive and renoprotective
effects (33, 34, 38, 44, 53, 58). In spite of extensive studies
performed on the renal expression of sEH, however, there is
still no consensus regarding the intrarenal localization of the
enzyme. Earlier reports range from an exclusively vascular
localization (75) over interstitial (53) to preferentially glomer-
ular (38) or tubular expression (33). In our study, we found
widespread distribution of the protein with expression in prox-
imal tubules, ascending and descending thin limbs of the loop
of Henle, the macula densa, and in CNT and CD, whereas
glomeruli, medullary TAL and DCT, and vascular structures
were devoid of staining. Little is currently known regarding the
function of sEH in individual nephron segments. In the prox-
imal tubule, 5,6-EET and 14,15-EET have been shown to
inhibit sodium transport (29, 39, 42, 64). Expression of sEH in
the apical membrane of proximal tubules may, therefore, serve
to deactivate EETs in the tubular fluid to avoid uncontrolled
inhibition of transport. Another important finding of our study
is the abundant expression of sEH in macula densa and cortical
TAL and its colocalization with COX-2 at these sites. COX-
2-derived prostaglandins cause vasodilation of the afferent
arteriole and, thereby, play an important role for the mainte-
nance of glomerular filtration during impaired renal perfusion
(24). However, COX-2 is also capable of oxidizing 5,6-EET,
and the resulting metabolites have been shown to cause vaso-
constriction of the preglomerular vasculature (31). sEH activity
in the macula densa and the cortical TAL may, therefore,
reduce local EET levels and may, thus, prevent the formation
of vasoconstrictive metabolites. Notably, we found high levels
of sEH also in the inner medulla, where we and others had
previously detected abundant COX-2 expression (12, 70, 73).
Again, sEH may serve to prevent the formation of EET
metabolites with unwanted properties at this site.

The dDAVP-treated Brattleboro rats revealed elevated SEH
levels in CNT and CD, which corresponds to the established
localization of the AVP V; receptor (46, 50, 60) and suggests
a functional link between AVP signaling and sEH activation.
Although a mechanism for this link has so far not been
explored, the analysis of the sEH promotor sequence revealed
the presence of several putative cAMP-response elements in
our hands. AVP-dependent induction of sEH biosynthesis may,
therefore, be mediated via the AVP V; receptor-dependent
activation of adenylyl cyclase VI (56). Other mediators that
have been shown to regulate sEH biosynthesis and may inter-
fere with AVP signaling include ANG II (32, 69, 72, 78),
steroid hormones (43, 55), and PPAR'y agonists (25, 47).

VASOPRESSIN ACTIVATES RENAL SOLUBLE EPOXIDE HYDROLASE

The potential biological relevance of an AVP-dependent
activation of sEH is illustrated by observations in several
animal models for renal and cardiovascular disease. Along this
line, spontaneously hypertensive rats displayed increased renal
sEH activity compared with their normotensive Wistar-Kyoto
counterparts (76), along with elevated plasma levels of AVP
(11, 14), and an increased abundance of renal AVP receptors
(66). Hypertension in these animals could be effectively re-
duced by treatment with antagonists for AVP (63) or sEH (35).
Parallel protective effects of antagonists for AVP and sEH
have also been described for DOCA-salt-induced hypertension
(10, 49, 54), systolic heart failure (44), or diabetic nephropathy
(7). On the basis of our findings, we, thus, suggest that the
detrimental effects of AVP may, in part, be mediated by its
effect on sEH synthesis and the resulting accelerated degrada-
tion of vasodilatory and transport-inhibiting EET.

In summary, we have shown that activation of AVP signal-
ing causes upregulation of renal sEH biosynthesis and enzyme
activity. The resulting reduction of EET tissue levels may
facilitate increased transport activity and renal vasoconstriction
to promote antidiuresis, but it may as well render the kidney
susceptible to insult. Further characterization of the AVP-sEH-
EET axis may, therefore, provide new targets for renoprotec-
tive therapeutic strategies.
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4.2. Group VIA phospholipase A; is a target for vasopressin signaling in the thick
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Na*-K*-2Cl" cotransporter (NKCC2)-mediated NaCl reabsorption
in the thick ascending limb (TAL) is stimulated by AVP via V2
receptor/PKA/cAMP signaling. This process is antagonized by locally
produced eicosanoids such as 20-HETE or prostaglandin E,, which
are synthesized in a phospholipase A,-dependent reaction cascade.
Using microarray-based gene expression analysis, we found evidence
for an AVP-dependent downregulation of the calcium-independent
isoform of PLA,, iPLA,, in the outer medulla of rats. In the present
study, we therefore examined the contribution of iPLA,f to NKCC2
regulation. Immunoreactive iPLA, protein was detected in cultured
mTAL cells as well as in the entire TAL of rodents and humans with
the exception of the macula densa. Administration of the V2 receptor-
selective agonist desmopressin (5 ng/h; 3 days) to AVP-deficient
diabetes insipidus rats increased outer medullary phosphorylated
NKCC2 (pNKCC2) levels more than twofold in association with a
marked reduction in iPLA>B abundance (—65%; P < 0.05), thus
confirming microarray results. Inhibition of iPLA,B in Sprague-
Dawley rats with FKGK 11 (0.5 uM) or in mTAL cells with FKGK
11 (10 wM) or (S)-bromoenol lactone (5 uM) for 1 h markedly
increased pNKCC?2 levels without affecting total NKCC2 expression.
Collectively, these data indicate that iPLA>B acts as an inhibitory
modulator of NKCC2 activity and suggest that downregulation of
iPLA,[ may be a relevant step in AVP-mediated urine concentration.

thick ascending limb; eicosanoids; vasopressin

STIMULATION OF THICK ASCENDING limb (TAL) transport by AVP
is an established element for the normal function of the urine
concentrating mechanism. In the TAL, AVP stimulates trans-
epithelial NaCl transport by increasing the abundance, phos-
phorylation, and surface expression of the type 2 Na™-K*-
2CI~ cotransporter (NKCC2). This effect is mediated by the
AVP V2 receptor and involves an increase in intracellular
cAMP concentration leading to subsequent activation of pro-
tein kinase A and probably also other protein kinases (2, 20).
The activation of NKCC2 is counteracted by locally produced
arachidonic acid derivatives such as 20-HETE, 14,15-epoxyei-
cosatrienoic acid (14,15-EET), or PGE, (2, 10, 18). Impair-

Address for reprint requests and other correspondence: A. Paliege, Dept. of
Anatomy, Charité Universititsmedizin-Berlin, Philippstr. 12, D-10115 Berlin,
Germany (e-mail: alexander.paliege @charite.de).
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ment of this response may cause Na™ retention and hyperten-
sion (19).

The common, rate-limiting step in the biosynthesis of all
eicosanoids is the release of arachidonic acid from membrane
glycerophospholipids by PLA, isoenzymes (7). At present,
over 30 different enzymes with PLA, activity have been cloned
and grouped according to sequence homologies or biochemical
properties (30, 37). Characteristically, these enzymes differ
with respect to their dependence on ionized calcium. As an
ample source of eicosanoids, the kidney expresses both calci-
um-dependent and calcium-independent PLA, activity (23),
and the calcium-dependent PLA, group IVA has been shown
to be involved in the regulation of the renal urine concentrating
mechanism (11). Currently, six proteins with calcium-indepen-
dent PLA, activity (iPLA,) have been identified and desig-
nated as iPLA, group VIA to VIF (37). The isoforms iPLA,-
VIA and -iPLA,-VIB, more recently termed iPLA,B and
iPLA,Yy, respectively, have been studied in detail (1). They
were shown to be activated by ATP and inhibited by bro-
moenol lactone (BEL), and their functions included phospho-
lipid remodeling, regulation of cell proliferation and apoptosis,
activation of storage-operated calcium channels, regulation of
vascular tone, and the release of arachidonic acid from mem-
brane phospholipids (1). Apart from data on a calcium-inde-
pendent PLA, isoform mediating the inhibitory effects of
dopamine on TAL transport (16), little is currently known
about the distribution and effects of renal iPLA, isoenzymes.

Microarray studies from our group suggested that outer
medullary iPLA,B8 mRNA levels were reduced after treatment
with the V2 receptor-selective agonist 1-desamino-8-p-Arg
vasopressin (desmopressin; dDAVP; 5 ng/h; 3 days) whereas
other iPLA; isoforms were not affected. This prompted us to
study the role of iPLA2B in TAL in more detail. We have
shown that 7) iPLA>p is expressed in the TAL of mouse, rat,
and human kidneys; 2) iPLA> expression in the outer medulla
is inhibited by chronic exposure to the AVP V2 receptor
agonist dADAVP; and 3) pharmacological inhibition of iPLA8
activity increases the abundance of phosphorylated NKCC2 in
cultured medullary TAL cells (mTAL cells) and rat outer
medulla. Our results suggest that iPLA,B is an effective inhib-
itory regulator of TAL transport activity. Downregulation of
iPLA,B by AVP may therefore be essential for sustained
activation of the urine concentrating mechanism.

