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Abstract

Zu den vielfiltigen Aufgaben der Niere gehdren die tubuldre Riickresorption kérperwichtiger
Substanzen sowie die Regulation des renalen und systemischen Blutdrucks. Brennpunkte der
vorliegenden Arbeit waren die Kontrollparameter der tubulo-glomeruldren Regulation sowie
Aspekte des epithelialen Transports im distalen Nephron und Sammelrohr. Das L-Arginin-
Stickstoffmonoxyd (NO)-System und die Komponenten renaler Prostaglandinsynthese nehmen hier
eine wichtige Stellung ein. Die Schliissel-Syntheseenzyme NO-Synthase 1 (NOSI) und
Zyklooxygenase (COX) Typ 2 sind in der Macula densa lokalisiert. Sie sind im Zusammenhang
mit der Filtratbildung reguliert. Weitere Komponenten ihrer Reaktionskaskaden sind jedoch in ihrer
zellspezifischen Rolle noch unklar. Wir haben diese daher néher untersucht.

Mit histochemischen und biochemischen Methoden (immunhistochemische Farbungen, RT-PCR,
In situ Hybridisierung, Western blot und spezifischen ¢cGMP Nachweisen in Gewebe- und
Zellextrakten) wurden NO-Rezeptor (16sliche Guanylatzyklase; sGC), COX-1, COX-2 und die
membrangebundene Prostaglandin E,-Synthase (mPGES) nachgewiesen. Auflerdem wurde die
Interaktion von NOS1 und COX-2 im 2 Nieren-1 Clip (Goldblatt)-Modell bei der Ratte sowie bei
NOSI1-defizienten Méusen untersucht.

Die sGC wurde in den glomeruldren Arteriolen, den Renin-produzierenden Zellen, dem
Mesangium, den Vasa recta, den interstitiellen Fibroblasten und den Ito-Zellen der Leber detektiert.
COX-2 wurde zusammen mit mPGES in der kortikalen aufsteigenden Schleife und der Macula
densa gefunden. COX-1 wurde zusammen mit mPGES im terminalen distalen Konvolut, im
Verbindungstubulus  und im Sammelrohr detektiert. Die medulldren interstitiellen Zellen
exprimierten gleichzeitig COX-1, COX-2 und mPGES. Im Goldblatt-Modell bestand unilateral
(stenotische Seite) eine Stimulation der juxtaglomeruldren NOS1 sowie der COX-2 Expression.
Entgegen frilheren Annahmen konnten wir jedoch keine Hinweise fiir eine zell-bezogene
Interaktion zwischen beiden Produkten finden. Dieses wurde durch die Verwendung der NOSI1-
defizienten Maus bestitigt, die im Experiment keine Verdnderung der COX-2 Expression zeigte.

Die spezifische Lokalisation von NO-Rezeptor und Komponenten der Prostaglandinsynthese
unterstreicht ihre Bedeutung fiir die Regulation von Blutdruck, Salz- und Wasserhomdostase. Die
juxtaglomeruldre Synthese von NO und Prostaglandinen folgt dhnlichen Stimuli, ist jedoch

voneinander unabhédngig.



Abstract

Priciple functions of the kidneys are tubular reabsorption of important solutes and regulation of
renal and systemic blood pressure. This work has been focused on parameters to control the tubulo-
glomerular feedback and epithelial transport in the distal tubule and collecting duct system. The L-
arginine-nitric oxide (NO)-system and components of the renal prostaglandin synthesis are thought
to play major roles therein. Key-enzymes are NO-Synthase 1 (NOS1) and cyclooxygenase-2
(COX-2), both are localized in the macula densa and are regulated in dependence of the filtrate
formation. The cell-specific role of further components in the signalling cascades remains unclear.

For investigation we used histochemical and biochemical methods (immunohistochemistry, RT-
PCR, in situ hybridisation, western blotting and specific cGMP measurements in tissue and cell
extracts to localize the NO-receptor (soluble guanylyl cyclase, sGC), COX-1, COX-2 and the
membranous prostaglandin E,-synthase (mPGES). Moreover we analyzed the interaction of NOS1
and COX-2 in the 2 kidney-1 clip (Goldblatt)-model of the rat and in NOS1 deficient mice.

The sGC could be detected in glomerular arterioles, renin-producing cells, mesangium, vasa
recta, interstitial fibroblasts and Ito-cells of the liver. COX-2 was co-localized with mPGES in the
cortical thick ascending limb and macula densa. COX-1 was co-localized with mPGES in the
terminal distal convolutions, connecting tubule and collecting duct. The medullary interstitial cells
were positive stained for COX-1, COX-2 and mPGES. In the Goldblatt-model we found an
increased expression of juxtaglomerular NOS1 and COX-2 in the stenotic kidney. Against former
hypothesises we were unable to find evidences for a cell-specific interaction between both
products. This was supported by the evaluation of NOS1 deficient mice which revealed no
difference of COX-2 expression under control and variable conditions.

The specific localization of NO-receptor and components of the prostaglandin synthesis
emphasizes their relevance for the regulation of blood pressure and salt- and water homeostasis.
The juxtaglomerular synthesis of NO and prostaglandins are similarly regulated while COX-2 is
NO-independently expressed.



1. Einleitung

Die zentrale Leistung der Niere ist die Ultrafiltration des Plasmas und die resultierende
Riickresorption der Menge von ca. 1,5 kg Kochsalz pro Tag. Fiir diese Leistung stehen eine Reihe
von Transportsystemen entlang dem Nephron und Sammelrohrsystem zu Verfiigung. Regelsysteme
steuern den korrekten Ablauf der Riickresorption. Schwankungen der glomeruldren Filtrationsrate
bzw. der proximal-tubuléren Resorption werden distal im juxtaglomeruldren Apparat gemessen.
Uber ein Feedback-Signal kann kurzfristig eine Korrektur der Filtratbildung eingeleitet werden.
Mittel- und langerfristige Beeinflussungen der Filtratbildung und der Resorptionsleistung werden
u. a. durch das endokrine Renin-Angiotensin-Aldosteronsystem sowie durch lokale parakrine
Faktoren ermoglicht '™ .

10 eine

Zum einen spielt hier der Signalweg der NO-induzierten cGMP-Freisetzung
entscheidende Rolle, indem iiber Formen der NO-Synthase aus L-Arginin NO freigesetzt wird und
— neben anderen Reaktionsmoglichkeiten — an seinen Haupt-Rezeptor, die 16sliche Guanlytzyklase
bindet und die Bildung von cGMP einleitet. Zum andern sind die Wege der renalen
Prostaglandinsynthese imJGA und distalen Tubulus von herausragender Bedeutung. Das
dominierende renale Prostaglandin ist PGE2, das aus Arachidonsdure durch Isoformen der
Zyklooxygenase (COX-1, COX-2) iiber den Weg der membrangebundenen Prostaglandin-E
Synthase entsteht und an mehrere renal exprimierte Rezeptorformen binden kann .

Interessanterweise ist der JGA fiir beide Systeme ein Brennpunkt, indem die Macula densa

12 . . . . 13
1 7 und von ,induzierbarer COX-2 exprimiert .

selektiv hohe Mengen von ,,neuronaler NOS
Beide Komponenten sollen miteinander interagieren. Die Macula densa ist jedoch nicht die einzige
Quelle von NOS1 und COX-2. Vielmehr sind spezifische Effekte in den einzelnen Zonen der Niere
fiir Epithelien, Gefdfle und das Interstitium beschrieben.

Ein vollstindigeres Bild der Verteilung beteiligter Komponenten der beiden Systeme erschien
daher anstrebenswert. Die Enzym-Isoformen sollten in Verteilung und Funktion gegeneinander
abgegrenzt werden. Die vorliegende Zusammenfassung schildert demgemifl den Inhalt meiner

Arbeiten, die ich mit den Mitarbeitern unserer Abteilung zur Detektion der Signalwege von NOSI

und COX-1/2 und zur Charakterisierung ihrer Interaktion durchgefiihrt habe.



2. Material und Methoden
2.1. Tiere, Gewebe, Zellen
. Unbehandelte minnliche Sprague-Dawley Ratten (140-200g), ménnliche NOS 17 Mzuse und

Wildtyp Kontrollmduse NOS 17" (25-30g) wurden von der lokalen Tierabteilung bezogen.
Behandelte Ratten, Goldblatt-Modell: Tiere fiir das 2 Nieren 1 Clip Goldblatt-Modell des
renovaskuldren Bluthochdruckes und Kontrolltiere wurden {iber Zeitrdume von 3 und 28 Tagen
behandelt '*. Der Blutdruck wurde ab dem 1. Tag nach der Operation schwanzplethysmographisch
gemessen und alle Tiere wurden am letzten Tag des Experimentes zur Urinvolumenbestimmung
iiber 24h in metabolischen Kéfigen gehalten. Die verwendeten Glomeruli, Mesangialzellen und
medulldre Fibroblasten wurden in Zusammenarbeit mit unseren Kooperationspartnern isoliert.
Hierzu wurde Nierenkortexgewebe in Zellkulturmedium aufbereitet und durch Stahlsiebe der
Porengrole 150 um gesiebt, zentrifugiert, das entstandene Pellet in einem geringen Volumen
aufgenommen und die Glomeruli mikrodisseziert '°. Zur Isolierung der Mesangialzellen wurden die
Glomeruli enzymatisch mit Kollagenase verdaut, in Medium aufgenommen und morphologisch im
Phasen-Kontrastmikroskop charakterisiert. '°. Zur Isolierung der medulldren interstitiellen Zellen
wurde das innere Nierenmark mit Kollagenase und Hyaluronidase aufgespalten und die
Sammelrohrzellen durch Zentrifugation entfernt. AnschlieBend wurden die Zellen mit Dolichos
biflorus Agglutinin iiberzogenen Beads isoliert 7 und durch Dichtegrandientenzentifugation weiter
aufgereinigt. Zur Isolierung von Ito-Zellen wurden nichtparenchymale Zellen {iber Pronase-

18 isoliert und die Ito-Zellen anschlieBBend durch

Kollagenase-Methode
Dichtegrandientenzentifugation weiter aufgereinigt. lhre Identifikation erfolgte auf Grund ihrer
typischen Strukturmerkmale und ihrer Vitamin-A spezifischen Autofluoreszenz.

Fiir morphologische und immunhistochemische Untersuchungen wurden die Tiere anésthesiert und
retrograd {iber die abdominale Aorta perfusionsfixiert .

2.2. Histochemische und Western blot Analyse.

2.2.1. Antikorper gegen:

Antikorper Wirt Herkunft

By sGC Kaninchen D. Koesling
NOSI Kaninchen Alexis
Podosynapsin Maus P. Mundel
Desmin Maus Dako
5’-Ekto-Nukleotidase Kaninchen B. Kaissling
NOSI1 (Exon2) Maus Calbiochem

NOSI1 (Exon 12-21) Kaninchen Sigma

COX-1 Kaninchen Caymanchemicals
COX-1 Kaninchen Santa Cruz

COX-2 Kaninchen Caymanchemicals



COX-2 Ziege Santa Cruz

mPGES Kaninchen Caymanchemicals
THP Kaninchen J. Hoyer

Na-Cl Kotransporter Kaninchen D. H. Ellison
Na/Ca Austauscher Meerschweinchen R. Reilly
Calbindin Maus Sigma

2.2.2.  Western blot.

Gewebe (Nieren aufgetrennt in Kortex und Mark; Lunge; Skelettmuskel und Leber) und Zellen
(Mesangialzellen; interstitielle Zellen und Ito-Zellen) wurden in Homogenisierungspuffer
aufbereitet, zentrifugiert, und das Gewebehomogenat und Zellysat bis zur Verwendung bei —80°C
eingefroren. Die Homogenate und Lysate wurden anschliefend gelelektrophoretisch in SDS-PAGE
aufgetrennt und auf eine PVDF-Membran iibertragen, welche anschlieBend zur Blockierung
unspezifischer Proteinbindung in Milch {ibertragen wurde. Zur Detektion spezifischer Proteine
wurde die Membran mit dem jeweiligen Priméirantikorper, gefolgt von einem HRP-gebundenen
Sekundérantikdrper inkubiert. Mit Hilfe eines Chemiluminescenz-Kits wurde das Signal generiert.

Immunhistochemie. Zur immunhistochemischen Féarbung wurden Cryostatschnitte oder

Paraffinschnitte verwendet. Nach der Inkubation mit dem Primérantikorper erfolgte die Detektion
des Signals durch Fluorochrom oder HRP-konjugierte Antikorper. Durch die Blockierungstests mit
dem zur Antikorperproduktion verwendeten antigenen Peptids wurde die Spezifitit der anti-B1-
sGC und anti-COX-2 Antikorper tiberpriift.

2.3. Immun-Elektronenmikroskopie.

Fiir eine ultrastrukturelle Immunperoxidasemarkierung wurden 20um dicke Vibratomschnitte mit
anti-B1-sGC, anti-COX-1 und anti-COX-2 in Mikrotiterplatten inkubiert und anschlieBend mit 1%
Osmiumtetroxid nachfixiert, mit Maleatpuffer gewaschen, en bloc mit Uranylacetat markiert und in
Epon 812 eingebettet. Die danach hergestellten Semi- und Ultradiinnschnitte wurden mit einem
Licht bzw. Elektronenmikroskop ausgewertet.

2.4. NADPH-Diaphorase Markierung.

Die katalytische Aktivitit der NOS wurde iiber die enzymatische Reduktion von Nitroblau -
Tetrazoliumsalz in Anwesenheit von NADPH (NADPH-Diaphorase Reaktion) demonstriert. Das
Gewebe wurde in 0.1 M Phosphatpuffer bei 37°C inkubiert und bei Sichtbarwerden des Signals
abgestoppt.

2.5. In situ Hybridisierung.

Die Lokalisation der mRNA Expressionen, a; sGC, B; sGC, COX-1, COX-2 und mPGES, wurden

durch die In situ Hybridisierung untersucht. Digoxigenin-markierte RNA-Sonden (sense und
antisense) wurden iber in vitro Transkription der entsprechenden cDNA hergestellt und auf
Nierengewebe aufgetragen '*. Nach der Inkubation mit einem alkalische Phosphatase-konjugierten

anti-Digoxigenin Antikorper wurde das Signal durch eine Farbreaktion generiert.



2.6. RT-PCR.

Die RNA aus dem Nierenkortex, dem Nierenmark, den isolierten Glomeruli und aus der Leber
wurden nach der Guanidinium Thiocyanat-Methode extrahiert, spektrophotometrisch bei 260 nm
quantifiziert und anschlieBend revers transkribiert. Passende Oligonukleotidprimer fiir a; sGC, J;
sGC, COX-1, COX-2, PGES und GAPDH wurden zur Amplifizierung der cDNA mit einer 7aq
Polymerase benutzt. Nach der Auftrennung im Agarosegel und Ethidiumbromidfarbung wurden die
spezifischen cDNA Fragmente im Ultraviolettlicht {iberpriift.

2.7. Messungen_intrazellulirer zytosolischer ¢cGMP Fraktionen in Geweben und isolierten

Zellen.

Zytosolische Proteine aus Nieren-, Leber- und Lungengewebe sowie isolierte Podozyten,
Mesangial-, interstielle- und Ito-Zellen wurden in Anwesenheit von 3-isobutyl-1-methylxanthine
mit einem NO-Donor inkubiert und anschlieBend die Konzentration des gebildeten cGMP {iber

Radioimmunoassay oder enzymatisch gebundenen Immunabsorptionsassay gemessen.

3. Ergebnisse.

3.1 Identifikation immunhistochemisch markierter Strukturen in Niere und Leber.

Zur Identifikation wurden immunhistochemisch markierte Strukturen morphologisch und in
Doppelmarkierungsexperimenten ausgewertet. Es wurden Desmin fiir die Markierung des intra-
und extraglomeruldren Mesangiums, Podosynapsin fiir die Podozyten, 5’-Ekto-Nukleotidase fiir die
kortikalen Fibroblasten, NADPH-diaphorase-Reaktion und NOS1 Farbung fiir die Macula densa,
THP fiir die TAL, NCC fiir den DCT und Na/Ca und Calbindin fiir den CNT verwendet.

3.2. Lokalisation der Komponenten des L-Arginin-NO-Systems.

NO-Synthese in der Niere findet sich im Endothel von nahezu allen Gefafen einschlieBlich der
Kapillaren und der Glomerulumgefiéf3e. Hier konnte die endotheliale Isoform NOS3 identifiziert
werden. Das kortikale Interstitium war weitgehend frei von NO-Synthasen, wihrend im inner-
medulldren Interstitium gelegentlich NOSI1-positive Fibroblasten detektiert wurden. In den
Nephronepithelien wurde ausschlieSlich NOS1 gefunden. NOS1 Expression beschrinkte sich auf
die Macula densa und benachbarte Zellen der aufsteigenden Schleife als Teil des juxtaglomeruldren
Apparats. Dies wurde iiber eine Kolokalisation von NOS1 mit der NADPH-Diaphorase Reaktion
und iiber In situ Hybridisierung fiir NOS1 mRNA gezeigt '>. Die Lokalisation des wichtigsten NO-
»Rezeptors®, der loslichen Guanylatzyklase (sGC) war Schwerpunkt der vorliegenden Studie.
Immunhistochemie mit einem Antikorper gegen die B; Untereinheit der sGC zeigte eine positive
Reaktion im Glomerulus, in Gefaimuskelzellen sowie in interstitiellen Zellen. Im Glomerulus fand
sich die sGC im Mesangium des Kapillarknduels. Weiterhin waren die Strukturen des JGAs
markiert. So fand sich die sGC in der Wand der kleinen Widerstandsgefdfle, wie der afferenten
Arteriole mit ihren granulierten, renin-enthaltenden Zellen, der efferenten Arteriole sowie des

extraglomeruldren Mesangiums zwischen den Arteriolen. Das Signal zeigte zelluldr eine



zytosolische Lokalisation. Diese Befunde wurden iiber In situ Hybridisierung der a; und pB; sGC
bestitigt. Zusétzlich wurde mit Hilfe von RT-PCR in isolierten Glomeruli die mRNA beider sGC
Untereinheiten lokalisiert. In isolierten Mesangialzellen wurde per Western blot die ; Untereinheit
(UE) des Enzyms identifiziert. Die NO-abhéngige cGMP-Produktion wurde ebenfalls in
Mesangialzellen liber Gabe eines NO-Donors bestitigt. Neben dem JGA zeigten die aus der
efferenten Arteriole der juxtamedulldren Nephrone entspringenden absteigenden Vasa recta in
ihren kontraktilen Abschnitten eine starke sGC-Immunreaktivitit. Die Perizyten, welche die
Aufgabe der Kontraktion wahrnehmen und sie fassreifenformig umgeben, waren hierbei stark
markiert. Die Fibroblasten des kortikalen Labyrinths sowie die entlang der Gefa3biindel waren
positiv gefarbt. Die In situ Hybridisierung fiir beide UE, welche mRNA Signale in peritubuldrer
und perivaskuldrer Lokalisation mit einem Verteilungsmuster analog der typischen interstitiellen
Fibroblasten zeigte, sowie Western blot Analyse und Messung der Enzymreaktivitdt nach NO-
Donor Gabe von medulldr isolierten Fibroblasten konnten diese Resultate unterstiitzen. Die
Lokalisation der sGC in der Leber zeigte ein kriftiges immunhistochemisches Signal im
Interstitium. Hier waren generell die Ito-Zellen positiv mit schwicher werdender Intensitit von
periportal zur Zentralvene hin. Positive Wandstrukturen groflerer Lebergefdlle wie portale Venulen
und grofere Venen wurden ebenfalls beobachtet. Unterstiitzend hierfiir waren die Western blot
Analyse von Leberhomogenat und isolierten Ito-Zellen, die In situ Hybridisierung und RT-PCR
beider UE in der Leber sowie die Messung der Enzymreaktivitéit nach NO-Donor Gabe.