MATERIALS AND METHODS

Animal studies and tissue preservation. Adult male Sprague-Daw-
ley (SD) rats (n = 6), Brattleboro rats with a hereditary central
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Table 1. Effect of dDAVP treatment on mRNA abundance of TAL PLA; isoenzymes

Gene Title Gene Symbol mRNA Accession Probe Set ID x-Fold of Control P
Phospholipase A, group IVA (cytosolic, calcium-dependent) Pla2 g4 NM_133551 Rn.10162_at 1.98 1E-19
HRAS-like suppressor 3 Pla2 gl6 NM_017060 Rn.11377_at 12 0.3
Lysophospholipase 3 Pla2 g15 NM_001004277 Rn.93631_at 1.12 7TE-05
Phospholipase A2, group XIIA Pla2 gl2a NM_001108565 Rn.137418_at 1.06 0.7
Patatin-like phospholipase domain containing 2 Pnpla2 NM_001108509 Rn.19196_at 1.0 0.9
Phospholipase A, group VIB Pnpla8 NM_001108020 Rn.23073_at 0.95 0.5
Neuropathy target esterase-like 1 Pnpla7 NM_144738 Rn.162643_at 0.93 0.06
Peroxiredoxin 6 Prdx6 NM_053576 1367969_at 0.88 0,01
Phospholipase A, group VIA Pla2 g6 NM_001005560 Rn.44692_at 0.77 TE-04

PLA: isoenzymes with significant expression in the thick ascending limb of Henle’s loop (TAL) were identified from http://dir.nhlbi.nih.| govlpapers/lkem/

Anll

mtaltr/Default.aspx. Microarray analysis of outer y tissue les of di

insipidus rats treated with 1-d ino-8-D-Arg vasop

dDAVP) or vehicle revealed 2 significantly regulated products: iPLA,B (PLA2 g6) and the calcium-sensitive PLA, group IVA (PLA2 g4). m.RNA levels of the

luding iPLA>y (Pnpla8) remained unaffected.

enzymes

diabetes insipidus (40) (DI; originally obtained from Harlan Winkel-
mann, Borchen, Germany; n = 16), and C57/BL6 mice (n = 6) were
bred in the local animal facility (Charité, Berlin, Germany) and kept
on a standard diet and tap water. All animal studies were performed
according to National Institutes of Health guidelines and were ap-
proved by the Berlin council on animal care (permission numbers
G006-02/05 and G0285/10). For microarray studies, young (8 wk)
adult male Brattleboro rats were randomly divided into two groups (n =
3/group) and treated for 3 days with either dDAVP (5 ng/h; Sigma-
Aldrich, Hamburg, Germany) or vehicle via an osmotic minipump
(Alzet minipump, model 2001, Charles River, Sulzfeld, Germany). At
the end of the treatment period, the animals were euthanized and their
kidneys were removed. The outer medulla was isolated and used for
cDNA generation and subsequent microarray analysis. For localiza-
tion studies, SD rats and mice (7 = 3) were anesthetized by isoflurane
(Abbott, Wiesbaden, Germany) inhalation followed by an injection of
pentobarbital sodium (0.06 mg/g body wt ip, Fagron, Barsbiittel,
Germany). The abdominal cavity was opened, and kidneys were fixed
with 3% paraformaldehyde (PFA; Merck, Darmstadt, Germany) in
PBS via retrograde perfusion of the abdominal aorta. After perfusion,
kidneys were carefully removed and processed for paraffin embedding
or cryostat sectioning using routine methodology. Additional animals
(n = 3) were euthanized after deep isoflurane anesthesia; kidneys
were removed and processed for protein biochemistry or cDNA
generation. To determine the intrarenal distribution of iPLA»R vari-
ants, different zones of rat kidneys were separated using sterile razor
blades. Human kidney samples (» = 3) were derived from tumor
nephrectomy specimens after written consent of the patients. Samples
from the healthy parts of the kidneys were fixed by immersion in 3%
PFA in PBS and processed for immunohistochemistry (31). The
effects of chronic AVP treatment on renal iPLA>B expression was
verified in additional male Brattleboro rats (n = 8/group). Treatment
with dDAVP was performed as described above. At the end of the
treatment period, animals (4/group) were euthanized and their kidneys
were removed. The outer medulla was isolated and used for cDNA
generation or protein biochemistry. The remaining animals were
perfusion fixed and processed for histological studies as described
above. To test the relevance of iPLAf for the regulation of NKCC2
in vivo, we employed the novel iPLAB-specific inhibitor 1,1,1,2,2-
pentafluoro-7-phenyl-3-heptanone (FKGK 11; Cayman Chemical,
Tallin, Estonia) (5).. Young male SD rats (n = 10) were randomly
divided into two groups. FKGK 11 was administered by intraperito-
neal injection of 250 pl of a 2 mM solution of FKGK 11 dissolved in
PBS supplemented with 5% Tween 80 (Sigma-Aldrich) as previously
described (27). Control animals were injected with vehicle. After 1 h,
animals were perfusion fixed and processed for immunoperoxidase
staining as detailed above.

Microarray studies. Gene expression profiling was performed in
the microarray facility of the Zentrum fiir Medizinische Forschung of

the University of Mannheim (Mannheim, Germany). Total RNA was
isolated from the outer medulla of dDAVP- and vehicle-treated
Brattleboro rats using a Qiagen RNeasy minikit following the manu-
facturer’s instructions (Qiagen, Hilden, Germany). cDNA and cRNA
were prepared according to the Affymetrix standard labeling protocol.
Hybridization to Affymetrix rat genome 230 2.0 arrays was performed
with GeneChip Hybridization oven 640. Chips were subsequently
dyed in GeneChip Fluidics Station 450 and thereafter scanned with
GeneChip Scanner 3000. All equipment was from Affymetrix (Af-
fymetrix, High Wycombe, UK). Data were analyzed using commer-
cial software (JMP Genomics version 4, SAS, Cary, NC). Custom
CDF Version 9 with Unigene-based gene definitions was used to
annotate the arrays (http://brainarray.mbni.med.umich.edu/Brainar-
ray/Database/CustomCDF/CDF_download_v9.asp). The raw fluores-
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Fig. 1. Expression of calcium-independent isoform of PLA, (iPLA,B) in rat
kidney and cultured medullary thick ascending limb of Henle’s loop (mTAL)
cells. A: PCR amplification of iPLA2B cDNA from total rat kidney (lane I) and
mTAL cell (lane 2) cDNA shows products at 500 bp. The control reaction
without cDNA shows no PCR product (lane 3). B: Western blot analysis of
total rat kidney homogenate (lane 1) shows iPLA,B-immunoreactive products
with a dominant (70 kDa) and several weaker bands (84, 63, 52, and 48 kDa).
In cultured mTAL cell homogenate (lane 2), 84-, 70-, and 48-kDa bands
appear. [3-Actin signal (bottom) serves as a loading control. C: Western blot
of the zonal distribution of iPLA,[ variants shows a weak expression in the
cortex (lane I). In the outer medulla, there is abundant expression of the
70-kDa band whereas the remaining variants are less abundant (lane 2). In
the inner medulla, the 84-kDa variant is more abundant than the 70-kDa variant
(lane 3). The abundance of B-actin (bottom) was determined simultaneously to
ensure equal loading.
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cence intensity values were normalized by applying quantile normal-
ization. Raw and normalized data were deposited in the Gene Expres-
sion Omnibus database (http://www.ncbi.nlm.nih.gov/geo/; GEO
accession number: GSE34225). To elucidate the effects of AVP
treatment on PLA, isoenzymes expressed in the TAL, we combined a
comprehensive list of mammalian enzymes with PLA, activity (30)
with information from a published database on the transcriptome of
microdissected mTALs (http:/dir.nhlbi.nih.gov/papers/lkem/mtaltr/
Default.aspx) (43). The effect of AVP treatment on the identified
enzymes was determined by microarray.

Cell culture experiments. For cell culture experiments, we used a
rat medullary TAL cell line generated by Eng et al. (12). Cells were
grown to confluence in renal epithelial cell growth medium (Promo-
Cell, Heidelberg, Germany) and processed for immunofluorescence
staining, cDNA generation, or protein biochemistry as previously
described (31, 41). To study the effects of iPLA, inhibition on
NKCC2 phosphorylation and protein abundance, cells were treated
with BEL (5 pM; Sigma-Aldrich), (R)-BEL, and (S)-BEL (5 pM;
Cayman Chemical) for 1 h. The concentration for BEL treatment has
been previously shown to inhibit rat iPLA,B and -y by 100 and 80%,
respectively (21). In addition, cells were treated for 1 h with either the
novel iPLA>B inhibitor FKGK 11 (10 wM; Cayman Chemical), with
the nonspecific PLA; inhibitor methyl arachidonyl fluoro-phosphate
(MAFP; 100 pM; Cayman Chemical), or the inhibitor of phos-
phatidate phosphohydrolase (PAPH) propranolol (250 wM; Sigma
Aldrich) (3, 5, 25). After treatment, cells were either collected for
protein biochemistry or processed for immunofluorescence as previ-
ously described (31, 41).