3.3. Lokalisation der Enzyme der Prostaglandinsynthese in der Niere.

Die Aktionen der Prostaglandine betreffen die Modulation der lokalen Hamodynamik, die
Reninfreisetzung und die tubulire Salz- und Wasserresorption. Die Hauptenzyme der
Prostaglandinsynthese sind COX-1, COX-2 und fiir die Umwandlung in das renale Prostaglandin,
PGE,, die mPGES. Die Wirkung der Prostaglandine ist zum einen abhidngig von deren
Produktionsort und zum anderen von der Lokalisation und Dichte der spezifischen Rezeptoren. Am
JGA ist die COX-2 abhingige Prostaglandinfreisetzung im Zusammenhang mit einer EP-4-
vermittelten Signaltransduktion zur Synthese und Freisetzung von Renin beschrieben worden '°.
Wir fanden hier in der Ratte die COX-2 sowie auch die mPGES in Zellen der Macula densa und
des umgebenden TAL lokalisiert. Die Maus besall dagegen COX-2 Immunoreaktivitit
ausschlieBlich in der Macula densa. Die COX-1 konnten wir im extraglomeruldren Mesangium und
schwach im intraglomeruldren Mesangium vorfinden. Neben der Beeinflussung der Reninsynthese
sind zahlreiche liber den EP-1- und EP-3-vermittelte tubuldre Effekte im Rahmen des Salz und -

" Entlang des Tubulus war COX-1 in der Ratte im

Wassertransports beschrieben worden
terminalen DCT, im CNT und in den Hauptzellen des CCD und MCD mit einer milden
zytoplasmatischen und einer stirkeren Kernmembranfirbung nachweisbar. Es bestand kein
Unterschied zwischen der Ratte und der Maus. COX-2 war auf einzeln verteilte, oder in Gruppen

auftretende Zellen des TAL mit einer prominenten zytosolischen und einer schwécheren



Kernmembranfarbung nachweisbar. mPGES war in beiden Spezies sowohl mit COX-1 als auch mit
COX-2 gemeinsam lokalisiert. Diese tubuldren Befunde wurden durch In situ Hybridisierung
bestdtigt. Enzyme der Prostaglandinsynthese waren weiterhin in vaskulidren und interstitiellen
Strukturen vorhanden. Vaskuldr konnten COX-1 deutlich und COX-2 nur gelegentlich im Endothel
lokalisiert werden. Die kortikalen Fibroblasten waren in der Maus positiv fiir COX-1 wie auch fiir
mPGES, wihrend hier in der Ratte kein Signal fiir diese Enzyme gefunden wurde. Die medulldren
Lipid-beladenen interstitiellen Zellen sind ein schon frither definierter Produktionsort fiir
Prostaglandine. COX-1, COX-2 und mPGES wurden in starkem Ausmal} sowohl in der Ratte als
auch in der Maus in diesen Zellen exprimiert. Hier wurde ebenfalls eine Kolokalisation von PGES
mit COX-1 bzw. COX-2 durch Doppelmarkierungen bestatigt.

3.4. Analyse der NOSI Interaktion mit COX-2.

Sowohl die NOS1 vermittelte NO-Synthese wie auch die COX-2 abhingige Prostaglandinsynthese

findet in der Macula densa und dem unmittelbar benachbarten TAL Segment statt. Beide Enzyme
werden  konstitutiv. und teilweise kolokalisiert exprimiert. Diese zeigten analoge
Expressionsidnderungen unter verschiedenen Stimuli, wie unter renovaskuldrer Hypertonie (2K1C
Goldblatt-Modell), unter Inhibition des Na-K-2Cl-Kotransporters durch Furosemid oder
Salzbeladung und Salzrestriktion ***. Da NO COX-2 aktivieren kann ** und eine Inhibition der
NOS1 zu einem Absinken der juxtaglomeruliren COX-2 Expresssion > *>* fijhrte, nahmen wir an,
dass NO ein positiver Regulator der COX-2 ist. So untersuchten wir die Koexpression beider
Enzyme durch Auszéhlung einzelner, fiir das jeweilige Antigen immunpositiver Zellen des JGA
von Ratte und Maus unter veridnderten Bedingungen.

COX-2 immunreaktive Zellen wurden nach 3 typischen Lokalisationen unterteilt: die Macula densa
selbst, die Macula densa Region und die kortikale dicke aufsteigende Henle-Schleife (cTAL).
Doppelmarkierungen von COX-2 und NOSI1 ergaben, dass in der NOS1 positiven Macula densa
nur eine oder zwei doppelt markierte Zellen, in der Macula densa Region jedoch mehrere solcher
Zellen vorkamen. Im benachbarten cTAL wurden COX-2 positive Zellen grundsitzlich allein
vorgefunden. Die Anzahl der Zellen, welche COX-2 allein oder zusammen mit NOS1 exprimieren,
wurde in den experimentellen Modellen erhoben und mit dem Durchschnitt der entsprechenden
Kontrollen verglichen.

Folgende Resultate wurden im Goldblatt-Modell erhalten:



COX-2 in der COX-2 in der
COX-2 in der
Gruppe Macula densa Macula densa NOS1 gesamt
. cTAL
selbst Region
stenotische Niere
) + 81 % +71% +73% +35%
(Kurzzeit)
nichtstenotische
) _ -53% -41% -14 % - 14%
Niere (Kurzzeit)
stenotische Niere
. +90% +90% +75% + 50%
(Langzeit)
nichtstenotische
) . - 70% -31% -16% - 16%
Niere (Langzeit)

Die numerischen Verdnderungen COX-2 positiver Zellen im Experiment zeigen demnach keinen
Bezug zur Koexpression mit NOS1, woraus wir schlielen, dass NO — zuminderst in der Zell-
autonomen Betrachtungsebene - nicht fiir die Verdnderungen der COX-2 erforderlich ist. Zur
Uberpriifung unserer Resultate wurden NOSI1 defiziente, experimentell gleichfalls stimulierte
Maiuse benutzt; diese bestdtigten die Beobachtung, dass eine Stimulation von COX-2 auch bei

Fehlen von NOSI1 erfolgte.

4. Diskussion

Die hier in Kurzform dargelegten Resultate zeigen die Lokalisation von Schliisselprodukten des L-
Arginin-NO-Systems und des Prostaglandinsynthese-Systems sowie funktionelle Implikationen
und Aspekte ihrer Interaktion.

4.1. Juxtaglomeruldrer Apparat.

Der JGA besteht grundsitzlich aus den Glomerulumgeféafen, dem extraglomeruldrem Mesangium
und der Macula densa. NOS1 und NOS3 fanden wir in der Macula densa bzw. im Endothel 2",
COX-2 jedoch nur im Epithel der Macula densa und benachbarter aufsteigender Schleife; wir
bestitigten z. T. hiermit bestechende Vorarbeiten *. Fiir bedeutsam halten wir die Lokalisation der
sGC in den glattmuskuldren Elementen des JGA (Extraglomeruldres Mesangium und arteriolédre
Wandzellen) und die mPGES in der Macula densa, da diese Befunde Hypothesen stiitzen, die im
Rahmen der tubulo-vaskuliren Signaltransduktion aufgestellt worden sind *. Hierbei stand im
Vordergrund, dass eine Hemmung des NKCC2-abhingigen Salztransports der aufsteigenden
Schleife NOS1 und COX-2 stimuliert, und dass parallel sich Antworten in der gesteigerten
Reninfreisetzung und in einer Ddmpfung der konstriktiven TGF-Antwort der afferenten Arteriole
messen lieBen . In vitro-Messungen ergaben einen Hinweis auf die permissive Rolle von cGMP

bei der Reninfreisetzung *°. Unsere Resultate bestitigen diesen Befund in situ, indem die cGMP-



freisetzende sGC in den Zielzellen, den granulierten Zellen des JGA nachweisbar war. Der
Nachweis von sGC in den benachbarten GefaBwandzellen und dem extraglomeurldren Mesangium
weist ferner auf die Rolle von ¢cGMP beim TGF hin und bestitigt damit Befunde an isolierten
Priparationen *> **. Unsere Befunde liefern somit das zellbezogene Substrat zur Bestitigung
funktioneller vorausgegangener physiologischer Experimente. Dass hiermit die funktionelle
Bedeutung der lokalen NO Freisetzung erschopfend geklért wére, kann aufgrund neuester Befunde
allerdings nicht ohne Einschriinkung behauptet werden *'. In dhnlicher Weise stiitzt unser Nachweis
von mPGES in der Macula densa funktionelle Beobachtung der Rolle von Prostaglandin E, und -I,
bei der Stimulation der Reninfreisetzung **°. In einer vorausgegangenen Arbeit war hingegen das
Fehlen dieses Enzyms auf mRNA-Ebene in Diskrepanz zu unseren Befunden *. Neuere Ergebnisse
konnten unsere Arbeit zur Lokalisation der mPGES in der Macula densa bestitigen *’. Unsere
Befunde sind im Einklang mit der heraushebenden Rolle Macula densa-lokalisierter COX-2 bei
verringertem Transport und bei Hemmung des RAS durch Angiotensin II-Rezeptorblocker 2> ** 3*
iiber das Effektorsystem von PGE, und deren spezifische Rezeptoren '.Fiir die andere COX-
Isoform, COX-1, welche wir ebenfalls innerhalb des JGA im EGM lokalisierten, konnte durch
spezifische Hemmversuche keine Wirkung auf das RAAS nachwiesen werden *°.

4.2. Glomerulus.

Hier konnten wir sGC in den intraglomeruldren Mesangialzellen vorfinden. Diese verankern die
glomeruldren Kapillarschlingen an ihrem Befestigungsapparat und sind an der mechanischen
Integritéit des glomeruldren Hilus beteiligt. Rezeptoren fiir konstriktiv wirkende Hormone konnten
durch andere Gruppen an den Mesangialzellen nachgewiesen werden *°. Von den konstitutiven
NOS parakrin freigesetztes NO konnte zum Ort seines Rezeptors diffundieren und iiber die
zelluldire cGMP Produktion in den Mesangialzellen antagonistisch wirken. Auch die lokale
Prostaglandinsynthese ist im Glomerulum von Bedeutung *°. Hier konnten wir die COX-1
gleichfalls im intraglomeruldren Mesangium lokalisieren und damit Interpretationen von Soler at.al
! welche PGH, als Prostaglandinvorstufe in Mesangialzellen vorfanden, unterstiitzen. Obwohl wir
mittels RT-PCR COX-2 mRNA in Glomerulumextrakt amplifizierten, konnten wir COX-2
Immunreaktivitdt nicht verlédsslich detektieren. Dies wurde von einer anderen Arbeitsgruppe auf
Proteinebene immunchemisch bestitigt **.

4.3. Vaskuldre Aspekte.

Fiir die Regulation der renalen Durchblutung sind die Widerstandsarteriolen des Kortex sowie die
aus den Vasa efferentia der juxtamedulldren Glomeruli entspringenden absteigenden Vasa recta
relevant. Groflere kortikale Widerstandsgefdfie, mit Ausnahme der Glomerulumarteriolen, waren
im Gegensatz zu den medulldren absteigenden Vasa recta weniger stark fiir sGC-positiv. Die sGC-
Immunreaktivitit der Vasa recta ldsst auf eine NO Abhéngikeit in Zusammenhang mit der
medulldren Durchblutung schliefen und ist somit das morphologische Korrelat zu den etablierten

Effekten von NO auf die medulldre Durchblutung ' **. Die Enzyme der Prostaglandinsynthese



lieBen sich in der Ratte und Maus unter Kontrollbedingungen nicht sicher nachweisen. Hier konnte
lediglich im Endothel groBerer Gefifie die COX-1 gefunden werden. Dies steht im Widersrpuch
zur Expression der Enzyme der Prostaglandinsythese in der menschlichen Niere **. Beide COX
Isoformen sind human im renalen GefaB3bett weit verbreitet und spielen in der Pathophysiologie des
Bluthochdrucks eine entscheidende Rolle.

4.4. Renales Interstitium.

Kortikale interstitielle Fibroblasten sind perikapilldir angeordnet und nehmen Aufgaben der
mechanischen Festigung sowie der funktionellen Integration tubuldrer und vaskuldrer Parameter
wahr. Es bestehen Hinweise auf ihre Funktion, indem sie die Produktionsorte fiir Adenosin als
Mediator des TGF ' sowie fiir Erythropoetin ** und NADPH Oxidase *” in der Niere sind. Die sGC
war in diesen kortikalen Zellen stark exprimiert. Dies kann den hohen cGMP Gehalt interstitieller
Fliissikeit ** in der Niere erkldren und Hinweise auf die Signalvermittlung geben. Mit einer
Diffusionsldnge von 220um und einer Lebenszeit von 60 Sekunden kénnte man sich vorstellen,
dass interstitiell gebildetes cGMP basolateral vom proximalen Tubulus aufgenommen wird, wie
gezeigt in *, und dort die Natriumresorption beeinflusst *. Dies konnte ein Teilaspekt der NO
Wirkung auf den tubuldren Transport sein. Im Gegensatz zur Ratte konnten wir in der Maus COX-
1 und mPGES in den kortikalen interstitiellen Fibroblasten lokalisieren, wihrend in beiden Spezies
COX-1 und -2 und mPGES im Nierenmark in den medulldren Fibroblasten vorkamen. Das
Nierenmark wird oft auch als Prostaglandindriise bezeichnet, welches die hohe Konzentration
dieser widerspiegelt. Funktionell bieten sie ein Apoptoseschutz und verhindern eine Schidigung,
wenn das Nierenmark osmotischen Verdnderungen, wie zum Beispiel der Wasserrestriktion,
ausgesetzt ist *°.

4.5. Epitheliale Aspekte.

Entgegen den frither publizierten PCR und immunhistochemischen Daten, welche sGC mRNA in
den verschiedenen tubuldren Epithelien und o, sGC Immunreaktivitidt im Sammelrohr detektierten
53 gelang es uns nicht die sGC im Epithel zu markieren. Die Diskrepanz zwischen diesen
Resultaten mag an einem Sensitivitits- oder Spezifititsproblem liegen. Wir konnten sGC mRNA
und Protein in einer Reihe verschiedener Zelltypen nachweisen, so dass es tubuldr zumindest in
einer niedrigeren Konzentration vorkommen miisste.

4.5.1.  Dicke aufsteigende Henle sche Schleife.

Entlang des Nephrons war der cTAL der erste positive Lokalisationsort fiir die
Prostaglandinsynthese. Hier konnten wir COX-2, in einzeln verteilten Zellen, und mPGES in der
Nihe der Macula densa vorfinden. Die Anzahl COX-2 positiver TAL Zellen belduft sich auf 2% >,
welche den physiologischen Status reflektiert und die Moglichkeit einer Expressionssteigerung der
COX-2 unter experimentellen Bedingungen zuldsst. Dies reflektiert die induzierbare Natur des

COX-2 im TAL wie auch in anderen Lokalisationen. Erwdhnenswert beim Menschen ist, dass das

COX-2 Protein in der MD nur im Alter und wihrend pathologischer Verdnderungen sichtbar



gemacht werden kann >>?7. Uber COX-2 gebildete Prostaglandine sind relevant fiir die epitheliale

21 . . .
und iben damit einen

Funktion. So erlauben sie die Wirkung der Schleifendiuretika
inhibitorischen Effekt auf den Na-K-2Cl-Kotransport in mTAL Zellen aus *°. Auch in in vitro
perfundierten mTAL konnte fiir PGE, eine inhibitorische Wirkung auf die Salzresorption
nachgewiesen werden ''. Die lokale Verteilung der PGE, Rezeptoren wird derzeit noch kontrovers

diskutiert ' "

. Hervorzuheben ist die besondere Bedeutung des COX-2 wihrend der perinatalen
Entwicklung der Niere. Die deutlich stirkere neonatale Expression *° konnte durch die
Beobachtung unterstiitzt werden, dass COX-2 defiziente Miuse einen Nephronschaden wahrend
der Entwicklung erleiden ®. Die intrazelluldre Signalkaskade, hervorgerufen durch die iiber COX-2
und mPGES gebildeten Prostaglandine, ist zum Teil erfasst und beinhaltet eine schnelle
Phosphorylierung von p38 und ERK 1/2 Kinasen sowie die Stimulation von MAP Kinasen °'.

4.5.2. Distales Konvolut und Sammelrohr

. Die Lokalisation von COX-1 und mPGES begann mit der 2. Hélfte des DCT und erstreckte sich
weiter iiber den CNT, CCD und das gesamt medulldre Sammelrohr, ausgenommen die Schaltzellen
dieser Segmente. Dies traf sowohl fiir die Ratte wie fiir die Maus zu. Diese Beobachtungen sind

teilweise in Einklang mit einer fritheren Beschreibung der COX-1 im Sammelrohr **

., jedoch
entgegengesetzt zu Befunden von Ferguson et.al ® welcher sowohl COX-1 und wie auch COX-2
nur in den Schaltzellen des CCD vorfand. Probleme der Antikorper-Spezifitdt konnten hierfiir die
Grundlage sein. Die Wirkung der Prostaglandine ist in diesem Segment {iber die Prostaglandin E-
Rezeptoren EP-1 und EP-3 vermittelt, welche durch pharmakologische Hemmstudien hier
lokalisiert worden sind ''. Die Funktionen der hier gebildeten Prostaglandine betreffen die
Feinregulation der Salz- und Wasserhomdostase. So konnte gezeigt werden, dass endogen
gebildetes ebenso wie exogen zugefiihrtes PGE, die bekannten Effekte von Vasopressin auf die
Wasserausscheidung des Sammelrohres inhibieren **. PGE, kann weiterhin die Salzresorption im

65

CCD iiber einen Kalzium-gekoppelten Mechanismus vermindern . Eine streng basolateral

gerichtete Gabe von PGE2 fiihrte zu einer vermehrten Wasserausscheidung, so dass hier vermutlich
die Lokalisation des Rezeptors im Epithel von Bedeutung ist ®. Unsere Untersuchungen zeigten

ebenfalls sehr starke Signale fiir COX-1 und mPGES im DCT und CNT. Hier kdnnten lokale
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Wirkungen iiber den EP-4 Rezeptor vermittelt werden oder mit dem lokalen Kallikrein-

Bradykininsystem °, der Aldosteronwirkung oder dem Amilorid-sensitiven epithelialen
Natriumkanal interagieren ©’.

4.6. Ito-Zellen der Leber.

Die Lokalisation der sGC und lokale cGMP Freisetzung steht mit funktionellen Daten iiber diesen
Zelltyp im Einklang. Ito-Zellen wurden als leberspezifische Perizyten beschrieben, welche sich im
Disse-Raum befinden und hier lange Auslaufer zwischen Sinusendothel und Parenchymzellen
besitzen ®. Sie sind mit den renalen kortikalen interstitiellen Zellen verwandt, indem sie

Eigenschaften wie die Erythropoetinproduktion ® und die Expression der neutrophilen NADPH



Oxidase und 5'Ektonukleotidase *" mit diesen teilen. Die Lokalisation der sGC in Ito-Zellen weist
auf die Funktion des NO und CO in Hinblick auf die Einstellung des kontraktilen Tonus der Ito-
Zellen hin. So kommt der sGC hier auch eine Bedeutung bei der Regulation der sinusoidalen
Mikrozirkulation und damit auch des portalen Blutdrucks. In Ubereinstimmung mit unseren
Resultaten sind die Beobachtungen von Kawada et al, die cGMP Freisetzung aus Ito-Zellen nach
NO-Gabe berichten™.

4.7. Zusammenhang zwischen NOSI und COX-2.

Die rdumliche Nédhe der Expression von COX-2 und NOSI im Bereich der MD und ihre bei

einigen Versuchsbedingungen gleichsinnige Expressionsdnderung flihrten im Verein mit
funktionellen Studien zu der Interpretation, dass zwischen beiden Enzymen ein funktioneller
Zusammenhang besteht. Die Einflussnahme von in der Macula densa gebildetem NO auf die COX-
2 der Macula densa und ihrer Nachbarzellen ist dadurch gegeben, dass NO mit Ham-Proteinen
interagieren kann ”' und COX-2 ein Enzym mit einer Him-Domine ist "> In kultivierten Zellen
verschiedener Herkunft konnte nachgewiesen werden, dass NO in der Lage ist die
Prostaglandinproduktion zu stimulieren ~*°. Dies wurde auch in cTAL Zellen gezeigt, in denen
sich die Expression von COX-2 unter Zugabe von NO-Donor oder cGMP signifikant erhohte bzw.
sich durch Gabe eines selektiven NOS|1 Inhibitors erniedrigen lie "°, wihrend in anderen Modellen

gegensitzliche Reaktionen beobachtet wurden 7.

Unsere Untersuchungen an verschieden
stimulierten Rattenmodellen ergaben fiir die COX-2 der Macula densa und Nachbarzellen, die auch
NOS1 exprimieren, gleiche Expressionsdnderungen wie in entfernter liegenden, NOS1-negativen
Zellen des TAL. Summarisch zeigte die Auswertung dieser Zellen dhnliche Anderungen fiir NOS1
und COX-2 wie in friiher beschriebenen Studien '* **** % Auch NOSI defiziente Miuse zeigten
unter normalen und stimulierten Konditionen keinen Unterschied der Expressionsdnderungen von
COX-2 im Vergleich zu den entsprechenden Wildtyptieren. Wir schlieBen hieraus, dass
intrazelluldres NO fiir die COX-2 Synthese nicht notwendig ist. Damit spiegeln unsere in vivo
Daten nicht die in Zellkultur erhobenen Ergebnisse wider. Es ist denkbar, dass NO in denjenigen
Zellen, die beide Enzyme exprimieren, die Expression von COX-2 dennoch bestimmt, dass jedoch
in den lediglich COX-2 exprimierenden Zellen auch andere Signalwege wirksam sind. So ist ein
generell giiltiger Mechanismus der COX-2 Stimulation iiber eine Chlorid-bezogene Verringerung

der Na-K-2Cl-Tranportleistung durch die Freisetzung von PGE2 gut belegt *.

4.8. Zusammenfassend

haben wir mit der Lokalisation der sGC in der Niere vaskuldre und interstitielle Strukturen
gekennzeichnet, die sich mit zuvor aufgestellten Konzepten NO-stimulierbarer Signalwege fiir
Nierenkortex und Mark in Ubereinstimmung bringen lassen und diese im Detail verdeutlichen.
Dies gilt auch fiir die hepatischen Ito-Zellen. Die Analyse der Verteilung der Enzyme der
Prostaglandinsynthese in der Niere konnte ebenso die funktionellen Interpretationen von

ortsspezifischer PGE2 Wirkung auf die Regulation des Blutflusses und der Salz- und



Wasserhomoostase prézisieren. Eine zuvor postulierte Abhingigkeit der COX-2 von lokaler NO-

Freisetzung durch ko-exprimierte NOS1 lie sich nicht erhérten.
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Absmracr. Solable suanylyl cyclaza (5G0) catalyzes the biosyn-
thesis of oGMP in response to binding of 1-arginine-derived
nitric axide (WD), Functionally, the WO-sGC-cGMP signaling
pathway in kidoey and Irver has been associated with regional
bemodypamics and the regulation of zlomemlar paramieters.
The distrizution of the ubiguitous $GC isoform « 181 sGC was
studied with a nowvel, highly specific antibody agamst the 21
subunit. In parallel, the presence of mPXA enceding boih
subunits was investigated by using s sim hybridization and
reverse mranscripton-FCE assays. The MNO-indoced, sGC-de-

pendent accuanulation of cGMP in cytesolic extracts of tissues
and cells was measured i virg. Fenal glomenilar anerioles,
inchiding the rentn-producmg grawmlar cells, mesanzinm, znd
descending vasa recta, as well as cortical and medullary inter-
stitial fibroblasts, expressed G0, Stmulaton of isolared mas-
angial cells, renal fibroblasts, and bhepatic Ito cells with a WO
donor resulied in markedly mereased cviosolic oGMP levals.
This assessment of sGC expression and activity in vascular and
interstitial cells of kidoev snd liver may have implications for
understanding the rols of local oGMP signaling cascadss.

Guanylyl cyclase [GTP pyrophosphate-lvase (cyclizng), EC
4.6.1.2] exists in owo iscenzyvme forns and catalyzes the bio-
synthesis of cGMP from GTP. The membrane-tovnd forms are
maonomers that are stimulated by different peptide hormones.
Soluble guanylyl cyclase (3GC) 13 3 beme-containing bet-
erpdimer consisting of one « subunit (73 to 58 kD) and ons B
subunit (70 kDY (for review, see reference 1) The «lBl
izgenzyine is thought to be the major form. In additon owo
other subunits, o2 and B2, have been cloned, and an o231
izoform has been functiowally charactarized (2.3). sGC is the
mast wall characterized receptor for nitric exide (WO, binding
of p-arginine-derived M0 o the heme group of sGC resuls in
marked stimmlation of the enzyime, thos increasing the intra-
cellular oGMP concentration (4). Increases in cGME levels are
responstble for cellular events that nlinmately lead to decreases
in imracelllar calciom concentrations and smooth muscle
relaxation (3) or o regulaton of multple genes through inter-
actions with their respective promoters (§).

Eacaived November 14, 2000, Accepted April 18, 2001,

Corrsspondeece to Dr. Sebastan Bachmamn, AG Anatonss Elsktronsmmis-
roskopie, Charid CVE, BMFZ, Awgastenburger Plaiz 1, D-13333 Berlin,
Germany. Phooe: +49-30450-326-411; Fax: +48-30-430-32E-911; E-mail:
sbachos@chante da

IHE-6673/1211-2209

Tourmal of the American Saciaty of Mapkrology

Copyriges © 2001 by the Amencan Secisty of Naphrology

In the kidney, both vascular and tubular effects of MO have
been observed (for review, see references 7, B, and 9), and the
cellular sources for constitotive MO syothase (MOS), which
catalvzes the formation of WO, have been identfied (10,11).
EBacanse of the wide diversity of cell types in thus organ, a
detailad kpowledze of sGC disrdbution = required for an
understanding of local, cGMP-mediated effects of 20, A pum-
ber of earlier studies demonsirated the organ- and cell-specific
presence of sGC mBEWA, by PCR and Northern blot analyses
(12-15), and of the mmmumorsaciive protein, by immunohisio-
chemiral and Western lot anzlyses (16,17). To dare, however,
thare iz sill disagreement with respect to the reporred onmu-
nohistochemical disrributon of 550 and fimctonal data. This
study was perfonued in kidneys, to test the hypothesis that
more stmctures than previously established are imvelved in
WO-sGC-cGMP signaling a5 3 major regulatory pathway in
end-orzan perfusion and spectfic cell functon We used a
newly generated, affmify-purified antibody against a carbooy-
terminal domain of B1 9GC, which because of its monospeci-
ficity in Westarn blotting analvses and its cellular localization
spectmam. was clearly superior to previously used antisera.
Imrmminohistochemical data obtained with this spiibody were
carrooratad by Wastern blot snalyses of exmacts from tissues
and isolated cell preparations, by iw site hybridization, by
reverse mapscription (BT)-PCE assavs of tssues and isolated
cell exmacts (using probes for both @l and 81 500, and by
wire assessment of NO-dependent acoummlation of oGMP in
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tissnes and cultured cells. The liver was studied to compare cell
type specificity of sGC lecalization and function with another
end-orzan with & well established role of the WO-sGC-cGME
pathway. Machanisms ivvolved in MO-dependant regulation of
local bepatic microcirculation were previously identified (18—
200, Common aspects of cGMP-dependent signaling in kidoey
and liver are discussed

Materials and Methods
Animals and Tissue Preparation
Mala Spragne-Dawley rats weighmg betwaen 200 and 430 g were

obfaized fom the local animal facilittes of the Depariments of Anat-
omy, Chamté, and Mephrolegy, University of Freiburz, and of the
Deparment of Clinical Chemistry, University of Aachen Mals Wistar
rats (Harlan-Winkelmann, Borchen, Germany) were used for the
experiments on isolated renal fibroblasss. All amimals had besn main-
tained with standard chew and fap water. For morphelogic and im-
munchisiechemical evaluations, a total of six rats (approvdmate bady
weight, 200 z) were used For perfusion-fixaton, animals were anes-
thetized by intrapentonsal injection of MNembutal (40 makz body wi;
Sanofl, Hannover, Gemany). Animals vnderwent cannulaten of the
abdominal aoma and perfosion with sucrose-phosphate-uffared saline
{PBS) solution (330 mosmeal, pH 7.3) for 15 to 20 5 at a pressure of

1 mmHg, directly followed by perfusion with paraformaldelryde
(3% in PBS, pH 7.3) for ©0 5 at 220 mmHe and then for 200 = ar 100
mmHg Fixatve was removed from the anmmal by subsequent perfu-
sion with sucrase-FBS sohution for 80 & at 100 mmHg. Tissues were
then removed and dissected for farther preparations. For i s
hybridization and cooventionzl immuncbistochemical mmalyses, iis-
sues were immersed in S00-mosmol sucrese-FBS solution (pE 7.3}
for 12 . shock-frozen in liquid nitrozen-cealed isopentane, and stoved
at —70°C. For pre-embedding immunchistechemical analyses, tissue
blacks were postfived for 11 b in paraformaldehyde (3% m FBS
containing 5% glutaraldelyde} and stored in sucrose-FBES solution
(330 mosmol) at 47 unfil embedding in agaross and sectonms (30
pum) with a Vibratome {10005; Laica, Weiterstad:, Gemmany) tissue
slicer.

Lolation of Glomernli

Glomerull were Golated as described previously (210 As for all
ather tssue isoladen procedures described in this section, rats were
anesthetized with sodium pentobarkital (30 mzkg body wi). Kidneys
were remaved and preparsd. under sterile conditions, in dce-cold
EPMI 1640 medim (Seromed, Berlm, Gemmany) Comices were
sieved by using steel sieves with pore sizes of 150 pm and then 100
pm. The sieved smactures were capured with 2 smaller sieve (pore
size, 50 pm), mansferred to 30-ml tabes, and centmfuged (4007 rpm,
2°C, 1 min). The pellet was then transfemed mio a small volume (2
to 3 ml) mnd divided imto aligoots (100 pl). The aliquots were
transferred to a mredissection chamber, 200 zlomemulialiquot were
micradissected, and aliguots were pooled and cenmfuged (15000
rpon, 1 mim, 4507, The resulting pellet was then prepared for mBNA
EnTacon.

rolation of Remal Mesangial Cells and Podocyres
Mesanzial cells were isolated and culmred as described previously
{22). In Torsef, glomerull were obiamed as described above, incubated
with collagenase (1 g/L; Sigma, Deisenhofen, Germany) for 15 min,
and suzpended in BPMI 1620 medium supplemented with 170 2T
fetal calf senms, 1.5 mM c-plutamme, §01 mM sodiom pyravate, 100
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Uiml penicillin, 100 mg/L swepromycin, §2 2L nonessential aming
acids (all from Seromed, Beslin,® Germanmy’), and § mzD msulin-
iransferrin-sodiom selentte supplement (Roche, Mammhsm, Gama-
0¥} Approsimarsly 30 glomemili'cm® were plaed omto collagen-
coated zlass coverslips {Greinsr, Mimingen, Gemmany’) and incubated
at 37°C in an meubator with a water-saurated atmosphers of 5%
C0,95% am. Mesangial cells were morphelopzcally characienized by
phase-contrast microscopy. They stained positively for smooth muascle
actin desmin, and vimenim but wot for cyiokeratin and factor VIIL
which demonsmates the absence of glomerular epithelial and endo-
thelial cells. Calls responded to 10~ mM angietenzin II with in-
creazas In free cyvtosolic calcivm concentrations.

Fodocytes were isolated and cultred as described (23). Briafly,
immaralized mouse podoecytes camyng the thermosensitive vamant
of the 5W40 T antgen inserted info the mouss genoms were used.
These podocytes proliferate at 33°C in the presence of mterferon v,
whereas cells are mansformed mie the guisscent differentiated phe-
notype at 37°C in the absence of imterferon . Podocyizs then stam
positively for the podocyte differentiation markers WT-1 and symap-
topadin. Cells betwesn passage 14 and passage 20 were seeded at
37°C onto collagen-conted plates and oulnred for at least 7 d, oot
cells were differentiated, m standard BEPMI 1540 medium containing
10% fetal calf serum, 100 Udml penicillic, and 100 mgT
STEplonIyCin.

Isolation and Culture of Renal Medullary Fibroblasts
Cietailed procedurss for the tsolation and culmure of ran imner med-
nllary fibroblasts wers pablished previonsly (240 In brief mts were
suthanized by cervical dislocation. Eidneys were mmmediately re-
maved, and the inner medulla was excised Tissue was placed m
200-mosmal, ice-cold, Hepes-Ringer's buffer (118 mb MaCl, 16 mM
E-Hepes, 14 mM Na-Hepes, 14 mb glocose, 3.2 mM KCL 2.5 mdd
CaCl,, 1.8 md Mg50, 1.8 mM EH.PO, pH 74), minced with a
razor blade, amd subseguently mcubated for 75 min at 37°C in Hepes-
Ringer's affer containing §2% (wi'vel) collagenase {CL5 I Coo-
per, Frankfom, Gemany) and 0.2% (witvol) hyaluronidase (Roche
Diagnostics. Mamnheim, Gemany). Afier completion of the inodba-
iwon procedurs, the majority of the collecting duct cells in suspension
were removed by low-speed centmfuzation. The supemmatants from the
first two low-speed centrifugations, containing the majorify of infer-
stitial cells, were firther separated fom collectng duct cells with the
usa of beads coated with Delichos Sjfforur aggludnin, as descobad
(24). The mesulong cell suspension was then subjected to single-step
denzity gradient centmfugation with Mycodenz (Myegaard Co., Oslo,
Morway). After centnifuzadon, interstitial cells were maxmally en-
riched, with 2 density of 1081 to 1093 gicm®. After removal of the
Myoodenz, cells were plated in coltre wells mmd maintaimed m Dhal-
becoo’s modified Eazle's medivmymrmient mixture Ham's F-11 me-
dium (1:1) supplemented with 2 mM glummins, 1 mM sedum pyru-
vate, 1% {vol'vel) noneszemtial amine acids, 30 Uml penicillm. 30
Uiml smepromycin, and 10% fetal calf serum (all fom Life Technol-
ogies. Egpenstein. Germany}. Passage | cultures ware examimed.

Izplation and Culture of Hepatic Iro Cellz

The iselrtdon and culnge of liver [to cells from males Sprague-
Dawley rats (oody weizght 500 to 800 g) were perfommed as descrbed
previously (23). In bref nooparenchymal biver cells were iselated by
using the prenase-collagsnase method (24). Iio cells were puniffed by
smgle-step density gradient cenmrifugation in Mycodens (322 above)
and were identified on the basiz of their typical light-micrescopic
appearance and vitamin A-specific antofluorescence. The mean purity
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of freshly isolated cells was 20 £ 5%, cell wiability was =85%, and
the yield ranged from 30 to 30 = 10° cellsdiver. Ito calls were seeded
at 2 density of 0.2 = 107 cells/'cm?®, m 2 ml of Dulbecco’s modified
Eagle's madium confaining 4 mM c-plitamime, 100 fefal calf senm,
1000 Uiml penicilling and 100 mp/ml smepiomycin. Cells were main-
tamed m 2 hmidified aimosphers of 5% COL05% alr at 37°C. The
meadium was changed approvimately 20 h after seedmpg, afrer which
the purity of [t cells was =»87%. The second medivm change was
approsimately 28 b after seeding, at which time fefal calf semm
supplemeniation was reduced 1o §2%.