Conventional and real-time PCR. Total mRNA was isolated as
described above. After digestion of genomic DNA by DNase 1

F867

treatment (Qiagen), cDNA was generated by RT using an Applied
Biosystems cDNA synthesis kit (Applied Biosystems, Darmstadt,
Germany). The expression of iPLA,f and iPLAvy in rat kidney and
mTAL cells was detected by conventional PCR using a forward
primer from exon 13 (5'-CCGGCCAATGGACGCTTCT-3') and a
reverse primer from exon 16 (TGGACAAGCTTCTGGAACTC) for
iPLA,B and (5'-GAAGGCCGGGCAGGCTGATG-3") and (5'-
AGTCCCTTGGGAGCAGAAGTGC-3") for iPLAyy. PCR without
the addition of cDNA served as a negative control. TagMan quanti-
tative RT-PCR for NKCC2 and iPLA»B was performed using the
Applied Biosystems probes Rn.01485101 for NKCC2 and
Rn.01504428 for iPLA,f and the 7500 Fast Real-Time PCR system
(Applied Biosystems) following the manufacturer’s instructions. The
mRNA levels of GAPDH were determined in parallel and served as a
loading control (catalog no. 4352338E, Applied Biosystems). The
probe for iPLA,[3 was directed against the transition of exons 5 and 6,
which is present in all known iPLA>B splice variants. Expression
levels were calculated according to the 2~ 4A€T method and expressed
as % of control (26).

Western blot analysis. Samples were homogenized in sucrose-
triethanolamine buffer (41). Nuclei were removed by centrifugation at
800 g for 10 min at 4°C, and supernatant protein concentration was
determined by a bicinchoninic acid protein assay reagent kit (Thermo
Fisher Scientific, Bonn, Germany). Samples were subsequently sep-
arated by SDS-PAGE in a 10% gel (50 wg protein/lane) and electro-
phoretically transferred to nitrocellulose membranes. Equity in protein
loading and blotting was verified by membrane staining using 0.1%
Ponceau red stain. Nonspecific protein binding sites were blocked by
immersion in 5% nonfat dry milk in PBS. Membranes were subse-
quently incubated with the respective primary antibody. For detection

Fig. 2. Immunofluorescence localization of
iPLA protein in the thick ascending limb. Dou-
ble labeling was done of mouse (A-F), rat (G), and
human (H) kidney sections with rabbit anti-
iPLA>B antibody (A, D, and G-I) and guinea pig
anti-Na*-K*-2Cl~ cotransporter (NKCC2) anti-
body (B, E, G, and H). In the merged color images
(C, F, G-I), the red signal indicates iPLA>B and
the green signals mark NKCC2 (C, F, G, H). Blue
signals mark 4,6-diamidino-2-phenylindole (DAPI)-
stained nuclei. TAL profiles of all examined spe-
cies show a coexpression of iPLA2f3 and NKCC2,
thus demonstrating the presence of iPLA2f in the
entire TAL. iPLA,[ staining is absent from the
cells of the macula densa (between flanking lines in
A-C). Cultured mTAL cells (/) show strong, gran-
ular staining in scattered groups of cells. Immuno-
fluorescence staining; original magnification X400
for A-H; X630 for I *Marks profiles of TAL,
DCT marks profile of a distal convoluted tubule,
and CD marks profiles of collecting ducts.
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of iPLA,B, we used an affinity-purified rabbit anti iPLA>B antibody
(1:500, HPA001171, Sigma-Aldrich). This antibody is directed
against amino acids 100250 of human iPLA,B protein and thus
recognizes all described splice variants of the enzyme. The homolo-
gies toward the murine and rat proteins are 90 and 91%, respectively.
Total NKCC2 protein abundance was evaluated using either a mouse
monoclonal antibody against the COOH-terminal part of NKCC1
which cross-reacts with NKCC2 (T4 antibody developed by Lytle and
Forbush IIT; Developmental Studies Hybridoma Bank, University of
Iowa, Iowa City, IA) or a guinea pig anti NKCC2 antibody against the
N-terminal part of the protein to detect total NKCC2 (28, 31).
Phosphorylated NKCC2 was detected using a rabbit anti-pNKCC2
antibody as previously described (31). Membranes were incubated
with the primary antibodies for 1 h at room temperature followed by
an overnight incubation at 4°C. Bound antibody was detected using
the respective horseradish peroxidase-conjugated secondary antibody
and chemiluminescence. Developed X-ray films were scanned and

Fig. 3. Immunofiuorescence localization of
iPLA2B protein in DCT and medullary CD.
Double labeling was done of mouse kidney
sections with rabbit anti-iPLA,[ antibody (A,
D, G, and J) and guinea pig anti-NCC anti-
body (B), goat anti-calbindin-D2sk antibody
(E) or goat anti-aquaporin-2 (AQP2) anti-
body (H and K). In the merged color images
(C, F, I, and L), red signal indicates iPLA3,
and green signals mark thiazide-sensitive
Na*-Cl~ cotransporter (NCC; C), calbindin-
Dogi (F), or AQP2 (I and L). Blue signals
mark DAPI-stained nuclei. Profiles of DCT
show coexpression of iPLA2B with NCC
(A-C) and calbindin-Dagy (D-F), thus dem-
onstrating the presence of iPLA,B in the
DCT and the connecting tubule (CNT). Lines
in (D-F) mark the transition between DCT
and CNT characterized by the decreased cal-
bindin-D,g abundance and the ample pres-
ence of intercalated cells which do not ex-
press calbindin-Dask or iPLA2f. Profiles of
CNT in the cortex (G-I) and CD in the inner
medulla (J-L) show coexpression of iPLA>8
and AQP2 whereas abundance of iPLA2f in
the cortical CD was low (G-/). Immunofiu-
orescence staining; original magnification
X400 for A-L. *Marks profiles of TAL, DCT
marks profiles of distal convoluted tubules,
CNT of connecting tubules; CCD marks the
profile of cortical, and CD the profiles of
inner medullary collecting ducts.

AJP-Renal Physiol - doi:10.1152/ajprenal.00222.2011 - www.aj

iPLA,B REGULATES NKCC2

densitometrically evaluated using Alphalmager software (Cell Biosci-
ences, Santa Clara, CA). Expression levels were normalized to the
expression of the housekeeping gene [-actin using a well-character-
ized monoclonal antibody (1:20 000, Sigma-Aldrich) and expressed as
% of control.

Immunostaining. Immunostaining for iPLA, was performed using
rabbit anti-iPLA,B antibody in a 1:50 dilution. Identification of
iPLA,B-expressing nephron segments was achieved by double label-
ing with the segment-specific markers guinea pig anti-thiazide-sensi-
tive Na*-Cl~ cotransporter (NCC; 1:100) for distal convoluted tu-
bule, goat anti-calbindin-Dogx (1:1,000) for distal convoluted tubule
and connecting tubule, and goat anti-aquaporin-2 (1:100, sc-9882,
Santa Cruz Biotechnology, Heidelberg, Germany) for connecting
tubule and collecting duct as previously described (31). Total NKCC2
and pNKCC2 were detected using well-characterized antibodies
against the nonphosphorylated (guinea pig anti-NKCC2; 1:500) and
the phosphorylated N-terminal part of NKCC2 (rabbit anti-pNKCC2;
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control Blockade 10 fold excess

Fig. 4. Characterization of iPLA>B antibody. Immunofluorescence labeling of
mouse kidney sections with rabbit anti-iPLA>f antibody (red) and guinea pig
anti-NKCC2 antibody (green). Blue signals mark DAPI-stained nuclei. TAL
profiles in the outer medulla show coexpression of iPLA, and NKCC2 (A).
iPLA@ staining was abolished after preincubation of iPLA2[ antibody with a
10-fold excess of immunizing peptide (B). Immunofluorescence staining;
original magnification X400 for A and B. *Marks profiles of TAL, and CD
marks profiles of collecting ducts.

1:20,000) as previously described (31). Nuclei were stained with
4'-6-diamidino-2-phenylindole (DAPI). For all antibodies, control
experiments were conducted in which the primary antibody was
omitted.

Verification of iPLA>f antibody. Antibody specificity was further
verified by peptide blockade. To this end, immunizing peptide was
obtained from the antibody manufacturer (Atlas Antibodies, Stock-
holm, Sweden). iPLA,B antibody was diluted in 5% nonfat dry milk
in PBS and incubated for 30 min with different amounts of blocking
peptide before application to mouse kidney sections. Immunostaining
was performed as described above. For Western blotting, rat total
kidney homogenates were separated by SDS-PAGE in a 10% gel and
electrophoretically transferred to nitrocellulose membranes as de-
scribed above. iPLA>B antibody was incubated with a 10-fold excess
of blocking peptide for 30 min and added to the membranes. Signal
generation was achieved as described above.