Hizrochemical and Western Blotting Protocelz

Primary Antibodies. A polyclonal antibody azainst the car-
boxy-terminiz of the Al summit (SEENTGTEETEQDEN) of bovine
hmg sFC {27} was raised in rabbits and immuropurified using the
antigenic peptide coupled to Sulfolink coupling gel (Pierce, Boston,
MAY A rabbit polyclonal antibody agzamst M0S1 purified from por-
cine capebellum (18) was a gift fom Bemd Mayer (Graz, Austria), A
maonze monoclomal antibody against the podocyie-specific amtbgen
podosynapsm was kindly provided by Peter Mundel (Mew Yok, NY).
A mouse monoclonal antibody against man o-smooth muscls acin
was acgumed from Dako (Glostinap, Denmark). A monss monoclonal
anfibedy agamst human desmm was alse acquired from Dako. A
rabbit polyclonal antibody apainst ecte-3-macleotidase was a gift fom
Brigitte Kaissling (Zunch, Switzerland).

Western Blot Aunalyses.  Frashly isalated Kidmeys, hmgs, skelatal
muscls, aed bver from rats were rapidly dissected and cut inte small
preces. The cortey and medulla from kidneys were separated. [solated
Ito cells, mesangial cells, and intersiiial cells were also assayed
These samples were homogenized on ice in homogenization baffer
(175 mM MWall, | mM ethylenediaminetsmaacetate, 30 mM metha-
nolamine-HCL pE 7.4, 2 mM dithisthretiol (OTT), [ pM pepstatin,
0.2 mM benzamidine, 0.5 mM{ phenylmethylsulfeny]l fnoride]. usng
2 zlass/zlass homopenizer. The homogenate was then cemnfuzed for
30 min at 4°C at 200,000 = g The supematant {cyinsol) was supple-
mented with 50%: {wolwel) glycerol and stored 2t —20°C. Cytosalic
protedns (16 to 20 pg) were separated by sodinm dodecyl sulfate-
polyacrylamides zel electrophorasis (7 5%) and bleted onto nimocel-
hiloze membranes. Blots ware blocked for 30 min with Foti-Block
(Foth, Earlsrube, Gemany} and incubated overnight at 4°C with
antibody agamst g1 90, After ewtensive washing, blots were nou-
bared with a horseradish peroxidase-linked ant-rabbit Iz (Sigma).
Inmumereactive bands at 70 kD were detectad oo the basis of chemi-
lmiinescence, wsing an echanced chemiluminescence kit {Amersham
Phammaciz, Freiburg, Germany). In blots generated from extacts of
the renal comex, a degradation band of approxmiately 35 KD was
detzcied

Immunohistochemical Amalyses. I[mpmmolabeling was per-
formed with cryostat secttons of 3- t0 5-pm thickness. Afier being
locked with 5% skim milk in FBS (pH 7.4), sections were incubated
with primary antthody for 2 b at room temperafure and then ovemniziht
at 4°C. The differsnt primary aniibodies were administersd simulta-
neously in dovble-labeling experiments. Thorough mmsing in PBS was
followed by siznal detection with Cy3-conjuzated zoat antd-rabbit [gG
semm (diluted 1:230 m skim milk-PE3) and CyI-conjuzated donkey
ant-mouse Iz (dileted 1:1007, for 1 b at ropm temperamre (all
secondary antizera from Dianova, Eamburg, Gemmany). In double-
labaling experiments, secondary antibodiss coupled to different fhug-
rochromes were applisd Comtrel sxperiments to confime the speci-
ficity of the mitibody aguinst A1 G were performed with omission
of specific antbady. as well a5 competition with the antigenic peptide.
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Ulirastructural Pre-Embedding Histochemical Analyses. For
fine stnaciml impunelabeling and immunoperoxidase labeling, am
established protocol was used (10); for moabaticn of 20-pm-thick
slices penerated with a Vibratome, anti-81 G antibedy was used at
dilutioms between 1:25 and 1:30. Sections were incubated overnight m
microtiter plates, postixed with 1% osmium temoxide. rinsed m
maleate affer, staimed en Hoc with nranyl acefate, and fat-embedded
in Epon 812 Semithin sections were produced and photosraphed by
nsing a Light microscops. Ultrathin sectons were then out and viewsd
oy using an eleciron microscope. Confrol expenments were perfommed
by replacing primary antibodies with skim milk-#BS conmals.

NADPH-Diaphorase Staining  The catalytic actwity of MNO3
wiaas demonsmated by enmymaric reduction of nitro blae terrazolivm m
the presence of MADFH (MADPH-&iaphorse reaction) (25). Slidas
were washed in PBS and moubated for 15 fo 20 min in 01 M
phosphate buffer contaiming 0.3% Trten X-100, 001% nimo blue
temazolivm, and 0.1% WADPH. No reaction product was observed
when MADPH was replaced oy MADH.

In Sity Hybridization. The mPMA expression of the ol and g1
subunits of sGT was mvestigated by in rine hybridization using
digoizenin-labeled nboprobes made from the bovine cDWA codng
for the respective subumts. Accerdmg to the protecol provided by the
mannfacnrer (Fochs), senss and antisenss nhaprobes were Zensrated
by fn vitra franscoption of the $47-bp ol or 2000-bp Bl =GC cDNA
fragment, using T3 and T7 polymerases and dipodgenin-labelsd
UTPE, followed by time-coniroled alkaline hydrolysis. For in siu
hybridizatien, T-pm cryestal sections were Teated according o am
established protocol (10} Brwefly, 10 np s&C andssnse mBMNAul
hybridization minmre was incubated for 18 hat 48°C. The slides were
waashed sequentially with decreasing concenirations of 550 at 40°C
and then with buffer 1 (0.1 M Trs-HCL 015 M MaCl, pH 7.5) at room
temperamurs and were then incubated for 30 min with buffer 1 con-
taining 1% blocking reagent and (5% bovine serum albumin, Shesp
anti-dipodzenin-alkaline  phosphataze conmjugate (diduted 1°300 m
blocking medum) was applied for S0 min af room temperamre and
than overmight at 4°C. The slides wers washed twice with buffer | and
rinsed m buffer 3 (0.1 M Tris-HCL 0.1 M Mall, 0.05 M MgCl., pH
2.5) A solution of S-pivo blue tetrazeliom chlomde, 5-bromo-4-
chloro-3-indolylphosphate, and levamisole dissolved in buffer 3 was
then nsed for the color reacton. The reaction was stopped by mwo
washes with buffer 4 (0.1 M Trs-HCZL 1 mM sthylensdiaminetetraac-
staie, pH 200, As 2 control. sense probes were applied in parallel with
antisense protes. Slides were rmsed with PBS and coverslipped with
FBS-glyremal.

RT-PCR

Total BXNA was zolated from kidney cortex, medulla, and Inver by
nsing a commercially available kit {InViTek, Berlin, Gemany). EINA
was exiracied with phemol'chloroform, precipifated with isopropanol,
and resuspended m disthylpyrocaronate-meated water. BNA fom
isplated glomerul: was exmacted by using the puamdinmm thiocya-
natte mathed (29} All samples were quantified by specirophotometnic
amalyses at 260 nm. Five micrograms of tofal BMNA from each sample
were reverse-manscribed with 80 U of numine Moloney leukemia
ViTes reverse mansiptase for 15 min at 37°C, in a total vaolume of 15
pl according o the protocol provided by the mamufactarer (Foche).
The samplss were then heated at 70°C for 5 min to inactivate the
enzyme Thess cDWA were used to compare the amoumts of ol GC
mBNA or §1 G0 mBMA versus ghyceraldehyde-3-phosphate daly-
drogenase (ZAPDH) mBMNA in differsnt dssaes. IR were performed
with specific prmers for ol sGC [(F-DCACATCAACACIG-



Journzl of the Amarican Society of Mephrology

GCTAAT-Y and F-GAAGTGCAAGDTTCAGTCTC-3Y, for Bl oGO
(3-CGGATGCCACGGTATTGTCT-3' and 5-CTCCTGGCTT-
GACGCACATT-3. and for GADPH (¥-TATCCGTIGTGEATCT-
GAC-3 and 3-TGGTCCAGGEGHETTTCTTAC-3 or 3-ACCA-
CAGTCCATGICATCAC-Y md 5-TCCACCACCCTETIGITGTA-
3. cDNA fagments of the expecied smes of 331 bp {al sGC). 329 bp
(A1 5GC). and 304 and 244 bp (GAPDH with the rwe difersnt primer
pairs used) were amplifed in 35 cycles (20 s at 84°C, 20 5 at 39°C0E3°C,
and 30 s at TI°C) with .06 Uiml Tag polymemmse and 50 mM MeCL,.
The PCE. products wers separated on 3% agarose gels, stimed with
ethidium bromide, and observed with ulmavialet dminaton.

Cuantitative RT-PCR

Croamitaove ET-PCE is bazed on the assumprens that the cDINA
template and a compettive internal template compets equally for the
primers and that amplification is colinear. The PCER. fragment obtaized
with the 81 sGC promers (see above) comfains two sites for the
Nialll yislded three fragments, which were separated on agarase gels
and then purified. The outer two fragments were Ligared and served as
2 compeiitive template. A 0.3-pg sample of total BNA was reverse-
tanscribed m the presence of decreasing amoumtss of the meemal
standard {20 ng, 2 ne. 200 pg, 20 pe. and 2 pg), in 25 pl Each assay
included 0.06 U'ml Tag polymerase (InViTek), 50 mM MgCl,, 15
mM d¥TP, 0.1 mM DTT, and 10 mM concenimattons of the afore-
mentionsd Bl eGC prmers. The ¢DMA were amplified in 30 cycles
(20 5 at 94°C, 20 s at 59°C, and 30 5 at 7270, size-fractionated in 3%
agarose gels, stainsd with ethidiom bromide. and observed with
nliraviodet illummation.

Determination of sGC Activity in Cytoszolic Fractions
by RI4

Cytozalic profeins {10 pg each) from the mdicated dssues were
incubated in the presence of 300 pM GTE, 3 mM MzCL, 3 mM DTT,
0.5 mp/ml bovme seum albumin, 0.25 gL creatme phosphokinase, 5
mM creafine phosphate, | mM 3-isebuiyl-1-methylzanthine (FBIL
Ealn, Gemmany}, and 50 m™M tmethanolamine hydrocklonde (pH 7.4),
in a total volume of 0.1 ml Stimulaton of ¥GC was performed by
addition of 300 pM S-nitresoplutachions (Alexs, Grinbarg, Gama-
ny). The incubatton was stopped by the additen of toe-cold ethancl
{final concentration, 70%). Fommed cGMP was measured by BLA as
described (30

Meazurements of Inracellular ¢GMP Levelr in Isolated
Cells

Cells were culured in six-well plates, mainmined at 37°C. and
rinsed with physielogic Ringer’s soluiton Afier premoubation with
0.5 M 3-isobutyl-l-methylzantne for 3 min, cells were exposed 1o
S-nitrozo-N-acetylpenicillamine (SHAF) (100 pbf and, in the case of
podocytes, 1000 phd: Biomel, Hambarg, Germany) for 30 or 60 min.
In conmol experiments. 15-(1, 2 4jouadiazala[4.3-2jgumonalin-1-one
(10 p Alewiz) was added simulfansoasly with S3AP for 30 min
For termination of the assay, the supematants were rapidly remowved
and calls were rinsed with tce-cold 70% ethanol. Afer sthanol ex-
traction, oGMP concenmatons were measured with an enzyme-linkad
immuangserbent assay (Amersham Buchler, Braunschwetg, Germany).
To confimn the specificity of the cGMP pattway, we tested atmal
naminretic peptide (ANE) (1 pMd; Sizma), which stondates the mem-
lrane-bound guanylyl oyclase, for 30 min.
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Results
Localization of sGC in Eidney

Histockemical smining revezled sigmificant amounts of 21
£ZC in the renal vasculamre and in mreerstitial cells. Inma- and
Juxtazlomeralst somctures  demonstrated marked salective
stamning with 3 polyclonal antbody against Bl #GC. In double-
stainmg avalyses with either aofi-desimin, 5 4 marker of the
inmra- znd exraglomemlar mesanginm (Figure 1, a and &), or
anti-synaptopedin, as a podocyte marker (Figure 1. ¢ and dj,
30 mmumorsaciviey was clearly recognizable in the mesan-
zial axes of the [nrraglornemlar mesanginm GO was also
detected in the extraglomerular mesangiun, incliding the con-
tact arezs with the macula densa, which was identified on the
basis of MADPH-diaphorase and MO51 nmmunostaining (Fig-
ure 2, a to d). Ulrasmactural mmoninoperoxidase labeling dem-
onsmated vmifonn cytosolic distmbution of 3GC label exclu-
sively o the mesangial cells (Figures le and Ze). Promivent
sizmal was also detecred in the mesangial angles, whers exten-
signs of the mesangial cells are commected to the zlomerilar
basement membrane via fine microfibrils (Figure le). Fodo-
cymes remained nnstained (Figure le). In both the affersnt and
afferent arerioles, significanr ¢GC immunoreactivity was ob-
sarved in the rmmscular media. The affarent amertolar wall was
immunostained up to the intraglomemlar site where it branches
into the glomerular capillaries (Figure 3z). The preglomerilar
pomion containing the gravmlar renin-producing cells, was also
strongly labeled; in the granular cells. cytosolic labeling was
obvions n the vicinity of the repin-conraining grapules (which
were vmreactive) (Figure 3c). Staining of the effarent amenole
wall was generally strong (Figure 3d) bur was pamicularly
intense in juxtamedullary pephrons, from which the descend-
ing vasa recia originate. My sitw bybridization also demonsoated
prominent labeling in the glomemlar areriolsr walls, nsing
probes for ol and Bl submits (Figure 30). Inragzlomerilar
structures did not reliasbly exhibit an m sitw hybridization
sigmal, which mav be attribatable to msufficient sensttivity of
the method used. A weak siznal was observed in the exmaglo-
merular mesanginm, sometimes In contivuily with reactive
pomions of the glomerular amerioles.

In the comical interstitnum, fibroblasts were labeled through-
out the cortcal labvrinth, the medullary rays, and the perivas-
cular areas. The mumunorezcive cells were identfiad by dow-
ble-labeling with an antbody directed against ecte-3'-
muclectidase, sn enzyvme that is fypically located along the cell
membranes of coriical fbroblasts (Fimure 2, 3 and B). sGC-
immunoreactive fibroblasts were further identified throughowt
the outer medulla and along the vascular bundles extending o
the inmer medulla. Ultrastmcmral immmnoperoxidaze staining
revedled intensze. evenly dismibuted, cytesolic Bl sGC staining
in thess cells, sparing all major organelles (Figure 4c). In sim
bybridization also produced siromg ol and 81 =GC mPENA
sigmals in perimbular and perivascular locations, with & distn-
bution patiern analogous to that typical of interstifial fibro-
blasts (Figure 4d).

In the reral mednlla, the descending vasa recta demonsoated
contmnous song Bl sGC imnmnoreactvicy within the con-
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Figura §. Identification of renal intraglomerular A1 sohible guanylyl
cyclase (330 mpumeoreactivity. (2 and o) Antg-8l sGC (Cy3-la-
belad) {2) and and-desmin -C'._—I.]bel=-:l‘ () immunesaining. Prom-
inent glomemlar stmictares sfamed with anti-Bl sGC are fhe mesan-
zial ames of the glomemalar taft and the afferent aremolar wall
{ammowhead); these stmctures are double-stained with anfi-desmin. (c
and d) Anti-81 =GC () and anfi-synapiopoedm (Cy2-labeled) (d}
immungstaining. Synaptopodin s a selective podocyte masker It
shald be noted that the two stining pattems are complementary. ()
Ulirastruciural ant-#1 sGC immuanoperoxidase labeling of a glomer-
nlar capillary loop. focusing on a mesangial angle. Selective 81 oG
;'.!:nl i |:'=-'e:|t i:| a me;nr_s'.nl cell |:m:e;'> ’:'I'.a a:itwr':ue'e :iI: tn-:'*mr=

x11.10 IIIZ in g
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2. Benal gl sGC immunereactvity m the mim- and extrazle-
mandar mesangim. (a to d) Two different views of the mesangium,
nsing doubliz-saming with anti-A1 sGC antibody (Cy3-labelad) (2 and
), aoii-nimc oxide (WO} synthase 1 {(WOS1) antibody [':.-_-h]hEqu-:l:Z
(b}, and WADPH-diaphorase staiming {d). The stmong A1 9GO signal of
the extaplomerular mesangim 5 located next to the g1 sGC-unre-
active, NOS51-posidve macula densa. The intraglomerular mesanziom
is also Bl 9GC-posttive; the contimuity between extra- and imragle-
marular imemanestainng is evident (), next o the diaphorase-poslive
macula densa (d). {e) Ulirastrucharal and-81 sGC immunoperonidase
labeling of the sxmaglomerular mesangium, demonsTatng smong
cytosolic [abeling. An adjacent porton of the endothelivm {arrow-
heads) is umreactive. Magnificatdons: *2150 m a to d; 12,000 m e

Figura
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Figurg 3. Corfical renal vasculamre expressing g1 sGC. (2} Uline-
stuciural ant-gl sGC immupoperoyidase labelmz shows prominent
stining of the glemendar afferent arteriolar wall, including the renin-
confaining gramular cells (amowhead). Om the mght, exmaglomsrudar
masanginm is alse stzined. (b} In sime hybrndization shows prominent
expression of 81 G0 mBMNA in the wall of the glomemular arterioles.
InTaglomeniar expression is not detectable. (o) Fenin-conm@ining
zramudar calls are shown 21 high reseletion; labeling is restricred o the
cytesel Adiacent endothelium (arrowheads) and thick ascending limb
epithelinm (amows) are wmstzined () Muscular media cells of an
affarent arteriole demonsmate strong B 3GC signal. The endothelinm
is nnstained. Magnifications: » 2000 in a; 2350 m b; «4L100 in ¢
#3300 in d.

Figurg 4. Benal A1 sGC expression mn the ©
o} Double-mpnmostaining with anti-g1 =GO (Cy3-labeled) (a) and
amti-ecto-3-mecleotidase (Cyl-labelad) (b)), showing that perimuoular
calls are double-stamed, whereas the proximal wbole brosh border ts
ooly anti-ecto-3-mucleotdase-positive (amowhead m k). () Ulin-
stuctral anti-gl 86T immunoperoxidase labeling, showinz dense
reachviry in a typical intersiriial fbroblast. {d) fo siti bybndizadon for
370 mRMA expression (ol subunit), showing that sies of intarstitzal
perimbular fbroblasts are prommently labeled. (&) Jo siw hybodiza-
tton, demonsmatng that, as in d, fbroblasts are labeled with a probe
specific for ¥GC (B1 subunit). Magnificadons: 4630 in a and b
#3300 im ¢z 2220 in d and .
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traciile media along ther initial portions; in the terminal por-
tions, the remaining pericyres, which were typically arranged
aroumd the circumference of these vessels, were positively
stamed (Fignre 3). 3trong labeling in pericytes was particnlarly
evident in the vasoular bundles of the outer and inner siripes of
the outer madulla. In the ivner medulla, the mumber of ommu-
noreactive cells progressively decreased toward the papillary
tip. Immmuporeactive pervascular fibroblasts in the vasoolar
bundles were identified on the basis of their characteristc
branched morphologic feanres, which are distnct from those
of vasonlar pericytes (Figure 53). Ascending vasa recta were
oot regularly accompamed by Bl sGC-imnmmnoreactive calls.
The locations of sigoals produced by i sitw hybridization with
probes for the o and B subunits of 3GC comesponded w the
immunoreactivity distribuiion. We detected mBNA signal pri-
marily in pervascular pericyies and fibroblasts of the vasoolar
pumdles (ouwtsr muedulls), wheress interstitial fibroblasts in the
inter-tundle regtons were raraly labeled. In the inner mednlla,
ouly a few mrerstitial cells were posttively stained.

Localization af sGC i Liver

In the liver, hepatic swellate (Ito) cells expressed sigmificant
levels of Bl 3GC imnmporeactivity and al/B1 sGC mPMNA as
revealed by in sine hybridizaton (Figure 6, a and o). In the
periphery of a hepatic lobmle, nearly all Ito cells were inten-
sivaly mmmostained for sGC; the mensity decreased toward
the central vein, bowever, snd 0o sigual was detectable in the
innermost region around the cenmral vem. High-resolution fn-
muroperoxidase labelmg permined identfication of thesa cells
the basis of their typical pertsivusordal location in the space
of Disse and their regular content of large lipid vacuoles, which
were swmounded by an intense sigwal for the cyclase (Figure
&), The walls of peortal wenulss and larger vems were also
ohserved to be sGC-Immunopositive.

The specificity of the immunohistochernical labeling was
verified by preabsorpriion of the Bl oG C-specific antbady with
the pepiide wsad for imnmnization. Mo signal was observed in
kidwpey or liver after incubsation with this mixture. For in s
bybridization analyses, sense and apiisenss probes manscribed
from o]l and @1 cDMA, respectively, ware routinely wsed on
sactions. Mo signals were obmainad with the sense probes.

Meazurements of NO-Stimulated c¢GMP Formarion in
Extracts from Tiszues and Izolared Celiz

Determination of Ni-stimulated G0 acdvinr revealad sig-
nificant increases in ¢GMP fonnation m the cytoselic fractions
from different tissues. The kidney cortex demonsirated an
£7-fold merease in cGMP formanon (36 X 53 1o 4800 *+ 584
piol cGMPmin per mg} (Figure 7TA) after stimulation with
S-oitrosoglutathione, and the repal medulls demonstrated a
G5-fold increase (33 £ 18 10 2133 * 445 pmol oGMPmin per
mg). We observed a 232-fold increase in the liver (8 = § wo
1856 * 266 pmel cGMP/min per mg) and a 39-fold increase in
the hmg (112 * 101 fo 6859 = 650 pmol cGMP/min per mz).
The stirmulation factors thns ranged beowesn 58- and 232-fold,
demonsirating that the observed rates of cGMP formation were
substantially and sismificantly enbanced by WO-dependent ac-

Figure 5. Fenal 81 sGC mmunoperoxidase labeling o the me-
dulla. {a)} Vascular bundle at the transitdon bemwsen the outer and
inmer stripes of the outer medulla. Media calls and pericytes of the
descending vasa recta (armows pointing down) and intersutizl 8-
broblasts show marksd immmnostaining: no pamicular sfaining is
observed in the ascending wasa tecta (arrows pointing up). (o)
Ulastmaciural g1 560 immuneperoxidase labeling in 2 descend-
ing vas rectum (immer stripe). Sigoificant stamning of the cross-
sectional profiles of circumferentially amanged pericytes forming
the muscle wall shonld be noted. {c} 81 sGC immunopetovidase
lzbeling of a single pericyte from a descending vas recoum {outer
medulla). The adjacent endothelium (arrowheads} i3 negairve.
Magznifications: =980 in a; #3200 m b; = 7200 n c.
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Figurg 6. Expression of 81 #GC in the liver. (2) Imenmahistockemical
stmining shows marked sigmal in the Ito cells and their extended
processes; cells were otherwiss idemtified by mufolummescence of
their lipold granular contents (d2fa not shown). (b) In comesponding
locatons, in siiy bybndizadon with g1 sGC nboprobe demonstranes
sigmal in nooparenchymal cells likely to ba Ito cells. (o) A semithm
section shows aoii-81 3GC stinmg (immunoperoxidase labelmg).
Signal is present exclusively in Do cells. whick can be identified on
ihe basts of their liposome contents and perisimunzoldal locations.
Magmifications: *320 in a and b; »4§30 in .

tivation of & and that, in sbsolute terms, the lung exhibied
the highest levels of oGMP zeneration, as expected.
[ncubation of extracts from Feshly prepared mesangial cells
with the MO donor SHAP led o a 39-fold increase m cGMP
lawvels (133 *+ 44 to 5822 * 11468 pmaolwell) (Fizure 7B},
incubation of exwacts from renal medullary inrerstrial cells
with 5MAP led to 2 52-fold increasa (27 = 4 o 1304 + 3464
pinolwell), and meoubation of exfracts from iselated kepatic Tio

cells with SNAP lad to a 47-fold increase (26 + 7 to 1218 +

T Ap: Soc Nephral 12: 2205-2220, 2001

177 pmol'well). The oGMP acouwmulation mduced by the WO
donor was almost completely inhibited when cells were sim-
ulated i the presence of the specific sGC mbebitor 1H-
(1.2 4oxadiazole[4. 3-a]gquinoxalin-1-one. Incobaton of ex-
tracts from culiured podocvies with various concenirations of
tha MO donor SHAP, however, never produced an increase in
cGMP levels, compared with contol values; in conrast, ANE
produced 3 significant 39-fold increase (21 = 17w 810 * 112
purolwell) (Figure T7C)

Western Blor Amalyses

Chualitative immmneobloting was performed with aoti-21
3T antibody, using nssue exmacts fom kidney cortex, kidney
meadalla, liver, hngz, swd nmscle and exmacts of iselared Do
cells, mesangial cells, and interstitial cells that had been fested
in the oGMP aszzvs described above. A principal band was
identified, with an apparent molecular mass of approximatsly
TO ED (Figure 8). Lower-molecular mass bands were atirtbut-
aile to degradation. The weak signal m extracts from infersi-
tial cells may be ativibutable fo the orizin of these cells from
tha renal madulla, where the number of sGC-immunoreactive
fibreblasts is smaller than m the ceriex. The immunohisio-
chemical signal obtained with antibody against Bl sGC was
also weaker

RT-PCR Analysis

We performed a quantitative analysis of B1 sGC mPNA in
axiracts from renal coriex, to verify the histochemical resulis
regarding =30 mBMA  expression Approximatsly  egual
amonnts of 70 cCODMNA and infernal standard were amplified at
3 concentration of 002 pg of standard DA (Figure 9A). As a
result, 3 value of &5 pg sGC mBNAjQug total renal cortical
mBENA was calculated The presence of mBWA for both ol
and @1 subunits was further asssssed In tssne exiracs by nsing
ET-PCE, with GAPDH as a reference standard Significant
bands for both subunits were observed for FMA exmacts ob-
tained from kidney corex, isolated glomemili, and liver (Figure
2. B o E).

Dizcuszsion

The results of our histochemical investizgations assign sGC
axpressjon precizaly wo wascular and interstorial cell nypes in
kidpey and liver. A newly generated highly specific antibody
to the Bl subunit of s&C allowed us to substantially extend
previous data on &0 localization (17.31% si3C requires the
coexpression of one o and one B subunit for catalviic action
(3,27). Because we were lonited to detection of oaly the 21
subunit with relisble immmpebistochernical specificity, we
supplemented our dara with results from i siw hybridization
and B T-PCE assays with specific probes for both of the “um-
versal” subunits (el aud B1) and with findings from functional
assays oo cultdvared cells thar were selected according to their
hiztechemical identification in sine.

The renal distribution of sGC revealad vascular and inter-
stitial componsnts. This smdy demonstrates, for the first time,
the presence of & m all contractile cells of the kideey, with
differant expreszion levels. In glomemli, the smooth muscls-
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Fipure 7. Stomlation of sGC i cyiosolic factons from varous
tzzwes (A and iselated cells (B and C), using S-nitresoghrathions (A}
or S-niroso-N-acetylpenicillamine (3MAF) (B and C) as a M0 donor.
(A} Enzyme activify in the cytesolic fractions from vanous tisswes
was dessrmined in the absence ([]) or presence (W) of 300 phd
S-nitrosoghiathione. Data are the means + 5D of three representative
experiments. (B) Enzyme aciivity in the cytosolic factens from
variens isalared cells was determimed in the absence (] or preassnce
of 100 pM SNAP (M) o7 100 pM SMAP added with the inhibitor
1H-(1,2 Aoxadiazole]4, 3 -ajquinesalin-1-one (10 phd) (H). (C) En-
Tyme activity in the cytoselic factons from mmormalized culnred
mauss podocytes was determined in the absence (Co) or presence of
100 pM SMAP or 100 oM atrial natriurstic peptde (ANP). In B and
C, each colomn represents the mean + 500 of six experiments,
performed m inplicate.
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Figura 5. Detection of 81 G In various dssue (A) and isolated cell
(B lysates by Western blot analysis. The smallsr bands observed
addition 1o the dominant T0-ED protein are depradation products.
Siznal zeneration was performed by using a chemihminescence kit

derived cells of the inira- and exmaglomerlar mesanginm were
FC-imnmnoreactive. BT-PCE data for isolsted slomeruli
support the presence of mPMA coding for el and B1 sGC. The
intraglomerulsr mesangial calls are thouzht to maintain me-
chanical swength by anchormg the capillary loops o the glo-
menlar mit (32); receptors for vasoactive honmones related mo
the conmractility of these cells bave been identifisd (for review,
zee reference 33). Local effects of the NO-sGC-cGMP path-
way may counteract thess effects. In whve, MO may be derived
from constitutive MNOS activity of the adjacent zlomerular
capillary epdothelium or may diffuse from the neartby macula
densa (8,100 Significant =&C stammg, as detected in the
mesangial apgles aochoring the glomerular basement mem-
brane (32) suggests a particular rele for oGMP o maintaining
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Figurg 9. (A) Quanfification of 81 sGC mBNA m kidney cortex by
reverse transcription (RUT)-PCR with an miermal standard. (B and C)
Rapresentative BT-PCR as=ays for oGO subumits, usme ghyceralde-
hyde-3-phosphate dehydrozenaze (GAPTH) as a reference probs, m
kidney comex (B) and tsolated glomenai (C). (D and E) Fepresenta-
tive RT-PCR ascays for sGC subunits (D, al; B, g1}, using GAPDH
23 a reference probe, in lver.
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adeguate contractile tone af these sites. Stimulation with a N0
azonist was highly effective in increasing cGMP accumnulation
in mesangial cells invitre, which confirmms earlier data (34) and
supports the hypothesis that oGP may play an imporant role
in these cells.

The histochemica] presence of B1 sGC o mesangial cells
and not in podecytes, as ohserved in this smdy, is in conirast (o
previous fndings reporiing ol G0 mmunoreactvity exclu-
sively in podocytes (31). However, becauss those earlier at-
tempis to localize sGC did pot reveal a plausible overall
distriburion pattern for the enrymes and failed to demonstrate
colocalization of its subnnits, the sigmficance of those exper-
iments mmst be reconsidersd in light of the findings presented
here Our ix vitre data demonstratad, in face, that additon of a
WO dovor to culured ommertalized monse podocytes failed fo
stimnlate $GC, whereas the same cells demonsmatad 3 response
after stimmlation with AWNP; these resulis highlight the absance
of &0 bur confinn earlier findings on the presence of the
particulate form of the enzyme in these cells m rats. OF course,
dizcrapanciss berween the two species with respect to sGC
axpression cannot be entraly miled out by the reporeed assay
resulis.

Nlarked expression of B1 sGC in cells of the extraglomearular
mesanginm may have functional implications. Because the
mechanical integrity of the glomemlar bilus is thought 1o be
supported by these cells forming a “closure device” for the
enirance info the glomembus (35), HO-dependent regulation of
thair contractility, mediated by the nearthy constitutive 2105 in
the manla densa, seems plavsible (36). Exraglomeralar mas-
angial calls are thouzht to mapsmit stimuli from the macula
densa to the glomerular vasculamre apd the renin-containing
gravular cells, and the WO-sGC-cGME pathway may represant
one of the prmcipal components in this mformation wansfer,
posstbly in conjunciton with stmcturally established intercel-
lular communication via gap junciional coupling (%,36,37).

The finding: of significant GO onmunoresciiviiy and Tan-
zcript levels in the glomerular artericlar walls, melnding the
eravular cells, confirm functional observations regarding the
local effects of WO on these vascular cells (7-9,38). Admust-
ment of wbuleglomenular feedback acton in respoass o
changes mn mbular Wall load and macnla denza constinumive
W05 activity (8,38) may thus be related 1o the local abnodsnce
of s3C. The presence of sGC in the cytosol directly surroumnd-
ing the remin-contammg gravmles of the renm-producmg cells
supports a stimlstory role for oGP (7.9). Prominent sGC
immunereactivity m the nuscular wall of the efferent amerioles
further suggesis that local release of MO mn this vascular
pomion may have impertant vasodilatory effects. The partdcu-
larly high =GC sigoal in juxtamedollary efferent amerioles
suggests 3 NO-dependent dilatory mechanism, which may de-
termiing renal medullary perfusion. Such an effect wonld be
supported by the contimuons strong sG0 imnnnestaming in the
myocytes constitutng the wall of the descending vasa recta and
in the pericvies of the terminal portions of these vessels within
the vascular bundles. These dats may represent the morpho-
lagic aquivalent of the otherwize wall established effects of WO
renal meduallary circulation (10,11} The overall weaker 51
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3T immmnostaining of larger renal cortical areries and arte-
riples, comiparad witk smeall resistance vessels, suggests pref-
erential responsivensss to MO in the later.

Sigmificant expression of 55T was also observed in infersii-
izl fibroblasts in the renal cortex and, to a lesser extent, m the
meadnlla; i sine hybridization results and ths in vire data on
Wid-dependent cGMP formation, using freshly isolaed mednl-
lary interstizial cells, confinmed the immumohistochemical find-
ings, demonstrating that this cell type has a particalar role in
the WO-sGC-cGMP siznaling pathway in rewal parenchyvma.
Thesa data agree with an earlisr report on mP2A expression of
el and B1 sGC subunits in long-term cultivated rat medullary
inferstitzal cells and on their XNO-specific responsivensss [39).
In situ, A proportion of the comical interstitial fibroblasts were
previously idenufied as the main source of erythropotstm (407,
Thesa cells also express high levels of WADPH oxidasze (41},
and they are iovelved in the syothesis of extracellular adeno-
zine; bowever, it remains to be established whether these
products functionally nteract and what role local cGMP re-
lzasze conld play.

The complete absence of tubular histochemical labeling in
thiz study is in contrast to previons PCR and immunchisio-
chemnical darma that repomed sGC mENA in a varisty of mbualar
epitheliz and B2 G0 nmmmorsacivity m collecting ducts
(12,1331} The discrepancy between these resulis may be
atribufable to sensitivity or specificity problems; howewver,
anti- Bl G0 immunoreactivity was reliably detected in a va-
riefy of renal and hepatic cell types, so that mbualar expression,
ar least of Bl sGC, mmst be at a low lewvel Also, we never
observed coincident histochemical localization of MNOS and
53T, which suggests that WO, as 3 signal molecule for coGMP
generation, acts through paracone diffnsion to its target, rather
than by intracellilar siznalmg.

Our results on 3GC in the Ito cells of the liver agree with
functional concepts of thesa cells. Iro cells have been described
as liver-specific pericytes that are located o the space of Disse
and possess long cell processes extending bemween the simsoid
endothelia and the parenchymal cells (22). They are relsted o
renal cortical interstitial cells, inssmuch as the two cell fypes
share a mamber of properties. In addition to the common
expression of sGC, they are the principal sources of erythro-
poietin production by the body (43) and both express nenmo-
phil 2ADPH oxidase and ecto-Foucleotidase (41) and play a
ceptral role in organ fibrosis (23). In response to vasoactive
substances such as WO, carbon monoxids, and endotheln, the
conractile tone of e cells may be adjusted o regnlate sim-
soidal microcirculation and perial BE. Both locally formed WO
and carbon monoxide are thought to tarzet 2 common biclogtc
effector limb viz bimdmg o #&C and gensraton of cGMP
{1820} The identification of Iio cells as a source of abnndant
{7 C expression thus corroborates the evidence of this signaling
cascade, which is also confirmed by the effective stimulation
of oGMP release by Ito cells. as assayed in vire. Eawada eral
(19 reporied much weaker release of cGMP in response o o
cell stimulation by a WO donor than we detected; thiz differ-
ence was probably atiributable to differences in cultvation
times. Total cGMP-forming activity after stimulation with KO

#C Dismittioz and Framction 2219

was mch lower in liver than in lung and kidney cortex. This
difference is Llikely to be related to the fact that the parsnchy-
mal hepatocyvies were sC-negative and the Ito cells, which
represent only a small proporion of the entire fissue mass,
were the $GC-reactve cell type, In conjunction with venons
wall cells.