Rip-flip immunoelectron microscopy. Preparation of plasma mem-
brane sheets was performed as previously described (42). Briefly,
mTAL cells were grown to confluence on glass coverslips and treated
with 5 uM (S)-BEL or vehicle as described above. After 1 h, cells
were fixed for 15 min using 0.5% PFA in PBS. After fixation, cells
were washed multiple times in PBS and subsequently inverted on
nickel electron microscopy grids that had been coated with formvar
and carbon and, on the day of the experiment, glow-discharged and
floated on poly-L-lysine (0.8 mg/ml for 30 min, followed by 10-s
rinsing in distilled H>O and air drying). Pressure was applied to the
coverslip for 15 s using a fine pair of forceps. The coverslips were
subsequently lifted, leaving sections of the upper cell surface adherent
to the poly-L-lysine-coated grid. Membranes were subsequently fixed
in 2% PFA for 20 min at room temperature. Labeling of pNKCC2 was
performed by sequential incubation with pNKCC2 antibody (1:150)
and gold-conjugated secondary antibody (1:50, Abcam, Cambridge,
UK); to this end, grids were placed into droplets. Samples were then
postfixed in 2% glutaraldehyde in PBS and processed for 10 min in
1% aqueous tannic acid and 10 min with 1% aqueous uranyl acetate
separated by washing with dH,O. Grids were air-dried and examined
by transmission electron microscope (Zeiss E905, Zeiss, Oberkochen,
Germany).

Statistical analysis. All values are given as means * SE of 4
animals/group. Statistical analysis was performed using an unpaired
Student’s z-test. A null hypothesis has been excluded when P was
<0.05.

F869

RESULTS

Gene expression analysis of dDAVP effects on TAL PLA,
isoenzymes. A comprehensive list of 31 mammalian enzymes
with PLA, enzyme activity was obtained from a recent review
(30). Nine of these were expressed in the TAL as revealed by
the mTAL transcriptome database (43), and two of the en-
zymes were significantly altered following AVP treatment.
Regulated enzymes included the calcium sensitive PLA> group
IVA (+98%) and iPLA>B (—23%) (Table 1).

Expression of iPLA2f3 in rat kidney and mTAL cells. Anal-
ysis of iPLA>8 mRNA accumulation in SD rat kidney and
cultured mTAL cells showed a product of the expected size of
500 bp by conventional PCR (Fig. 1A4). iPLA,y mRNA was
expressed in both sources as well (data not shown). In Western
blot analysis from rat kidney extracts, a dominant iPLA,3-
immunoreactive band at ~70 kDa and additional, weaker
bands at 84, 63, 52, and 48 kDa were detectable (Fig. 1B).
mTAL cells only showed the 84-, 70-, and 48-kDa bands; here,
the 84- and 70-kDa bands were equally abundant (Fig. 1B). In
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Fig. 5. Chronic vasopressin V2 receptor activation stimulates outer medullary
NKCC2 in diabetes insipidus (DI) rats. A: low-power micrographs show
immunoreactive phosphorylated NKCC2 (pNKCC?2) in DI rat kidney medulla
after vehicle (control) or 1-desamino-8-D-Arg vasopressin (desmopressin;
dDAVP) treatment (5 ng/h for 3 days); pNKCC2 is enhanced in TALSs of the
treated group. Immunoperoxidase staining; original magnification X100.
B: Western blot of outer medullary tissue extracts from DI rats treated with
vehicle (lanes 1-4) or dDAVP (lanes 5-8) showing increased pNKCC2 (open
bars) and total NKCC2 (filled bars) signals; B-actin served as a loading control.
C: densitometric analysis of the signal. D: real-time PCR of NKCC2 mRNA
abundance in outer medullary tissue extracts. *P < 0.05.
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Fig. 6. Chronic dDAVP treatment reduces outer medullary iPLA> in DI rats.
A: Western blot of outer medullary tissue extracts from DI rats treated with
vehicle (control; lanes 1-3) or dDAVP (5 ng/h for 3 days; lanes 4—6) showing
reduced iPLA,B-immunoreactive bands in the treated animals; -actin served
as a loading control. B: densitometric analysis of the blot. C: real-time PCR of
iPLA>B mRNA abundance in outer medullary tissue. *P < 0.05.

the kidney cortex, iPLA>B signals were weaker than in the
medulla; in the outer medulla, the 70-kDa band was dominant,
whereas in the inner medulla the 84-kDa variant was stronger
(Fig. 10).

Localization of iPLA,B in kidney and mTAL cells. Distribu-
tion of iPLA, was analyzed by immunofiuorescence in rodent
and human kidney samples and cultured mTAL cells. Strong
iPLA,B immunoreactivity was found in the distal nephron of all
examined species. Cellular staining was distributed throughout the
cytoplasm, with some scattered, particulate signals. In the glom-
eruli, podocytes showed weak but consistent iPLA>@ immunore-
activity. Proximal tubules and the renal vasculature were devoid
of staining. Double labeling with anti-NKCC2 in rat, mouse,
and human kidneys revealed that iPLA>[3 was expressed along
the entire medullary and cortical TAL with the exception of the
macula densa (Fig. 2). In addition, iPLA,B was expressed in
distal convoluted and connecting tubules as revealed by coex-
pression with NCC or calbindin-D,g, (Fig. 3), respectively.
Calbindin-D,g-negative intercalated cells were also negative
for iPLA,B (Fig. 3). In cultured mTAL cells, particulate
iPLA,B signals of varying strength were found in scattered
groups of cells (Fig. 2I). Double labeling of murine kidney
sections with iPLA>B and aquaporin-2 demonstrated colocal-
ization of the two products in inner medullary collecting ducts
whereas cortical collecting ducts were devoid of immunoreac-
tive iPLA>( protein (Fig. 3).

Characterization of iPLA;B antibody. Specificity of the
iPLA,B antibody was verified by peptide blockade. Preincu-
bation of the iPLA,B antibody with iPLA,@ peptide caused a
dose-dependent decrease in signal intensity in immunofluores-
cence (Fig. 4) and Western blotting (data not shown). Blockade
of signal was maximal at a 10-fold excess of peptide (Fig. 4B).

Effect of chronic dDAVP treatment on NKCC2 and iPLA,[3. To
study the effect of a chronic activation of TAL transport on
iPLA, expression, Brattleboro rats were treated with the AVP
V2 receptor analog dDAVP for 3 days using osmotic mini-

iPLA,B REGULATES NKCC2

pumps. This resulted in a significant drop in urine flow (—94 =
24% compared with controls; P < 0.05) and a major increase
in outer medullary immunoreactive pNKCC2 protein (Fig. SA).
Analysis of the outer medulla confirmed induction of pNKCC2
abundance (+130 * 329% compared with controls; Western
blotting; P < 0.05; Fig. 5, B and C). Total NKCC2 protein and
mRNA abundance were increased as well (+130 = 7% com-
pared with controls; Western blotting; P < 0.05; Fig. 5, B and
C, and +70 * 5% compared with controls; real-time PCR; P <
0.05; Fig. 5D). These results document an activation of
NKCC2 in the TAL of the treated animals, thus confirming
previous findings (31). Concomitantly, immunoreactive levels
of the 84- and the 70-kDa variants of iPLA,f were diminished
(Fig. 6A). Quantification of the 70-kDa variant revealed a
reduction of —65 * 7% compared with controls (P < 0.05;
Fig. 6B). iPLA,B mRNA accumulation was reduced as well
(—30 * 3% compared with controls; P < 0.0S; Fig. 6C).
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Fig. 7. Inhibition of iPLA: increases NKCC2 phosphorylation in mTAL cells.
A: representative micrographs from control (a) and bromoenol lactone (BEL;
5 uM, 1 h)-treated mTAL cells (b) showing increased abundance and mem-
brane localization of immunoreactive pNKCC?2 (red staining) in the treated
cells. Blue signals mark DAPI-stained nuclei. Immunofluorescence staining;
original magnification X400. B: Western blots of mTAL homogenates from
control (lanes 1-3) and BEL (5 pM, 1 h)-treated samples (lanes 4—6) showing
increased pNKCC2 (open bars) but unchanged total NKCC2 (filled bars)
signals; B-actin served as a loading control. C: densitometric analysis of the
blots in B. *P < 0.05. D: Western blot of mTAL cell treated with methyl
arachidonyl fluorophosphonate (MAFP; 100 puM, 1 h, lanes 4-6) or vehicle
(lanes 1-3) showing increased pNKCC2 signals in the treated cells. E.
Densitometric analysis of the blots in D. *P < 0.05.
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control
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Effect of BEL on NKCC2 phosphorylation. The effect of
iPLA; on NKCC2 phosphorylation was studied in mTAL cells
using the established iPLA, inhibitor BEL (5 pM, 1 h). This
caused a rapid and pronounced increase in the amount of
immunoreactive pNKCC2 as determined by immunofluores-
cence (Fig. 7A) and Western blotting (+189 * 6% compared
with controls; P < 0.05; Fig. 7, B and C). Total NKCC2 levels
remained unchanged (Fig. 5, B and C). BEL-treated mTAL
cells revealed increased immunoreactive levels of phospho-
NKCC2 (pNKCC2) along the lateral and apical plasma mem-
brane (Fig. 7A).