In comclnsion, this smdy presents an entirely new range of
cell ypes expressing sGC in kidoev and liver. Compared with
previous data, we thus provide a more solid, extended pattern
of sGC distmibution, with the use of mmproved histochemical
and in wire methods. Significant expression was localized to
vascular wall cells in both organs, with pamicularly hish m-
tensity in the glomernlsr artericles apd descendmmg vass recta
of the kidney and m perisimmsoidal Imo cells. These sites are
crucial for the local adjustment of vascular tone and thus of
regional end-organ perfusion. Common propertes of o cells
and remal corfical fibroblasts have been emphasized by the
results presented here, which may facilitate an understanding
of the functional mechanisms that are active in these cell tvpes.
The localization of sGC in renin-producing gramlar cells cor-
roborates functional concepts of the role of oGMP in renin
releass. Significant mesangial expression of 5C and affective
stimmlation of culmred mesangial cells by MO suggest a prom-
inent role for cGMP in adjusonent of the contractile tone of the
slomerular mft, with possible implications for diseases of the
slomeruli.
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Epithelial COX-2 Expression Is Not Regulated By Nitric
Oxide in Rodent Renal Cortex

Franzska Theilig, Valenting Cimpean Alexander Paliege, Matthew Breyer, Josie P. Brigps,
Jirgen Schnermann, Sebastian Bachmam

Absirged—In the adult rodent kidoey comex, cycloopygenase-2 (C00-2), WO syathaze (WO51), and renin synchesis change
in parallel on alerations m distal mabmlar ¥aCl concenmation, and their products in part may muemslly detennine
synthesis and activity of these enzyroes. Epithelial 0 symthesis has been posmilated o exert 3 stinmlatory role on
Ci0%-2 expression. Changss in COX-2 and NOS1 may be assessad histochenucally by determuming changes in the
vuanber of positive cells. In rat, macula densa and adjacent calls may co-express C©0X-2 and NOS1, wheraas cell groups
of the wpstream thick ascending limb (cTAL) express CO03-2 alons, Wa have tested whether the sthoulation of COX-2
exprassion by short- and long-temmn vmilateral renal amery stenosis, low sali, and furosenude reatment depends on
co-expression of MOS1. These condittons produced significant respective increases (40% to 351%, P<20.05) in the
vuanber of COX-2 immnmoreactive cells, regardless of whether MOS1 was preseart of not, snuggesting that co-expression
of WOE] 1= not necessary to produce these changes. Under high-zalt conditions, analogous though inverss changas ware
recorded (—82% to —73%, P<0.05). In mice with zepetic deletion of OS], low- and high-salt diets cansed similar
changas of COX-2 immmumoreactivity (106% and —52%, P-20.05) than those seen in wild-rvpe nuce (43% and —TE%,
P005). We conclnde that alerations of distal twbular MaCl copcepiration and preswmably WalCl fransport mduce
changas in eprthelial COX-2 expression that does not depend on presence of co-expressed MOS1. It therefore sesms
vnlikely that IO 15 part of 3 signal transduction chain betwreen funlar chloride sensmg and the modulsting affects of
prostaglandine in mnlo-vasoular miormstion wansfer. (Hypertension. 2002;39:848-853)

Eey Words: mitic oxide synthaze m macula densa m renin @ puxtaglomernlar apparanes m prostaglanding

be maomelian kidoey 15 oan ingporaot site for the

synihesis and action of products derived from cvcloomxy-
gemaze (D00) isofonms (prostaglandm symfhase G2HI)
which catalyze the metsbolismn of arachidowic acid imo
biologically active prostancids.! Functionsl roles for eloo-
sanaid products of OO0 include the orthosrads formation of
the nephron during cotogenesis? and the modulaten of renal
zalt and warer excretion.? Fecent evidence bas highlighted the
roles of COR-2 m the tulo-vasoalar sienalimz mechanism
of the juxtaglomendar apparaes -9 The maoila denss mech-
avism for cowmrel of renin secretion depends on CO3-2-
mediated prostaglandin synthesis, because the stmalaton of
TRnin activity, secretion, and mBIVA expression in response o
a decresse in honinsl MaCl conceniraton could be reduced by
the sdmimisradon of COX-2 mhibitors or nonsteroidal sndi-
inflanmatory dnegs. s Additionzl evidence came fom
CO0-2—deficient mice that falled to Increase remsal remin
comtent vmder low-salt conditiens.” In the rodent reoal
cortes, the principal site of COX-2 expression is the comical
thick ascendmg lmd (cTAL), inchuding the meoula densa

egion ' CON-2 expression 15 mcressed 1o high-renin
smanes whether induced by blockade of the renin angiotensin
systann M08 salt resmriction =020 imilateral Tenal araTy stEno-
zig, 107 pr Ma K 2C]-coransport inhibition =

Wenronal MO synthase (M0S1) is panly co-localized with
OO0 2—engpressing calls of the maoila denss and neizhbor-
ing cTAL cells, ' and conditions that zleer COM-2 expression
beve earlier been shown to indwce analogous changes of
L30E1 .12 Tt has therafore been proposed thet WO may
alza e imvolved in the medoladon of the milndo-vasoulsr
responses? Hecanse MO can activate 0332 and becauss
nbibifion of MNOS can decrease necaglomendsr COR-2
levels, *™ it was suggested thar N0 may be 3 posiove
regulator of O0F-2. To further investizate whether local 210
symthesis is required for a stronladon of CON-2 expression,
we studied the co-expreszion of 0002 apd DIOS] ar the
level of the single cell in rat medels m which global
vpremilaton of these 2 engymes has previcusly besn estab-
lished HOS1-defictent mice were used to corroborats our
results.
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Methods

Animials

Adult male Spragee Dawdey rats, male 2051-mull poufand mice
MO517), and wild-type comtred mice (0051 were fom the
Tocal mm:al facilities.

Treatments
All treatmenis and the settings af the contral sroups were 25 detailed

earlierea: (1) 2-kidney, I<clip Goldblar model of renovascular
hy i 2 3-day early phase and 2 28-day maintenames
phase (fotal, £=15) and (%) contnuous infision of frosentde by

subciranagusly moplanted for 5 days (otal. n=8). The
Hocesd v e 0.1% ECT as crinking fhuid to
mn.gemateﬁ:uﬂ:elﬂ -:-fel.a:n'-:-lgr'tes.“'wl_m (LD, nomal-
(5L, and high-salt (FISDY) diets for 3 days inrats (focal, n=12), and
—JLSDM:‘.HSEEI 1 darys in mice {fotal, n="%). Body weight and
urine osmolalty (24-hour values from metabolic CHZEE) WEDE CO0-
trollad throughour all experiments. Eidneys of all anmals were
perfision-fiued at the end of the experiments.

Hiztochemiziry

For histechemical demonsimilon of MOS fsme actvty, te enzy-
matic reduction of nimoblne terazolium in the presence of MATIPH
(MADPE diaphorase reaction) was used om cryustt seclions 2s
des imnmedis

srribed 10 For stochemesry, the followme primary
amfibodies were wsed: | ;mtbnmmudutnlamt-u:t} azaimst an
enon 2-encoded WOS1 (aming acids 1 to 181 from rat brain:
Sipma), (1) mmbhit clonal amibody azamnst m exon 12 to
e 5 i (Ca]hmum] (3) poat polyclhomal anfi-

body 2grimst 3 C-tereiinal CON-2

ide (Samta Cruz Bootechnol-
n‘g:_L,x and (4) rabbit polyclomal

dy aeull:ﬁt r2it Tamen Horsfall
Eh:l $D apaimst the whele gifi from I

ladial For desaction, "‘g.:-::wp.aig-:-a:am—mbbn-:-r 1
amii-goa, nr_d Cy2-coupled monse and-raboit amisera were used
{Dianova). Cell mucled were stammed with 4°.6-diamine-2-
pl'.emllnﬂe-.'_&zu;ﬂ] Standard meubation procadures were nsed 2
described 149 In double-! apmm suztable secondary
amiiodies coupled o diferent bmomnes were apolied.

In Situ Hybridizaton
For vismlization of mRNA
]1:Erﬁ:am:1 L'I‘i.I.I:E izenin-UTP Inbeled rbaprobes made from

300-0p COR-I eCNA Fragmerts 2nd wsing an alkalmne-phespha-
jrit: E—ggl]:-mtea lzlml detection 25 given in a previously esmblizhed
promcol.

Histoehemical Cuantification of COX-2 and

NOS1 Signals

For bistochemical guamtification of COM-2- and MOS1-pesizve
cells, an earlier des m'l:-er. mzthodolozy was adapted '*** Femal
cortical mmmunoraactive sigmals wese determined by countng
C00-2- and MOS]-positive cells in 3 disinod mcreamafonncal
Iocatioms: (1) within the macala densa proper, as dafined by the
absence of Tamm Horsfall proteis; () in the macula densa region
idertified by doubie staining nrt-:lﬂ:uannu and (3) in the ¢TAL,
ocoundng owly those cells that were NOS1-regative i COK-2TN0S]
douiple-stined sections. In muce, DON-2 staming was resmcied to
the mara demsa. so ooy these cells were counted.

To venfy chmges in MOS1 acthity, MACPH disphorase staming
was evaleted 2 described ¢ Ramilfs métcated fhe same terdency
and extent of changes in all experimental Froups, as reported in te
previews paper, and are ot shown

OO0 mBA expression was quamified in secoons meated with
in sim fybodizaton. AQ posicvely labeled simes wers counssd
throaghout the renal comex. Whensver =1 simnal was locased m the
same abular profiles, the sipnals were counted 25 2 single sipnal

Pesults from mumerical evaluation were expressed as the mumber
of labeled cells or sies per 100 plomernli. all guemifications,
which were blindsd to the evahator, 2 total volme of =00 o 600

expression, in sitw bybridizaton was
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Elomerll was considersd For siatistcal amalysis, the Lond test
{1-wany test), which is used for spell sample mumbers, ™ or ANOVA
weap‘aha:lvrtma:lpmpm}e Cifferamces of a level of P-<{.05
ware considerad sizmificant

Results

Microanatomical Distribution of COX-2

CO%-2 mrpunoreaciive cells were encovmtersd in 3 typocal
locatons: in the macula denss proper, iz defined by the
THP-pegsove portoas of the cTAL; in the meculs denss
region of the cTAL adiacent or opposite o the macnla densa:
md in upsmeamn pormons of the cTAL, located at waryins
distances o the glomendar aftachment sie (Figure 1), In
macula devsa cells, COX-2 was detectad as a fame ooclesr
membrane—aszociaed signal compared with thar in ¢TAL
cells, where the meracelbilar signal was generally mors
widespraad and smonger. Double smaming of COX-2 and
M0G]1 revesled thar in the MWOS] muminopositwve manils
demsa proper, mo more than 1 or 2 COX-2—expressing calls
were encountered per positive site, whereas cells co-
eprassing MO51 and CO%-2 were more freguent in the
macula region (Figure 1a through 1m). In sites of the ¢ TAL
distant to the glomernalus, smgle cells or groups of calls
showing COH-2 inmnmeresctivity alone were found (Figura
In through 1r), whersas MOS] co-espressing cells wers
prncipally sbsent fom these portions, independent of the
physiological stams of the animal. In sim bybrdizaton for
CO¥-2 m rats showed a lower mumber of labeled calls
conpared with that obtained with the comesponding anabody
{Figura 21 and 2k). Wit both techniques, however, signals
ware lpcated in analogous positions of the distal nephron. In
contrast to rats, COR-2 mmwnoreactivity in conirol mice was
lecated mosily in meoda densa cells proper, whereas ¢TAL
cells were rarely stamed (Fizure 2z and Zh); as in rats, the
CO%-2 signal was confined to 3 perimnclear zooe (COX-I
mAMA expression was restricted o single scamered cells in
the juxzlomenlar region (daa nor shoam). WKOE1~- mice
ware nsed o test whether CO3-2 expression 15 regulated in
the absance of epithelial MO51 actviry. Becanse residoal
1051 activiry In these mice may potentally be derived from
splics varants lacking exon 2 (IO51 8 variant), we evaliarad
I0G1 activity by the MADPH disphorase resction and
MOE] expression by in sim bybridizston with a BMNOS1
3-gpedific nhoprobe apd by mounocyvtochenisoy with an
mafibody azamst an MN-rerminal domaim of the protein. Thase
approackes did not idendfy MOS] o maoils densa or amy
oiber ebular epithelial sies m the 20517 mice (Figure 23

through 2f).

Eegulation of COX-2 Expression in Bats

The nuwber of cells egpressme OOM-2 andior MOS1 was
defermuped @ rats with shor-temn or long-temn vmilsteral
renal artery stenosis, and ioorats meated with LSD WAL
K50, or with furesenude, and compared with the meam of the
Tespecdve cononl Eroup.

The mnzer of O0F-2 imnmmeoreacdve cells in the manila
densa proper, as defined by the lack of concortant THP
inmmmorsactiviry and the oblizatory expression of MOS1.
was increazed by £1% afier short consmicton and 0% after
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Fljurs 1. Repressntative visas of diferences In spacic Inmunarsactivity of the macula densa regin (@ trough m) and TAL in hrough
ry e rat kidneys subjectsd to varkous expsiimental condiions as Indicatsd on the st a though m, Single Tuoescent signals of
COM-2 (rech and MOS fgreen, and overlay Inages of slgnals ndizatad by menge are documented. nthrouoh r, Only ovarky Inages of
COK-2 (el ancl THI (green & presentsd; MOST was abssmt Tom 1hese sagmants, In the i ok, sknals sor COX-2 and MOS1 are
Hkgh In e clppsd Gaklatt kKianeys (@ thiough o, kW In the nondipp=d Kdreys [ hmugh T, and high atsr LSO (9 through | and
Turcesamide traatment (i threugh mh. n the fght bicck, anakgous quantiative changss ars shown Tor scattersd COX-2 I unoreactive
cellz, Mudlel are 47 6-diamino-2-prenyindok-stained for betier dentitication G indicatas glomanius,

long constriction (Pe0.01) in the clipped kidney, by 4074 in
the LSD¥ group (P 0.05), mnd by 195% m the fmossmmde
groap (F0.01). By conmast CO3-I—-positmve cells wers
deceassd by 53% o the pooclipped kdney afier short
consmicton, by 7% after long consmicton (P00001), and by
60% m the HSD sroup (P-0.01; Fizures 1 and 33).

The mmnizer of OOX-2 mnnmnoreactive cells of the maoala
gemsa region, where cells express both MOST and OO2-2
increased by T1% after short consmiction and #0%: after long
consmicton (P=00.01) m the chpped kidney, by 243% m the
LS50 group (P-0.05), and by 70% in the furcsemide group
(P01} The pumber of these cells had decreased by 21%
in the nonclipped kidney after shon consmiction, by 31% after
long constriction (P-0.05), and by 68% in the HSD groap
(Pe000]; Figumes 1 and 3b).

Finally, the mmber of CO%-2 inmnmoreacdve cells of the
upsireamn cTAL poricns, which throughout all experiments
did not exgress MNOEL, bad increased by T3% after short
consmicoon and T3% after long constriction (P-<0.01) in the
clipped kidvey, by 50% in the 15D group (P 0.05), and by
351% m the furosemide group (P«0.01). By conaast, the cell
mumiber had decreased by 14% afier shomr consmiction and
13% after long constriction (P=275) in the nonclipped kdney
mad by 73% in the HSD zroup (P« 0.01; Figures 1 and 3c).

The pumber of HOS] nmmunoreactive cells of the manala
densa and macula densa region iogether bad mereased by

35% (P-20.0%) in the short-term and 50% (P-=<0.01) in the
long-term clipped kidoey, by 41% (P<0001) in the LSD
groap, and by 44% (P-0001) o the furesemdde sroup and
derreased by 14% in the short-term clipped kidvsy (P 0005,
by 16% (P=0.01) in the lonz-term clipped kidney, smd by
3024 in the H5D groug (P-0.01; Fizures 1 and 3d).

The pwmber of cormical O03-2 mPWA-spressimz sites
was increasad by 8% m the clipped kidneys and decreased
Ty 36%% in the ponclipped kidoeys in the meintenance plase
of rewsl arfery stenosis (Fe00005). In the furosemide group. 3
421%% incresse was messured (F001; Figures 3 k. and
3g). Fesults in rats are swumarized in Figure 4.

Regulation of COX-I Expression in Mice

I these experonents, the munzer of OO00-2—expressing cells
was comipared berween wild-oype conTol mice and MNOS1
mice Becase COM-2 mumunoreacoviry is resmicted o the
macula densa in nice, coly mamils densa cells were evalu-
abed. The vumbers of COM-2—positive cells were not different
between INOS1™T and wild-type wnder conool conditions
After LSD tresment, O03-2 immnmoresctive cells wera
inrreasad by 43% in weight and by 106% m WNOS51
compared with the respective genonype oo 3 congol dist
[P 0005), and decreased after HAD by T8% m wild-rype and
52% in MIOS1 - (P=0005; Figure 2g and 2h Absoluie valies
are ziven in Figure 34
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Figura 2, Representative visws of MOST act Mt mRNA sxpres-
SknMmUnarEactivity n control and MoS1~- mica {a through T,
of the efects of LSD and HSD on C0X-2 neruncstaning In
R =" milos i and By, and of COX-2 mPRA expression
Turcesarnkde-treated ratz | and k). MADPH diaphorase staining (a
and by, MOS1 In =ity bybridization using MOS1 2'-speciiic fbi-
prots o and di, and MOS nmuncstaining using an antbody
dimcted aganst an exon 12 to 21-encoded NOS doman of
& Ffl:l'lﬁl'l & and TI shova claar ﬂgl‘uﬂ&- In macula denza of the
wid-typa mics, but no slgnal In thie knockaut mics, GOX-2 2kg-
nal Tﬂm&ﬂh' E—‘II'ETIQEIT after L30 and staing mars macula
cenza cals (g) than after HSD (hy, COX-2 mPRA expresslon b
much sbronger I furossm Ke-treated rats k) than In unfrested
copiroks i macula densa babaaen amveheads. The mBMNA 2lg-
nalz in panala land k ae mostly noTAL

Discussion
Parttal co-expression and the co-regulation of CO0-2 and
130GE] have been the basis of the hypothesis that local M0
syuthesiz may be a detennipant of COM-2 acovity or COX-2
eprassion. [n the present smudies, we have used 3 guantitanve
histochemiczl approach o ecnnine whether known CO3-2-
inducing stmoill can be differsntiated m ther stinmlatory
potency depending oo the exact location of the COC-2
eprassing twmlsr calls, In particular, we ained at disclosing
whether co-expression of MOS1 s required for COZ-2

Theilig et al
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megulaton Thus, we have distnmushed levels of COX-2
exprassion betwesn cells characterized by presence (miacula
femsa region) or absence (upsmearn ¢ TAL) of co-expression
with FIOS1. In view of the well-established sinilarities n the
eprassion of Tanspor-related gene products benween thess
sites M1 3 comnparison between these cells is a nsefial fest of
a rabe of OS] on the regulation of COM-2 expression
The expenmental condidons used in rats mothis smudy
resulted in chanzes of COM-2 and 051 expression that wera
comparazle to those reported earlier under simalar ciromn-
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Figurs 3. Calkeulated changss In numbers of COX-2— and

MO -presitive cells In Kdney corts, Expsiimental conditions in
a through & (1, short-temm el 2, short-Term noncllps 2, kng-
termn clig 4, long-tamn noncip; 5, LSO 6, HS0; and 7, Tuno-
sam e treatment) ane com parsd 'with e respsctve comil kv-
aks within the distinet spithalal lecations. 7, Valies show
abaoiute cell numbers In wid-typs lsit and HOS1~- mics
{ight) urder LS0, WSO, and Hsn respactialy; statistcal anaty-
sk companss LED and HSD groups 1o thelr respsctive MED
controtz. & Indcates Individual values; &, mean values,
P00, #P=000,
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Flgure 4. Schamatie topographical repragsentation of COX-2 mmunarsaciive cells N control @bs 6, and In rats subjscted to nbbony
{a) o stimulatony nbsrvantions o, MOST Frmunoreactive calle may spess NOST alons, or coroom tantly with SOX-2 (red and blus),
Thires cell popUlatiore—e, macula darea calls proper (3 columnar cell: acjacent 10 giomsaniis), calls of the macula densa region (mat-
ter cells near maculs), and celle of the corical thick ascsnding kb upstean populations distart 1o glomendusi—ars volved In the

changas.

stamces, W12 Thace whole animal stadies, and shdies in
isolzted praparations of the prmazlomenilar spparams? and in
culnmed lines of meouls densa—derived” and cTAL calls 18
Leve contmbuted to 2 general concept of the local regalation
of COM-2 synthesiz and fancrion. Cme of the conclnsions has
T that either WIOCT inbibition with loop dowredes or a
lowering of ambient C1° levels may act as a wizgsr o
summalate CO3-2 activation and PGED release 7 Cur present
resulis are comsonsnt with this notion, o thet experinental
condirions  associated with RMECC? mhibition (firosamids
treament) or with 3 reduced hmms] MNall concepraton and
presurnably redwced WEOC? actiwity along the <TAL
{clipped Goldblatt kidoey, salt deprivation) are sssociated
with increasad COA-2 expression.