Effect of propranolol and MAFP on NKCC2 phosphorylation.
High concentrations of BEL have been shown to inhibit PAPH
in addition to iPLA; (4, 13). To rule out an involvement of
PAPH in the regulation of NKCC2, we treated mTAL cells
with the PAPH inhibitor propranolol or the nonspecific phos-
pholipase inhibitor MAFP (25). Treatment of mTAL cells with
100 wuM MAFP for 1 h increased the abundance of pNKCC2 to
a similar extent as BEL (+102 * 7.5% compared with con-
trols; P < 0.05; Fig. 7, D and E). In contrast, propranolol had
no effect (data not shown). The effect of BEL on NKCC2
phosphorylation is therefore likely due to inhibition of an
iPLA, isoenzyme (3, 13, 25).

Effect of (R)-BEL and (S)-BEL on NKCC2 phosphorylation.
To explore the contributions of the major iPLA, isoforms
iPLA,B and iPLA,7y to NKCC2 phosphorylation, we utilized
the differential inhibitory effects of BEL enantiomeres on
iPLA, isoforms. Since iPLA,B is known to respond to (S)-
BEL, whereas iPLA>y is preferentially inhibited by (R)-BEL,
a resulting significantly larger increase in pNKCC2 signal after
(S)-BEL than after (R)-BEL treatment suggested that the iso-
form involved in the regulation of NKCC2 phosphorylation is
iPLA,B (Fig. 8) (21). Increased abundance of pNKCC2 in the
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Fig. 8. NKCC2 phosphorylation is preferen-
tially increased after (S)-BEL compared with
(R)-BEL treatment. BEL enantiomers en-
hance pNKCC2 immunoreactivity (red stain-
ing) in cultured mTAL cells; (S)-BEL effects
(C) are much stronger than the effects of
(R)-BEL (B). Blue signals mark DAPI-
stained nuclei. Immunofluorescence staining;
original magnification X400.

(S)-BEL

apical membrane of (S)-BEL-treated mTAL cells was further
specified by immunogold staining of apical membrane sheets
(Fig. 9). Here, pNKCC2 signal was localized to electron-dense
protein aggregations in the treated cells, whereas signal was
absent in the controls.

Effect of FKGK 11 on NKCC2 phosphorylation. To further
test the hypothesis that iPLA, is involved in the regulation of
NKCC2 phosphorylation, we made use of FKGK 11, the newly
developed specific inhibitor of iPLA>B (5). Short-term treat-
ment of mTAL cells with FKGK 11 increased abundance and
membrane presentation of pPNKCC2 as determined by immu-
nofluorescence (Fig. 10, a and b). In vivo experiments in rats
confirmed the stimulatory effect of the compound on medullary
pNKCC2 levels (Fig. 10, ¢ and d). Together, these data support
a functional link between iPLA,B and NKCC2.

DISCUSSION

We have shown that iPLA>B is localized to the distal
nephron, where it acts as an inhibitory regulator of NKCC2
phosphorylation and apical surface expression. AVP-induced
activation of NKCC2 was associated with decreased iPLA>f
abundance, whereas other members of the iPLA, family were
not affected. We assume that downregulation of iPLA, is part
of the mechanism that provides sustained activation of NKCC2
in response to AVP-V2 receptor signaling.

Mammalian cells of various origins express multiple
iPLA,B isoenzymes as a result of alternative splicing and
proteolytic processing (4, 24, 34, 39). Using a polyclonal
antibody against the N-terminal ankyrin-repeats common to all
known splice variants of iPLA,B, we found abundant expres-
sion in the kidney of normal rats. Analysis of the zonal
distribution of iPLA,B demonstrated the highest relative abun-

p Fig. 9. (S)-BEL increases pNKCC2 abun-
dance in apical membrane sheets of mTAL
cells. Apical membrane sheets of mTAL cells
treated with vehicle (control)or (S)-BEL (5
: M, 1 h) show pNKCC2 immunogold stain-
- Ay ing in electron-dense protein aggregations
o (marked by the circle) of the treated cells.
Transmission electron microscopy; original

kS 2 magnification X27,000.

(S)-BEL

nal.
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Fig. 10. Inhibition of iPLA2B by FKGK 11 increases pNKCC2 abundance in
mTAL cells and rats. Representative micrographs from control and FKGK 11
(10 uM, 1 h)-treated mTAL cells showing increased abundance and membrane
localization of immunoreactive pNKCC2 (red staining) in the treated cells.
Blue signals mark DAPI-stained nuclei. Treatment of young adult Sprague-
Dawley rats with an intraperitoneal injection of FKGK 11 (250 pl of a 2 mM
FKGK solution, 1 h, n = 5 per group) or vehicle resulted in an increased
abundance of pNKCC2 in the outer medulla of the treated animals (d) com-
pared with controls (). Immunofluorescence (a and b) and immunoperoxidase
staining (c and d); original magnification X400.

dance of the 70-kDa variant of the enzyme in the outer
medulla; this variant was also detected in cultured mTAL cells.
Weaker bands at 84, 63, 52, and 48 kDa were further detected
in rat outer medulla. This pattern agrees with other reports on
mammalian iPLAB protein expression (4, 24, 34, 39). Our
findings on the tubular distribution of iPLA>B in mouse, rat,
and human kidney along the distal nephron, connecting tubule,
and distal collecting duct were novel; macula densa cells were
negative for iPLA,B, but expressed the calcium-dependent
PLA, group IV along with cyclooxygenase 2, which may
provide active prostaglandin synthesis at this particular site of
the kidney (29). Cellular iPLA, signals within granules and
along the basolateral membrane were in agreement with re-
ported data (4, 39). Significant iPLA, activity has been re-
ported in proximal tubules, with proximal membrane prepara-
tions containing iPLA>B. In our hands, however, proximal
tubules were negative, eventually owing to a low abundance
of the enzyme in this segment, and iPLA; activity in proximal
tubules may also reflect contributions by iPLA2y and lysophos-
pholipase 1 (22, 33, 44). Another site of joint iPLA,B and
iPLA,y expression has been reported from podocytes, and
iPLA,7y was implicated in podocyte injury upon complement
activation (9). In our hands, podocytes showed a weak but
consistent iPLA,3 staining as well.

The significant expression of iPLA,f along the TAL sug-
gested that the enzyme may interfere with TAL transepithelial
NaCl cotransport, consistent with earlier data on BEL-induced
inhibition of iPLA, ameliorating dopamine-induced reduction
of transport in TAL (16). Here, the nonselective PLA inhibitor

iPLA,B REGULATES NKCC2

MAFP and the more selective iPLA; inhibitor BEL showed
that iPLA, has an inhibitory effect on NKCC2 phosphorylation
and surface expression. Since the pNKCC2 level was prefer-
entially increased by S-BEL compared with R-BEL, identity of
the iPLA, isoform involved in the regulation of NKCC2
activity was likely iPLA,B. We were aware that BEL and its
enantiomers are not specific for iPLAB but also affect other
enzymes such as PAPH, which may interfere with eicosanoid
synthesis as well (3, 13). We therefore applied the PAPH
inhibitor propranolol but saw no effect on NKCC2 phosphor-
ylation. In aggregate, these data suggest that iPLA,@ has an
inhibitory effect on NKCC2 phosphorylation and surface ex-
pression. This conclusion was further supported by our studies
with FKGK 11, the newly developed specific inhibitor of
iPLA,B.

Since several studies have shown that maneuvers which
increase NKCC2 phosphorylation also raiss NKCC2 transport
activity, our observation of increased pNKCC2 levels along
with enhanced surface expression of the transporter upon
inhibition of iPLA,f is likely to reflect increased NKCC2
transport activity (14, 15, 31).

The mechanisms by which iPLA,[3 may regulate TAL trans-
port activity, are not entirely clear. iPLA>B catalyzes the
hydrolysis of glycerophospholipids at the sn-2 position, thus
generating free fatty acid such as arachidonic acid and a
2-lysophospholipid (LPC). These products have either intrinsic
biological activity or can be metabolized to other active mol-
ecules (7). Depending on the array of enzymes available,
arachidonic acid can be processed to a variety of metabolites
such as 20-HETE, EETs, or prostaglandins. All of these have
been shown to modulate TAL transepithelial transport (2, 10,
18). In outer medullary cell suspensions, arachidonic acid was
preferentially metabolized to omega-hydroxylated eicosatet-
raenoic acid metabolites such as 20-HETE (8, 38). In agree-
ment with this, cytochrome P-450-4A (CYP4A), the enzyme
responsible for 20-HETE generation, is expressed in the entire
TAL (21), whereas cyclooxygenase 2, the enzyme responsible
for prostaglandin synthesis, is restricted to the macula densa
and few, scattered TAL cells of the cortex and corticomedul-
lary transition (6, 17, 35, 37). The observed reduction of outer
medullary iPLA,B levels in dDAVP-treated DI rats as well as
the pharmacologically induced inhibition of iPLA,B in mTAL
cells are therefore likely to result in a decrease in 20-HETE,
which in turn may cause an activation of NKCC2. In line
with this assumption, earlier studies have shown an in-
creased capacity for 20-HETE synthesis in outer medullary
tissue preparations from DI rats that was reduced by dDAVP
treatment (36).

Another mechanistic aspect may be considered regarding
LPC production by iPLA>B during lipid hydrolysis, since
LPCs may increase membrane fluidity and facilitate the turn-
over of membrane rafts (32). We have previously shown that
activation of NKCC2 by AVP is associated with its shift into
membrane rafts along with enhanced surface expression (41).
In our setting, inhibition of iPLA,B therefore may have been
instrumental in raising the degree of active, surface-expressed
NKCC2 by stabilizing membrane rafts. Since iPLA2f is also
involved in membrane-recycling processes (10), impaired en-
docytosis and consequently increased surface expression of
NKCC2 may have contributed to our finding.
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In summary, we have shown that iPLA>(, a rate-limiting
enzyme for eicosanoid synthesis, is expressed in the distal
nephron. Inhibition of iPLA»f raises the activity of NKCC2 in
the TAL. AVP, an established activator of TAL transport,
causes downregulation of iPLA,{. These results suggest a role
for iPLA,( as a negative regulator of NKCC2 and critical part
of a mechanism contributing to salt and water homeostasis.
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The calcineurin inhibitor tacrolimus activates the renal
sodium chloride cotransporter to cause hypertension
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Calcineurin inhibitors (CNIs) are immunosuppressive drugs
that are used widely to prevent rejection of transplanted organs
and to treat autoimmune disease. Hypertension and renal
tubule dysfunction, including hyperkalemia, hypercalciuria
and acidosis, often complicate their use!'2, These side effects
resemble familial hyperkalemic hypertension, a genetic
disease characterized by overactivity of the renal sodium
chloride cotransporter (NCC) and caused by mutations in
genes encoding WNK kinases. We hypothesized that CNIs
induce hypertension by stimulating NCC. In wild-type mice,
the CNI tacrolimus caused salt-sensitive hypertension

and increased the abundance of phosphorylated NCC and

the NCC-regulatory kinases WNK3, WNK4 and SPAK. We
demonstrated the functional importance of NCC in this
response by showing that tacrolimus did not affect blood
pressure in NCC-knockout mice, whereas the hypertensive
response to tacrolimus was exaggerated in mice overexpressing
NCC. Moreover, hydrochlorothiazide, an NCC-blocking drug,
reversed tacrolimus-induced hypertension. These observations
were extended to humans by showing that kidney transplant
recipients treated with tacrolimus had a greater fractional
chloride excretion in response to bendroflumethiazide,
another NCC-blocking drug, than individuals not treated with
tacrolimus; renal NCC abundance was also greater. Together,
these findings indicate that tacrolimus-induced chronic
hypertension is mediated largely by NCC activation, and
suggest that inexpensive and well-tolerated thiazide diuretics
may be especially effective in preventing the complications of
CNI treatment.

We first studied whether tacrolimus was capable of inducing a familial
hyperkalemic hypertension (FHHLt)-like phenotype in wild-type mice,
as most previous studies have used rats>-5. Two weeks of tacrolimus
administration increased systolic blood pressure (SBP) from 123 + 3
to 145 + 3 mm Hg (Fig. 1a) and caused renal sodium (Fig. 1b) and
potassium retention (Fig. 1¢), as found previously>*S. A transient SBP

rise in both groups on days 1 and 2 was attributable to acclimation to
the injections. Although higher SBPs were already present during the
first week of treatment with tacrolimus, hypertension did not develop
fully until the second week (Fig. 1a) and was preceded by a decline in
urinary sodium excretion (Fig. 1b). The increase in SBP also correlated
with the degree of renal sodium retention (Fig. 1d). Although reduced
food intake with tacrolimus might also explain lower urinary sodium
excretion, there was no weight loss in the tacrolimus group, and body
weights in the tacrolimus and vehicle-treated mice were similar. In a
separate group of mice, we showed that tacrolimus-induced hyperten-
sion was salt-sensitive (Fig. 1e). Tacrolimus caused a modest increase
in plasma aldosterone concentration (Fig. 1f), but it is unlikely that
this is the main factor causing hypertension. Hypertension was more
severe in tacrolimus-treated mice on a high sodium diet (Fig. 1e), dur-
ing which plasma aldosterone concentration was suppressed (Fig. 1f),
than it was on a normal salt diet. To confirm that the modest rise in
plasma aldosterone to 348 + 20 pg ml~! during tacrolimus treatment
was not responsible for the rise in SBP, we infused additional mice with
aldosterone for 2 weeks, without tacrolimus. This treatment increased
plasma aldosterone concentrations to 1506 + 614 pg ml~! but did not
increase SBP significantly (121+6 mm Hgto 125+ 5 mm Hg; P> 0.05).
Although this result indicates that the increase in plasma aldosterone
concentration is not responsible for the effect of tacrolimus on SBP,
aldosterone could still have a permissive role.

In addition to hypertension, tacrolimus caused hypomagnesemia,
hypercalciuria and lowered plasma bicarbonate, with a positive urine
anion gap, consistent with renal tubular acidosis (Supplementary
Table 1); the degree of hypercalciuria was strain-dependent
(Supplementary Fig. 1). Although tacrolimus did not cause frank
hyperkalemia during normal potassium intake, when mice consumed
high-potassium chow, blood potassium concentration was higher in
tacrolimus-treated mice (5.4 + 0.2 mmol per liter) than in vehicle-
treated mice (4.5 = 0.3 mmol per liter, P = 0.02, Supplementary
Fig. 2). These results confirm that tacrolimus causes salt-sensitive
hypertension, hypercalciuria, renal tubular acidosis and potassium
retention in mice, recapitulating the FHHt phenotype.
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Tacrolimus interacts with several binding proteins to exert
effects”. One of these, FKBP12 (also known as FKBP1a), is essential
for its immunosuppressive effects and is widely expressed, includ-
ing throughout the nephron, where it is prominent along the distal
tubule®. CNIs inhibit calcineurin (also called protein phosphatase 3,
formerly protein phosphatase 2b), a phosphatase believed to have a
central role inimmunosuppression. Calcineurin comprisesa catalytic (A)
subunit, with three closely related isoforms (o, B and Yy), and
a regulatory (B) subunit. Calcineurin A-c is considered to be the
dominant isoform in the renal cortex®, where NCC is expressed!?,
and inhibition of calcineurin A-at activity is thought to be responsible
for CNI nephrotoxicity®. We first confirmed that calcineurin A-0t is
expressed by cells of the distal convoluted tubule (DCT; Fig. 2a).
Next, we showed that tacrolimus treatment increased the abundance
of phosphorylated (activated) NCC (pNCC; Fig. 2b), detected using
an antibody specific to phosphothreonine 53 (ref. 10); total NCC
abundance was not increased. Tacrolimus treatment also decreased
the abundance of the transient receptor calcium channel TRPV5
(Fig. 2b), consistent with a previous report that tacrolimus reduces
the abundance of TRPV5 messenger RNA in rats’. In rats, another
CNI, cyclosporine, has been shown to increase NKCC2 abundance!?,
but we did not find an effect of tacrolimus on NKCC2 in mice
(Fig. 2b). Tacrolimus treatment did increase the abundance of
WNK3, WNK4 (Fig. 2c) and the STE20-related kinase SPAK; it also
caused a shift in the electrophoretic mobility of SPAK, indicating its
activation!? (Fig. 2c).

As WNK3 and SPAK have been shown to increase NCC activity
through effects on NCC trafficking and phosphorylation, they may
be involved in tacrolimus-induced NCC activation. The increased
WNK4 abundance observed in tacrolimus-treated mice seems at odds
with WNK4’s proposed role as a negative regulator of NCC'3; how-
ever, WNK4 has been shown to switch to a stimulatory form under
some conditions!4, and may also have been induced as a compen-
satory response. Another group recently reported that cyclosporine
treatment increases WNK4 and NCC abundance in rats'5, effects
consistent with our observations.

These results point to an effect of tacrolimus on the DCT, the
only nephron segment expressing NCC. CNIs might increase the
abundance of activated NCC directly, perhaps by inhibiting phos-
phate removal from the NCC amino terminus. To test for such a
direct effect, in the absence of systemic factors, we determined the
abundance of NCC and pNCC in stably transfected HEK293 cells.
Tacrolimus treatment increased pNCC abundance in these cells
(Fig. 2d), indicating that systemic factors are not required. Although
this result is consistent with tacrolimus inhibiting calcineurin actions
on NCC directly, it is also consistent with secondary activation
via SPAK or WNK kinases, as HEK293 cells express these kinases
endogenously (data not shown). Further work will be required to
unravel these possibilities.