The mansdnction mechanism coupling WECC? activity and
C03-2 enzyme actovity is unclesr. Published evidence has
indicated 3 fimctional dependence of COX-2 oo constitunye
I90E acivity in whole-animal smdies and isolated nedaglo-
merular preparations *4%14 Thase smdies indicated that m salt
depletion or dunmgz WEOCT inhibidon, 20 plays & sigeificant
simmulatory role m OOX-2 actvation. A preliminary stady of
our laboratory, bowever, had produced conmradictony resules.
Tsing several ways for a chrowic spplicaton of the MOS1
specific mhvbitor T-nitroindazole o rafs, We Wele INSBOCESS-
fil to confinm the stmwlatory role of MOS1 activity in a
whole-annmnal setting.

In pur presemt resules, stencsis of the rensl amery sal
deprivation, and WECC? blockade all produced a significant
rumercal recmrmment of O0X-2— and MOS1-positive calls
independent of 3 co-expression of these parameters. The
rumerical redaction of these cells below conmol levels in
condition suppressing both paranetars (volune expansion by
bigh zalt iotaks) produced aopalogous ioversely directad
chamzes. From these observarions, we conchwde thar the
inmacelhdar availabiliy of MO or itz regulaton is oot 3
necessATY Tequirement for the sumrnenmtion of COO3-2-
posinve cells.

It is conceivable that 190 contminaes to the regulaton of
C0%-2 in calls that evqoress BI0OS T, e thar C03-2 repuladon
uses other paitbnways in cells withowt concomitant MNOS1
erpraszion. In fact, in the work of Cheng et al ' it appesrs
that the suppressiom of COX-2 by T-nitromdazele is most
prooovmced mothe menls densa and less dramatc mothe

surounding cTAL cells. A direct, oGAP-dependent activa-
ton of CO%-2 in culmured rabbit cTAL cells has also heen
reported 4 We had previously found thst st least in ratg
bowever, neither cTAL nor macula denss cells conmained
detectable amounts of soluble guamylyl cvclase, the cGWVP-
catalyzing enzyme * Thus, it is unclear whether an MNO-
dependent cGMP patoway can affect prostaglandin synthesis
within the same cell in sim.

Facenily an aliematve, oGh[P-independent ingacelhilar
mechanizm of COX-2 mdnction indtiated by phosphoryiatdon
of exmacellular siznal-regulated kimese (ERF)L2 as well as
P38 kinmsa™™® hes been described thar mayv be active m the
present conditoms; ERF and p3f acovation may in fact
smuolate O00-2 zepe expression by transcriptions] and
postranscriptons] regulation =

Chrr complementary stadies nomice show thar maoala
demsa COC-2 inmnunorsactivity was not different beowesn
wild-type controls and HOS1 knockowt mice, sugzesting that
prasence of local MOS1 iz not 3 prerequisite for maouls
densa—spectic expression of CO0M-2. Furbennore, stinmls-
don of CO3-2 expression in maoula densa cells by a LSD
was comparable in NOS1™ and wild-tvpe mice. Becsuse wa
doomnented total sbsence of mibular MOS1 expression in the
FOE1™" mice, thesa results confirm our conclusions from the
mat stdies that an inracellular co-egprassion of CO3-2 and
10E] and the dwect availability of 20 1s mot required.

In smmmary, our results indicate that an actvaton of
epitheliz] CO3-2 expression by a reducton in WaCl upiake in
mats is comparakle in macoala densa cells and in cTAL calls
near of distant from the maoils densa and thet coexpression
of MOG] does not medify the degree of COX-2 stinmilation.
Furthermore, 205 1-defictent muce express O03-2 at smular
levels as those of wild-type nice, and a low salt imeske
simmilaes CO3-? expression 1o 4 similar degree in both
sirains of mice. We therafore conclude that miracellular or
mnfent MO levels are nof reguired for the activanon of
o2
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Cimpean Valentina, Franziska Theilig, Alex Paliege,
Matthew Breyer, and Sebastian Bachmann. Key enzymes
for remal prostaglandin symithesis: site-gpecific expression in
rodent kddney (rat, monss). Am J Physiol Renad Plyetol 285
F1o-F32, 2003 10.1152%jprenal 00442 2002 —Prostancids
derived from endogenous cylooxygenase (O0X bmediatad ar-
achidomic acid metabolism play important roles in the main-
tenance of renal bload Aow and =alt and water homecstagis.
The relative importance of COX-1 and COX-2 iscforms is
under active investigation. We have performed a comprehen-
give histochemical analysis by comparing rat and mouse
Eidneys for callular and subesllular localization of C0X-1 and
-2 and microsomal-type PGE synthase (PGES), the rate-
limiting biosynthetic engyme in PGE; synthesis. A choice of
different sera was ecompared, and the results were confirmned
by antigen-retrieval t=chnigues, in situ hybridization, RT-
PCER, and the use of COX knockout mice. In the glomerunlns,
gignificant C0E-1 expression was detected in a subsst of
mesangial eella. Along the renal tubule, the known COE-2
expression in cTAL and maemla densa was parallelsd by
PGZES staining. In the terminal distal conwoluted tabule,
connecting tubunle, and oortical and medullary collecting
duets, a significant COX-1 signal was eolocalized with PIGES;
COXE-2 was not found in these sites. Intercalated eells wers
generally negative. Cortical fibroblasts were COM-1 and
PGES positive in mice, whereas in rats cnly PGES eonld be
reliably detected. Lipid-laden interstitial cells of the inner
medulla were COXE-1, -2, and PGES poszitive. Vascular
gmooth mmscls cells were not stained. The pressnt data
support prominent functions of renal progtancids, predoroi-
nantly PGE:, by defining expression sites of the ey enmomes
for their biosynthesiz in the rat and mouwse. Results defins
the renal cell types involved in prostaglandin autacoid fonc-
tions within spatially restricted sites such as the juxtagle-
merular apparatus, mesanginm, distal convolutions snd cal-
lecting duet, and in compartments of the renal interstitinm.

mesangium; thick asesnding limb; distal convalutions; cal-
leeting duet; interstitium

THE MAMMALIAN EIDHEY 15 & major aite for the svntheais
and action of products derived from crelooxygenase
[COX: prostaglandin synthasze (PGES), GoHzl, The
enzymatic conversion of arachidonate to PGH: 12 fol-
lowed by further metaboliam into several bisactive
prostaglanding such as PGEs, the major renal prosta-
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glandin, and others ke PGla, PGFa,, PGDs, or throm-
hoxane A2 (TxAs for a review, see Ref. 43). PGE:z 1=
preferentially catalyzed by the rate-limiting terminal
gynthase [PGE: a:m‘l:haae (e, PGES]] (15, 24),

Ag elsewhere in the organism, pro.stag]snd.ms play
multifold roles in the phy=iclogy and dizease of the
kidney. They interfere mmportantly with the modula-
tion of local hemodynamics, renin release, and tubular
zalt and water reabsorption (for a review, see Refs. 19
and 40, Renal medullary prostaglandins are involved
in the pathogenesiz of hypertension, maintenance of
renal blood fow, and promobion of urinary salt excre-
tion (37, They further play an important role in elec-
trolyte disorder syndromes such as the antenatal Bart-
ter syvndrome (35 and in inflammatory renal disease
31y Renal prostaglandins act as paracrine autacoids,
causing local, specfic effects according to the renal
zonation and distribution of eell types (37, 48, 407 this
12 also reflected by the spatial distribution of the var-
ous receptor subtypes (for a review, see Ref. 81

There are two COX isoforms that have been 1denti-
fied recently by molecular approaches. Both exhibit
similar biochemical activ ity in converting arachidonate
to PGHz (9) and are similar in molecular mass (70 and
71 kDia), but they differ largely in amine acad sequence
and al=o with respect to the availability of the down-
stream-acting prostancd synthases and the prosta-
nolds ultimately formed (43), They also show differen-
tial distribution and regulation. COX-1, the constitu-
tive form, 15 widely expressed in the organism and is
consldered to have “housekeeping™ functions providing
the majonity of prostaglandin production (@) The in-
ducible isoform, COX-2, may be increased during in-
flammation, but among few other tissues it 1z also
expreased constitutively in topographically restricted
aites of the kidney (171 The distinet role of the latter
haz also been elucidated by the use of mutant mice; the
lkidneys of COX-Z-deficient mice fail to develop nor-
mally (33), whereas those lacking the gene for COX-1
production do not show sonspleucsus symptoms under
normal conditions (1), Isoform-specific inhibitors have
recently attracted a great deal of interest because the
salective targeting of pathophy=iological sources of

The coate of publication of this article ware defrayed in part by the
payment of page charges. The articls must therafore be hereby
marhed “sdverssment® in sccordance with 18 11.8.C. Soction 1734
solely to ndiate this fact.
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prostaglanding 1= considered a promising means of
avolding any adverse renal effects during pharmaco-
logical treatment (for a review, see Ref. 185
Localization of the renal sources of prostaglandin
synthesiz and release 12 thus a major 1ssue that has
been studied 1n a number of mammalian species undar
constitutive and regulated conditions (15, 19, 20, 23,
20, 31, 41, 42, 45, 46, 49, 51). However, important
aspects of tizsue localizabtion have remained unre-
solved or controversial, owing to conventional prob-
lems in the mnterpretation of histochemical staining
procedures, In particular, COX expression in glomeru-
lar cellz (10, 30, 21), collecting duct cell types (11, 42,
47), and 1n the cortical w2, medullary mmterstitium (31,
37, 50 ) has bean reported inconastently, and & segmen-
tal assignment of cortical COX-1 immunoreactivity has
been lacking. The availability of new antibodies and
intengified histochemical detection protocols have
prompted us to comparaBively evaluate o detail
CDK—I CO0X-2, and microsomal PGES distribution us-
ing different morphological techniques, Particular em-
phasiz has been put on the identification of epithelial
expreasion sites in the nephron and collecting duct
syatem. With regard to the increasing interest in mu-
tant mice, thiz study has been comparatively per-
formed in normal rats and mice. Mutant mice have
been used as controls for signal specificity. In the
present study, we thus aimed to present a comprehen-
sive histochemical analveiz to suppeort functional inter-
pretation of site-specific prostaglandin syntheas.

METHODS

Andmal preparafion. Adult male Spragus-Dawley rats
{ 200-g body wit) wers obtained from the local animal facility.
Adult male COX-1 and COX-2 null mutant kneckont mics
(COE-1-- and COXE-2-) and wild-type contrel mice (20%-
1++ywere from a monse colony at Vanderbilt University and
at the Mational Institutes of Health (MIH; kindly provided by
J.B. Sehonermann). Information on the genstic backgroand of
thess mice can be found slzewhers (371 All experiments wers
conducted in accordance with the Guide for the Care and Use
of Laboratory Arimals (MIH Publication 85-23, Revised
1666) and the German Law for the Protection of Animals.
The kidneys wers perfussd ade through the ahdorni-
nal acrta using PBES adjusted to 330 mosmellgHoO with
guercae, pH 7.4, for 20 8 az described before (330 Mext, a
zolution of 3% paraformaldshyds in PBS was infused for 5
min, followed by FES adjusted to 330 mosmol figH.O for 1
min. For cryostat sectioning, tissuss were protected from
freezing artifacts by subssquent overnight immersion in PES
adjusted to S00 mosmollgH=C by suercse (pH 7.30, shock-
frozen in ligunid nitrogen-cooled isopentane, and stored at
—T0%Z. For presmbedding immunchistochemical analysis,
tissme blocks wers postfized for 12 h in 3% parafermaldehyds
in PBS containing 0.05% glutaraldshyds, rinsed. and subse-
quently stored in PES. For the paraffin tachnique, tissne was
postiwed in 3% paraformaldshyde for another 12 h and then
dehydrated and standard parafiin embedded.

Light microecopile tmmunolisochemisiry. Five-microme-
tar-thick eryostat and paraffin sections wers used. Paraffin
gections were dewazed and rehydratad, heated in a micro-
wave oven in 2.8 gl citrate affer (pH 8.00 for 20 min, or
inmibated in a pressure cocker for 90 & in preheated target
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retrisval solution from a catalyzed signal amplification lot
{DAED, Hamburg, Germany), producing a streptavidin-hi-
otin-perozidase signal reaction. After being blocked with 5%
gkim milk in FES (pH T4)L sections were ineubated with
primary antibody for 2 b at room temperature and then
overnight at 4°C. In double-labeling sxperiments, suitabls
geeondary antibodies couplad to different Auorachrarmes wers
applied (THanova, Hamburg, Germany).

Enzymes invalved in prostaglandin synthesis were ident-
fied using the following antibodies: rabbit pelyclonal ant-
body against amino acids 274-288 of COCOH-1 (diluton
1:7.000; batch 180108 Cayman Chemical, Ann Arbor, MIx
rabhit polyclonal antibedy against an MHe-terminal peptids
of COX-1 (amine acids G3-124; dilotion 1:500; bateh 1784
Santa Cruz Biotechnelogy, Heidelberg, Germanyl rabhbit
polyclonal antibody against amine acids S84-508 of COE-2
{dilution 1:500; batch 180128; Cayman Chemieal i, goat poly-
clonal antiboedy against a COOH-terminal COX-2 peptids
{dilution 1:500; batch 1747; Banta Cruz Biotachnologyl and
rabhit polyclonal antibedy against an MHe-terminal peptids
of mimrceemal type PGES (amine acids 50-7%5; dilutoen
1:5,000; hatch 160630; Cayman Chemieal). Mephron portions
were identified by double labeling with segment-specific an-
tizera on the same sections or on consecutive sections ds-
pending on the origin of the antibedy. Rabhit antibedy o
Tamm-Heorsfall protein (gift from J. Hoyer, Philadelphia,
PAY rabhit antibody to the Ma-Cl eotwansporter [PIOC; gift
from Diavid H. Ellison, Portland, OFR (25)]; mouse monoclonal
antitody against calbindin Dhee: (Sigma, Tenflirchen, Ger-
manyl, and guinea pig sntzermn against the hasalateral
Ma'Ca exchanger [kindly provided by B. Redlly, Mew Haven,
CT (281 were used. To confirm the specificity of the antibod-
i, control experiments were performned by replacing pri-
mary antibcdies with 5% sldm milk in FES or by preabscrp-
tion with the respective peptides nsed for immunization as
far as they were commercially available.

Slides were evaluated with a digital Spot camera from
Disgnostc Instruments, processed with Meta Vue softwars
from Universal Imagingsupported by Visitron System  Puch-
heim, Germanyy, and viewed with a Leica DMRE light moi-
iroszope equipped with interference contrast optics and an
HEO flnorescence lamp.

Ultrastructural analysis. For presmbedding immunoper-
nxidase labeling, 40-pm-thick kdney slices generated with a
Vibratome (Leica, Weiterstadt, Germany) were inoubated
overnight in microtiter plates with the appropriats COX
antibodies at relatively high concentrations (dilutions 1:10-
1:2000, postized with 1% osmium tetrodds, stained en blo:
with uranyl acetate, amd flat embedded in Epon 812 Tira-
thin sections wers analyzed after additional eontrasting in
uranyl acetate and lead citrats. Sections were examined with
a Leo 906 electron microseops (Zeiss, Oherkochen, Germany.
Semithin sections were evaluated as well.

Dyolatton of glomeruli and RT-PCR analysiz. Glormeruli
were isolated as described previously (323 Total RMA from
izolated glomeruli was extracted using the guanidininm thic-
ryanate methed. Five micrograms of total RMA from each
sample were reverse transcribed. The following sets of aligo-
mclectide were used to aroplify (DA &-TATCOOGT-
TETGEATCTGACHY and B-TGETCCAGGEGTTTOTTAC-2"
(GAFPDH; 200 bp), 8-CCTTCOGTETEOCAGATTAC-2" and
ELGGOTGROCTAGAACTOACTG-2" (COX-1; 475 bpy &5'-
ACACTCTATCACTGGRCATCC-Y and 5 -GAAGGEACACOC-
TTTCACAT-3" (COX-2; 585 bp), and &-TGTACOOGETGOCT-
GTCATC-2 and £ -GOCAGAACATAGRCOOCEEE (PRES; 300
bpl. Amplification was performed using Tag polymerass for
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24-35 eyeles with an auntomated thermal cyeler ( PerkinElmer,
Weiterstadt, Germany). Each oycle consisted of the following
gteps: denatiratien at 98°C, annealing at 83°C, and exten-
gion &t T2%C. The amplifisd DMNA fragments had the expected
lengths as validated by agarose gel electrophoresiz and
gthidinm brormide staining.

Western blor analysis. Freshly isolated kidneys from rats
and mice were dissected and eut inte small piecss. The
gamples wers homogenized in iee-eold buffer containing 1%
Triton E-100, 0.2% SN, and 1 tablst of protease inhibitor
cocktail (Roche, Grenzach-Wyhlen, Germany’ in 25 ml PES
buffer, followed by a 10-min treatment in an nlirasonic bath.
The homeogenates wers centrifuged (14,000 g at 4°C), and the
supernatants were stored at —50°C until assayed. Samples
{100 pelans) wers run on 100 gradient palyacrylamide moimi-
gelz and blotted onto nitrocelluloss membranes. Blots wers
blocked cwernight with 5% nonfat skim milk and then ineu-
bated for 1 h at room temperature with antibody against
COX-1, OOX-2, or PGES. After extensive washing with 5%
Tween in FES, blots were ineubatad with horseradish peroz-
idase-conpled IpG A signal was developed according to the
manufacturers protoeol (Sigmal.