These results indicate that tacrolimus stimulates NCC activity in vivo
and in vitro, but do not indicate whether this stimulation is respon-
sible for the effect of tacrolimus on raising SBP. To address this issue,
we analyzed the effects of tacrolimus on SBP in NCC-knockout mice
and in mice overexpressing NCC. As reported previously’®, we found
that NCC-knockout mice had normal SBP under control conditions
(Fig. 3a). Unlike wild-type mice (Fig. 1a), NCC-knockout mice were
resistant to the effect of tacrolimus treatment in raising SBP (Fig. 3a).
Consistent with this result, tacrolimus treatment of these mice also did
not affect renal sodium, potassium and calcium excretion, or plasma
bicarbonate and magnesium concentrations (Supplementary Table 2).
The peak plasma tacrolimus concentration was similar in NCC-
knockout and wild-type mice (49.8 versus 46.1 ng ml~!, determined
from a pooled sample of all animals in each group), indicating that
the observed differences were not the result of altered tacrolimus
pharmacokinetics. Our results, based on studies in mice, support the
suggestion of others on the basis of a clinical observation that NCC
has an important role in tacrolimus-induced hypertension'”: kidney
transplantation from a donor with undetected Gitelman syndrome
normalized blood pressure and led to hypokalemia in a hypertensive
individual, despite ongoing tacrolimus treatment.

Because NCC-knockout mice lack this transporter throughout life,
developmental effects due to NCC deficiency may have contributed to
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Figure 2 Effects of tacrolimus on transport proteins and kinases in kidney and in vitro. (a) Localization of calcineurin A-a in kidney; left images show
immunohistochemical detection of calcineurin; right images show NCC in the same field delineating distal convoluted tubules. A control without
primary antibody is shown for comparison. Dots () indicate distal convoluted tubules. Scale bars, 50 um (top and bottom); 20 um (middle).

(b) Immunoblots showing effects of tacrolimus on the sodium chloride cotransporters (NCC and pNCC at ~130 kDa, and NKCC2 and pNKCC2 at ~140 kDa)
and on the calcium channel TRPV5 (at ~90 kDa). Densitometry analysis (fold change compared to vehicle, normalized for actin) for each are shown
at the right. Significance was determined by unpaired ¢ test. (c) Immunoblots showing effects of tacrolimus on WNK3 (at ~200 kDa), WNK4 (at

~150 kDa) and SPAK. Densitometry analysis (fold change compared to vehicle, normalized for actin) is shown at the right; densitometry of SPAK was
done by averaging all isoforms. Significance was determined by unpaired t test. (d) Immunoblots showing effects of tacrolimus on HEK293 cells. NCC
expression was undetectable when cells were not induced with tetracycline (Un). Induced cells were either untreated (0), or treated with vehicle (Veh)
or with tacrolimus (Tac). Bands corresponding to total NCC were detected at ~130 kDa (*) and 110 kDa (#), indicating mature and immature forms,
respectively, whereas the band corresponding to pNCC was detected only at 130 kDa. Representative immunoblots are shown. Densitometry was
normalized for actin. Significance was determined by unpaired ¢ test. NS, not significant. Error bars are means + s.e.m.

the resistance of these mice to tacrolimus treatment. To exclude this
possibility, we showed that hypertension induced in wild-type mice
by tacrolimus was reversed by treatment with hydrochlorothiazide,
a pharmacological inhibitor of NCC (Fig. 3b). A thiazide-induced
natriuresis or chloriuresis is often used as a marker of NCC activity in
experimental animals and humans'®!?. Hydrochlorothiazide caused a
greater natriuresis in tacrolimus-treated mice than in untreated mice
(Fig. 3c), supporting the conclusion that increased NCC activity medi-
ates the effects of tacrolimus. Notably, treatment with hydrochlorothi-
azide for 4 d did not worsen tacrolimus-induced hypomagnesemia in
wild-type mice (plasma magnesium 0.72+0.03 versus 0.78 +0.08 mmol
liter!; P = 0.5), suggesting that tacrolimus treatment of humans may
not exacerbate the hypomagnesemia induced by CNIs.

In as much as NCC-knockout mice were resistant to hypertension
when treated with tacrolimus, we next tested the effects of tacrolimus
on transgenic mice overexpressing NCC. These mice, which our
group has recently generated'?, have no overt phenotype at baseline,
despite a 70% increase in total NCC abundance compared to wild-
type controls; this lack of a phenotype is consistent with the lack
of an increase in pNCC abundance. When treated with tacrolimus,

mice overexpressing NCC developed more severe hypertension than
did their wild-type counterparts (Fig. 3d). Notably, the transgenic
NCC mice and their wild-type controls had a lower baseline SBP
than the mice in the previous experiments, which was attributed to a
strain difference (see Online Methods), as reported elsewhere?’. The
more severe hypertension in the transgenic NCC mice receiving tacro-
limus was associated with increased pNCC abundance compared to
tacrolimus-treated wild-type mice (Fig. 3e,f).

To analyze whether these findings in experimental animals extend
to humans, we identified CNI-treated recipients of kidney trans-
plants with an FHHt-like phenotype. This was defined as individuals
on a CNI with resistant hypertension (requiring two or more anti-
hypertensive agents), hyperkalemia (plasma potassium recurrently
>5.5 mmol per liter) or acidosis (serum bicarbonate recurrently
<20 mmol per liter, or requiring oral bicarbonate supplements); all
had serum creatinine values below 150 mol per liter (Supplementary
Table 3). The change in fractional chloride excretion (FE ) after a single
dose of bendroflumethiazide was taken as a measure of NCC acti-
vity. Individuals with CNI-induced hypertension had a significantly
(P=0.003) greater change in FE ., after bendroflumethiazide treatment
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than did healthy volunteer controls (Fig. 4a and Supplementary Table 3).
Recipients of kidney transplants who were treated with sirolimus but
not a CNI had a significantly smaller (P = 0.04) response than did
CNI-treated individuals, similar to controls (Fig. 4a). Bioimpedance
measurements showed that extracellular fluid volume was expanded
in the CNI group compared with controls (Fig. 4b,c), although there
was no significant difference in plasma renin activity or plasma aldos-
terone concentration (Fig. 4d,e). We examined transplant biopsy
samples using immunohistochemistry for NCC and pNCC in indi-
viduals treated with CNIs with an FHHt phenotype (Supplementary

Table 4) and compared them with biopsy samples from after-
transplant individuals treated with azathioprine (Supplementary
Table 5), and with samples from prospective kidney donors
(Supplementary Table 6). The subjects treated with CNIs had a pro-
nounced increase in NCC and pNCC staining compared with the
azathioprine and healthy control groups (Fig. 4f shows representative
examples; the other biopsy samples are shown in Supplementary
Fig. 3). Enhanced staining was visible in 10 of 14 biopsy samples
from the CNI group but in none of 13 from the azathioprine group
(P < 0.001, by Fisher’s exact test).
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Figure 4 Functional data and immunostaining in human subjects with CNI-

induced hypertension compared with controls. (a) Comparison of effects of 10 mg
bendroflumethiazide on fractional chloride excretion (AFE,) in kidney transplant
recipients with tacrolimus-induced hypertension (Tacrolimus), healthy volunteers
(Control) and kidney transplant recipients receiving sirolimus (Sirolimus). Significance

was determined by ANOVA. (b) Comparison of extracellular fluid volume versus total - .

body fluid volume (ECF/TBF) in kidney transplant patients with tacrolimus-induced Tacrolimus (CNIB)  Azathioprine (Aza5) Normal kidney (HC3)

hypertension compared with controls, measured by bioimpedance. Significance was

determined by unpaired t test. (c) Comparison of the ratio of extracellular to total body

water (ECW/TBW) in kidney transplant recipients with tacrolimus-induced hypertension
compared with controls, measured by bioimpedance. Significance was determined by pNCC
unpaired t test. (d) Comparison of plasma renin activity (PRA) in kidney transplant

recipients with tacrolimus-induced hypertension compared with controls. Significance

was determined by unpaired t test. (e) Comparison of plasma aldosterone concentration

(Pyqo) in kidney transplant recipients with tacrolimus-induced hypertension compared

with controls. Significance was determined by unpaired t test. (f) Representative confocal immunofluorescence images of renal tissue showing NCC and
pNCC in kidney transplant recipients with tacrolimus-induced hypertension compared with azathioprine-treated kidney transplant recipients and with
healthy controls. Scale bars, 100 um. Images from additional biopsy samples and clinical characteristics are provided in Supplementary Tables 4-6 and
Supplementary Figure 3. Error bars are means +s.e.m.
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CNI-induced hypertension has been attributed to a combination
of vasoconstriction and renal sodium retention?"?2. When admin-
istered in high doses, especially intravenously, vascular effects pre-
dominate®. CNIs have been shown to constrict arterioles, an effect
that may be both direct and via sympathetic activation. For this rea-
son CNI-induced hypertension is often treated with calcium channel
blockers?!. Calcium channel blockers are mainly vasodilatory drugs,
although a natriuretic effect has been demonstrated for some classes?.
Our results show that activation of the NCC in the DCT is necessary
for CNIs to cause sustained hypertension. This does not, however,
exclude an important role for vasoconstriction either as a direct effect
or as a result of sodium retention. Changes in vasoreactivity occur in
association with altered sodium balance; for example, individuals with
FHHLt have an enhanced response to a ‘cold pressor’ test?*, whereas
subjects with Gitelman syndrome have increased vasodilation?5-26.
In Gitelman syndrome the deleted gene, SLC12A3, is expressed in
renal but not vascular tissue, indicating that the vasodilation must
be the result of kidney dysfunction?®. According to Guyton’s model
of whole-body autoregulation, sodium retention will result in a pres-
sure natriuresis and secondary vasoconstriction?’. Indeed, a role for
increased endothelin and reduced nitric oxide has been proposed
in CNI-induced hypertension in rats, but only at very high doses
(5 mg kg~!)3; moreover, an endothelin inhibitor does not completely
prevent a rise in blood pressure with tacrolimus’.

The prevalence of the FHHt phenotype, with hypertension, hyper-
kalemia and acidosis, has been reported to be as high as 16-30% in
some series of patients treated with CNIs?%2%. Hypertension may be
less common with tacrolimus compared with cyclosporine, but hyper-
kalemia seems to be more common®’. A long-term follow-up study
detected hyperkalemia and hypertension in approximately 33% of
individuals with liver transplants maintained on tacrolimus?, suggest-
ing that these complications are relatively common. Our data suggest
that thiazide diuretics should be uniquely effective in treating CNI-
induced hypertension and hyperkalemia. Although there are concerns
about combining CNIs with thiazides because of the tendency of the
latter to cause magnesium wasting and glucose intolerance®', our own
data and a previous clinical study®? indicate that thiazides do not
worsen CNI-induced hypomagnesemia.

The contribution of CNIs to decreasing rejection rates after trans-
plantation is undisputed, but this benefit comes at the cost of increas-
ing rates of hypertension, which contribute to long-term kidney
damage and chronic allograft nephropathy®3. Our findings indicate
that activation of the NCC has a central role in tacrolimus-induced
hypertension and imply that a controlled trial of thiazide diuretics to
treat CNI-induced hypertension is justified.

METHODS
Methods and any associated references are available in the online
version of the paper at http://www.nature.com/naturemedicine/.

Note: Supplementary information is available on the Nature Medicine website.
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ONLINE METHODS

Animal studies. All animal studies were approved by Oregon Health and Science
University’s Animal Care and Usage Committee (A858). All mice were male
littermates (12-16 weeks, 25-30 g) and were fed a normal (0.5%), high-sodium
(8%) or high-potassium (5%) diet (Harlan Laboratories), as indicated. All mice
had a BALB/c background, except for the transgenic mice and their wild-type
controls (C57BL/6;129SV). Our NCC-knockout colony was backcrossed to
BALB/c every 10 generations to maintain the genetic background. The NCC
transgenic animals were recently generated by our group'’. Standard PCR, using
previously reported primers'®, was used to distinguish NCC-knockout and trans-
genic mice from wild-type mice. SBPs were measured with tail-cuffs using volu-
metric pressure recording (CODA-6; Kent Scientific). This method has been
validated for SBP measurements in mice, demonstrating excellent correlation
with radiotelemetry®*3°. The mice were first acclimated to the experimental
procedure for five consecutive days; baseline SBP was then measured for 3 d,
followed by daily measurements before the tacrolimus or vehicle injections.
Tacrolimus (Enzo Life Sciences) was dissolved in ethanol, Tween-20 and sterile
saline; the vehicle solution contained the same concentrations of the solvents.
Tacrolimus or vehicle was administered subcutaneously; the dose of tacrolimus
was 1 mg per kg body weight per day.

Blood and urinary measurements in mice. Whole blood was collected via
terminal cardiac puncture (under anesthesia) and immediately pipetted into
an i-STAT analyzer (Abbott Point of Care). The remainder of the blood was
centrifuged to measure plasma magnesium (Pointe Scientific), aldosterone
(ELISA; IBL-America) and tacrolimus (~4 h after the last injection; Architect
Tacrolimus Reagent Kit; Abbott Laboratories). Metabolic cages were used for
collection of spot urine and 24-h urine (under mineral oil); water and food
were provided as gel to avoid dilution of urine with drinking water. A 3-h
timed urine collection was used for the thiazide response; before this proce-
dure, the animals’ bladders were emptied by bladder massage. Urine sodium
and potassium concentrations were measured using a dual-channel flame
photometer (Cole-Palmer Instrument). Urine chloride, calcium and creatinine
were measured using the mercuric thiocyanate, cresolphthalein complexone
and modified Jaffé methods, respectively (all from Pointe Scientific).

Generation and culture of human embryonic kidney 293 cells transfected
with NCC. Complementary DNA (¢cDNA) encoding full-length mouse NCC
was subcloned into the pcDNAS/FRT/TO vector (Invitrogen). Flp-In 293
host cells (Invitrogen) were cotransfected with the pcDNAS/FRT/TO-NCC
construct and pOG44, a plasmid expressing Flp recombinase, resulting in a
homologous recombination event. Transfected cells were screened for hygro-
mycin resistance and lack of B-galactosidase activity. The Flp-In T-REx 293
NCC cell line was maintained in high-glucose DMEM containing 10% v/v FBS,
200 pg ml~! hygromyecin, 15 ug ml~! blasticidin and penicillin/streptomycin.
NCC induction was confirmed by incubating the cells with or without tetra-
cycline (1 pg ml~1), followed by cell lysis and immunoblotting with antibodies
specific to NCC and to pNCC.

Human studies. All human studies were approved by the West London Ethics
Committee 3, and indivudals gave informed consent for all procedures. Kidney
transplant recipients on tacrolimus (all outpatients) were selected with at least
two out of three features of the following: resistant hypertension, otherwise
unexplained metabolic acidosis or hyperkalemia. They were compared with
kidney transplant recipients using sirolimus, azathioprine and with untreated
healthy volunteers, as indicated in the Figures. The thiazide sensitivity test
was based on one previously described®. Urine and plasma electrolytes were

measured by ion-selective electrodes, and creatinine by the compensated
kinetic Jaffé method (Roche). Plasma renin activity and plasma aldosterone
concentration were measured by radioimmunoassay (Diasorin and Siemens).
Multifrequency bioelectrical impedance analysis was performed using a
tetrapolar eight-point tactile electrode system (Inbody720; Biospace).

Immunoblotting. Mouse kidneys were harvested and snap-frozen in liquid
nitrogen. Kidneys were then homogenized on ice in chilled homogenization
buffer containing protease and phosphatase inhibitors. Protein (20-80 ug) was
separated on 3-8% (wt/vol) Tris acetate gel (Invitrogen) as described®. All
primary antibodies had been characterized and were specific to the following
proteins: NCC, pNCC at threonine-53, WNK3 (Supplementary Fig. 4),
WNK4 (all developed in our laboratory)!®36, NKCC2 and pNKCC2 (ref. 37),
SPAK?® and TRPV'5 (Santa Cruz Biotechnology, SC-30187)%°. Densitometry
was performed using Image] (http://rsbweb.nih.gov/ij/).

i L

and im ry. For calcineurin and NCC
immunohistochemistry and immunofluorescence on mouse kidney sections
(Fig. 2a), an untreated wild-type BALB/c mouse was perfusion-fixed with
4% (vol/vol) paraformaldehyde in phosphate buffered saline (PBS) via the
abdominal aorta and cryoprotected in 800 mOsm per liter sucrose-(PBS).
After freezing in liquid nitrogen, 7-lum sections were prepared on a cryostat.
Sections were blocked with 5% (wt/vol) skim milk-PBS and incubated with
primary antibody at 4 °C overnight, followed by incubation with Cy-3- or
horseradish peroxidase-coupled secondary antibody. Secondary antibodies
conjugated with horseradish peroxidase were detected using diaminobenzi-
dine. Antibodies specific to calcineurin A-a were obtained from Santa Cruz
Biotechnology (sc-6123).

Human kidney sections for NCC and pNCC were stained on paraffin-
embedded sections using standard procedures. The sections were blocked with
1% (wt/vol) BSA in PBS and stained with antibodies specific to NCC (1:3,000,
The Binding Site) and pNCC (see above). Confocal microscopy was carried out
using an Olympus IX81.

I fluor

Statistical analyses. All values are expressed as mean * s.e.m. For the animal
and human studies, comparisons between two groups were done using the
Student’s ¢ test (paired or unpaired, as indicated in figure legends). Multigroup
comparisons were done using one-way ANOVA followed by a post hoc test.
In animals, SBP data were analyzed using two-way ANOVA to assess whether
the changes from average baseline SBP to final-day SBP in the two groups
were different.
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