In sttw eybridizofion. Digoxigenin DTG -TTTP-labeled ribo-
probes and an alkaline phos dependent signal wers
penerated as deseribed (25, COX-1 rboprobe was made from
an S00-bp partial cDMA fragment of rat C0X-1, COX-2 ribo-
probe from a 1,200-bp partial DA fragment of rat C03-2,
and MCC riboprobe from a T00-bp partial cDA fragment of
rat MO COE-2 and MOC fragments were subeloned into the
EcoRWV gite of pEluescript vector (Stratagens, La Jolla, CA)
and the COXE-1 fragment into the pCR O-TOPO vector (In-
Vitro Gen, Giessen, Germanyh To generate sense and ant-
genge rikoprobes, the vectors were linearized by Xho lBamHI
for COX-1, HpnlEhel for COK-2, and XholBacl for NOC
{Roche, Marmheim, Germany) respectvely. BIA probes
wers synthesized and in vitro transcribed in the presence of
DIG-UTF and T3, T7, or SPE polymerases i Boche ). For in gitu
hytridization, T-pm-thick paraffin sections were treated ac-
eording to an established protoccol (2, 380 Riboprobes wers
applied at eoncentrations bebween 10 and 15 ngiml, and
hybridization was performed at 40-50%C. For contrel, sense
probes were applisd in parallel with sntizense probes. Sheep
anti-DIG-allealine phosphatase eomjugats (DAKD) was di-
Tat=d 1:50 in blocking medinm. A signal was generated nsing
4-pitro blue tetrazolivm  chlorids, S-bromo-d-chlore-3-in-
dolylphosphats, and levamisole dissolved in 0.1 M Tris-HCL
0.1 M NaCl, and 005 M MgCle, pH 9.5 Slides were rinsed
with PBES and placed undsr a coverslip with FES-glyeeral and
vienwed using brightfield micrcscopy as deseribed above. Ra-
dinlabeled in sitn hybridization was performed according to
established protoccls. Before hybridization, tissue sections
were deparaffinized, refived in paraformaldehyde, treated
with proteinase K (20 pgfml), washed with PBES, refized in
A% paraformaldshyde, and treated with tristhanolamine
plus acetic anhydride (0.25% volvolh. The respective "°5-
labeled antizense and sense riboprobes were hybridized to
the section at 55°C for 18 ho After hybridization and strin-
pency washes, sections wers treated with BIase A (10 pgfiml)
at 37°C for 30 min. Slides were dehydrated, air-dried, dipped
in photeemulsion (Iferd K& Enutsford, Cheshire, UK, and
expoaed for 4-5 days at 4°C. Photomicregraphs of the radis-
lakeled in sifn hybridizatom were viewsd with darkfield optics
nuzing a Zeiss photomicoscops equippsd with a digital camera
iGpot-Cam; Diagnestic Inshuments, Sterling Heights, M

RESULTS

Antibodies against C0OX isoforms. A choice of com-
mercially produced antisera against C0X-1, C0X-2,
and PGES 12 presently available; however, the present
experience has shown that detailed examination of
cross-reactivity was in fact necessary to assess the
specificity of the immunclogical probes. Some of the
antibodies tested showed =significant cross-reactivity
among isoforms, contrary to product specifications. Dnf-
ferent antibodies to the same epitope did not necessar-
ily ¥ield the same immunechistochemical staining pat-
terns, whereas others stained structures unlikely to
expreas C0X isoforms. Isoform specficity, as outhned
by the producer, was not alwavs given because sera
labeled ant1-COX-1 were raized against peptdes with
similanties to COX-2. Therefore, only comparative
analysis of several different approaches such as con-
ventional mmmunofluorescence staining protocols, ul-
trastructural immunopercxidase labeling, and in situ
hybridization was suecesaful. In light microscopy, the
uze of fluorescent antibody labeling resulted in very
claar-cut staining with no major background problems;
however, brightfield microseopy with peroxidase stain-
ing using an antigen-retrieval kat was clearly more
menzitive, so that weak signals such as epithelial
COX-1 that were not well detected by immunoflusres-
cence could be detected satisfactorily with this tech-
nique. The use of controls 1ncluding COX-1 and COX-2
knockout mice was eszential for confirmation of thess
results. The best signale were obtained using rabhit
polyclonal antibody to murne COX-1 (hatch 160109,
Cayman Chemicall; goat polyclonal anti COX-2 anti-
body (batch 1747; Santa Cruz Bistechnology); and rab-
bit polyelonal antibody to micresomal PGES (batch
160630; Cayman Chemieall.

Identification of kidney structures. For a precise as-
signment of prostaglandin synthesis to identified por-
tions of the renal tubule, we used morphological crite-
ria as well as the ssgmental coexpression of defined
markers (3, 6). Glomerular and juxtaglomerular cells
were identified by fine struetural eriteria. The proxi-
mal tubule was recognized by the presence of brush
border; thin limbs and vasa recta by their location
within the vascular bundles; medullary and cortical
thick ascending imb (mTAL and ¢TAL, respectively)
by the presence, and macula densa by the absence, of
Tamm-Horafall protein; distal convoluted tubule
(DCTY by the presence of the MCC; and parts of the
DCT and the connecting tubule ({CINT) by the Na/Ca
exchanger and calbindin, Collecting ducts were 1denti-
fied by their microanatomic location. epithelial height,
and presence of intercalated cells; and interstitial cells
were identified based on their shape, location, and
mmmunoreactive pattern.

Cortex. The glomerulus and juxtaglomerular appa-
ratus revealed significant COX-1 immunoreactivity in
the extraglomerular mesangium in both species. In
addition, a subset of mesangial cells of the glomerular
tuft was markedly COX-1 positive (Fig. 13 Ultrastruc-
tural distribution of COX-1 in rat mesangial cells
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Fig. 1. Distribution of evcloxygenase (COX)-1 immunereactivity (IR} n glomsmalue and juxtaglomerular appa-
ratus, o Uhtrastmctural immmunoperoxidass staining reveals COX-1 IR I a single mesangial cell, nota tha
perimelsar concentration of signal. b-d In rate and wild-type mice (w.t.), extraglomerular mesangial colls stain
significantly for COX-1, whereas in COX- 1 knodsoat mics (ko) thers i no signal. Arrowheads, mamls densa; G,
glomeralus, Ultrathin section (o) snd paraffin sections, hemstoxylin stain, and interference contrast (b-d,
regpectively) are shown. Approximats mognifications: <5500 (g), =800 b and o), and =400 (dL

COX-1IR

COX-11R

COX-1 IR

& k¥ 1 J

Fig. 2. Distribution of COX-1 IR in eryoetat sections of rat and mouss renal cortex ss revealed by double-labaling
or consecniive-sectioning techniques using segmental marcers of the nephron combned with different fluoro.
chromes: Tamm Horsfall protein (THE) for thick ascending limb (TAL: + &, thinzide-sensitive Ma-Cl cotransporter
{HCO) for the distal convoluted tubmle (DCT"E and Ha'Ca exchanger (Ma/Ca) for the distal convoluted tubals
(DCT) and the connecting tubuls (OMT; * ) Insertiers of white bars ndieate the junctions bebwoeon segments and
subssgments of the distal convolutions aceording to previoas mapping (3, 6L o, b, g, and i COX-1 is absent from
THP-positive TAL o, d. ¥, and j: OO0X-1 is absent fiom carly DCT but present n late DOT snd OHT. 2, £ &, and 1:
DOE-1 is present in tarmmal DOT and ONT. C, collecting duct. Approximate magnification: =400,
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showed a mild cytoplasmic and a stronger nuclear
envelope staining (Fig. la). Along the nephron, COX-1

immunoreactivity was absent from thin limbs of the
loop of Henle, mTAL, ¢TAL, macula denss, postmacu-
lar segment, and inidal DCT (zubsegment I or DT,
Fig. 2, @ and &% the onset of a COX-1-mmunoreactive
zignal was detected 1n terminal DCT, CHT, and corta-
cal collecting duct (CCDY principal cells, as revealed by
immuncuorescence staining (Fig, 2, eI and by an
antigen-retrieval technique using CSA-i I L O T oX-
dase staining (Fig. 3). Both techniques showed largely
the same resultz in ratz and mice. Intercalated cells
were negative. In segments from COX-1 knockout
mice, no signal was detected (Fig. 3, g and Al Fine
structural distribution of epithelial COX-1 immuneore-
activity similar to that in mesangial cells showed a
moderate cytosolic staining and an enhanced s1gnal at
the perinuclear envelope, as revealed by preembedding
immunoperoxidaze staining (Fig. 2 and &) In mice, a
major proportion of the cortical interstitium showed
COX-1-immunoreactive interstitial fibroblasts in the

Rat
COX-11R

Fz3

cortical labyrinth (Fig. 4al In situ hybridization as
well revealed the presence of COX-1 transcript in the
distal convelutions of rat kidney (Fig. 5, @ and &% in
mice, COXK-1 mEMNA distribution was analogous but
weaker than in rats, with only a few scattered cells
showing significant staining (Fig. 5. ¢ and &), Arterio-
lar endothelia only oceasionally Bhl:-wed mildly positive
COX-1-immunoreactive staining in both species
Compared with COX-1 immunolocalization, COX-2
expreazion in rat renal cortex was not found in the
distal convolutions, but, rather, it was restricted to
acattered mingle cTAL cells or emaller groups of cells,
thus confirming earlier worl (17, 453 (Fig. 6, a and b
A COX-Zammunoreactive signal was concentrated in
the macula densa region of ¢TAL, although macula
densa cells proper were rarely stained (Fig. 6, @ and f.
In st hybridization showed similar distribution of
positive e TAL cells iFig. ). Ultrastructurally, COX-2
immunestaining of macula densa cells proper revealed
prominent staining of the nuclear envelope and little
cytosolic labeling, whereas in adjacent or upstream

COx-1IR

Fig. 4. Distribution of DOX-1 in CHT (*) and OD
{—Jin rat, w.t. mouse, aed COX-1 koo mouss renal
cortex using immunoperoxidase staining. @, <, and
o gingle CHT profiles are seen in the vicmity of
cortical arterioles. o ultrastructural labeling of a
OMT cell with enhaneed periniclear signal, nota
an adjacent, negative intercalated coll (81 g and A:
In the ko, mouse, abeence of staining ¥ seen.
Paraffin sections, hemataoxyln stain, snd interfer.
enes contrast {a, b, and =k}, semithin seetion (e);

” 0, and ultrathin saction () are shown. Approximate
e K " magnifications: =400 {ak <B00 (b, e hl x 1,000
ek and 285500 i)
*
COX-1 IR, k.o.
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Fig. 4. Distribution of COX-1 snd PGE srothase (PGES) in monsa
cortical interetitial calls (arrowheads), Paraffin sections with hema-

toxylin eonnterstain (o) and interforence contrast (b} are shown.
Approximate magnification: =1,000,

locatione of ¢TAL, positive cells showed predominantly
cyvtosolic labeling that extended into the interdigitating
cell processes (Fig, 8, & and ). In mice, COX-2 staining
was different from that in rats, with a signal mostly
confined to the macula densa (Fig. 8k Apart from
TAL, all other structures of the nephron, glomerulus,
and interstitium were negative. Generally, vascular
COX-2 immunostaining was not observed. The COX-2
knockout mouse did not show renal COX-2 immunore-
activity either (data not shown).

We next investigated the distmbution of PGES n
rats and mice to establish whether this downstream-
acting enzyme would be associated with one or both of
the COX iscforms. PGES staining in glomeruli was
restricted to oecasional single cells that were not 1den-
tified. In agreement with COX-2 localization, PGES
immunoreactivity was detected in rat terminal ¢TAL
portions, macula densa, and the short postmacular
segment in rats (Fig. 8g), and in mice, a signal was
restricted to the macula densa. in agreement with
COX-2 localization (Fig. 8¢). The DCT1 was entirely
negative in rats, whereas PGES staining in the term-
nal DCT, CHNT, and CCD was intensive; in mice, an

REMAL SITES OF PROSTAGLANDIN SYNTHESIS

analogous distribubion was encountered (Fig. 7. ok
Double staining for PGES and C0X-1 or COX-2 con-
firmed thess results (Figs. 6, f and g, and 8, a-k). In
miee, a major proporton of the cortical interstitiom
showed PGES-immunoreactive interstitial fibroblasts
in the cortical labyrninth, which 12 1n agresment with
C0X-1 localization (Fig. 4B); in rats, this pattern was
far less conapioous.

Medulla. Significant epithelial COX-1 immunostain-
ing was detected in the principal eells of collecting
ducts from outer and inner medulla in rats and mice
Fig. 9. a and d). Medullary collecting duet (MCD
staiming extended all the way from the outer to inner
medulla and papilla and was al=o found along the
papillary surface, but not in the pelvic epithelium; this
pattern was also found for PGES immunoreactivity
(Fig. 9, ¢ and ), except for the pelvic epithelium, whach
was strongly PGES posttive, COX-1 1n situ hyvbridiza-
tion produced only a faint signal in MCD portions
compared with CNT or CCD, indicating lower mENA
levala at these sitez (data not shown), COXE-1 immuno-
ataining was also obeerved in the majority of the outer
medullary interstitial cells in mice, whereas in rats
interstitial cells of this portion were rarely stained. In
the papillary portion of the inner medulla, however,
both species showed strong perinuclear CO0X-1 stain-
ing of the lipid-laden interstitial cells, except for a
amall terminal portion of the papillary tip intersbtum.

By contrast, medullary COX-2 staining produced no
signal in the collecting ducts in either species (Fig. 9, &
and el The lipid-laden inner medullary interstitial
cells of the inner medulla and papilla. however, showed
significant COX-2 immunereactivity, although interin-
dividual variability was high. In the papillary tip in

Rat
MCC mRMA

COX-1 mRNA

e )

Fig. 5 In sitm hybridizstion of ]:ura.ﬂ‘u: sactions showing OOX-1
mAMA I rat apd mouse kidney. Segmental marksers of the nephron
{HOC mEMA for DOT) and IR calbindin for BOT and CHT (%) ams
shown in consective sections. COX-1 mRNA partially colooalizes
with HOC mBEMA n rat kidney (o apd &) and with calbindin in mose
kddney (¢ and a). Approvimate magnifiestiona: =400 (o and &) snd
=B00 o and g
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Fig. f. Distribution of O0X-2 In rat and monse renal cortex. @ and & Juxtaglemerular (@) snd fartherapstream
portions (6} of cortical TAL (eTAL) and macula densa { between arrowheads ) showing COX-2 immunoflucre scence
[red or yallow; deuble-stamed with anti-THP sntibedy (green) to mark TALL o In situ hybridizstion revonls
staining in snalogous loestion.  and o Ultrastmctural immunoperoridase labaling shows prominent rmclear
aenvalope staining in macls demea cells {d) and predominant ertosolic staining extending in cTAL cell processcs (el
F and g PGES mmunoperoxidass staining s restricted to maooila dersma and sdjacent ¢TAL cells (g), whereas
concomitant O0X-2 staining in mocula densa may ba weak as shown (7. & and @ O0E-2 In moase macula densa
codooa lizes with PGES. G, glomemlus. Approximate magnificstiors: 2400 (a, £, and gk <8005, & and ik 2200 )
HELBO0 gy, and X2,200 i),
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Mouse

Fig. 7. Distribution of micreecmal PGES in rat and mouss renal cortex. Conserutive sections are stained for PGES
and for NOC as a marker of DOT (% and calbindin as a marker of DOT and CWNT (*). —, Collecting duet.
Immuneperoxidase staining n rat, immunofluorescence staining in mouse. Approximate magnifieation: =200,

rata, interstitial cells were mostly negative. In mice,
COXE-2 staining along the papllary interstitium was
acaree. Heowever, a remarkable mncresse mn staining
wae incdentally obsarved when mice had been exposed
to surgieal stress laparctomy and exposition of lndney
during several hours).

PGES-immunoreactive cells in the rat and mouse
medulla wers distributed analogously to COX-1-ex-
pressing ealls. Sigmificant epithelial PGES staining
wae detected in the principal cells of MCD from outer
and inner medulla iFig. 9, ¢ and fi. The distribution of
COX isoforme and PGES 1= summanized (Fig. 10 and
Table 10

Complementary localization of COX iscforms in
Enockout mice, Localiming COX-1 or COX-2 expreasion
in the respective complementary knockouts showed no
principal differences in the typieal position or signal
intensity of the respective mBNA or immunoreactive
staining (Fig. 11,

RT-PCR analvsiz. The expression of COX-1, C0OX-2,
and PGES mBNA was detectsd in extracts from
rat glomeruli. GAPDH was used as a positive control
iFig. 124).

Wesfern blof analvses. Western blotting was per-
formed to confirm antibody specificity. COX-1 immu-
noreactivity showed a single, distinet band at 70 kDa,
COX-2 at 72 kDa, and PGES at 17 kDa (Fig. 12, B-I).

MECUSSI0ON

In thiz study, we have presented a comprehenszive
analy=ia of the expression asites of enzymes involved in
renal prostaglandin synthesis uang histochermical
techmques for cell-type identification. Among several
commercially available antisera labeled anti-COX-1 or
anti-C0X-2 raised against peptides, we have made a
careful choice after having applied nigorous criteria for
specificity, and we have corroborated our results by in
z1tu hybrdization and the use of knockout mice.

(Flomernius. In the renal corpusele, COX-1 was the
dominant isoform in rats to be expressed in a subset of

glomerular mesangial cells. This agrees with previous
results by Scoler st al. (44) reporting the release of
untransformed PGH,; as the major produst from eul-
tured mesangial cells. Bacause we could not detect the
downstream-acting PGES in mesangial eells, 1t ap-
pears plausible that this precursor prostancd 13 re-
leased also in vivo from the glomerular tuft. With
respect to nephritic conditions, stimulated COX-1 lew-
els together with increased EPZ2 receptor expression
have been suggested to be potentially beneficial 211 In
the human kidney, mmmunoreactive C0X-1 has been
localized to podocytes during development, and to en-
dothehal cells of the glomerular hilus (31 these cell
types, however, were not posifive 1n our studies. In
contrast to COX-1, immunoreactive COX-2 was not
detected reliably in the glomerulus, although COX-2
mBEMNA was clearly detectable using RT-PCR. The ab-
zence of COX-2 protein in glomerular extracts from
control tissue was aleo reported in ancther study by
Western blot analy=is (100, and even under inflamma-
tory conditions no immunoreactive COX-2 was de-
tected 1n podocytes (200, The rodent glomerulus there-
fore appears to be a minor site of prostanoid synthesis
originating from the action of mesangial COX-1, but in
turn it may well be a sensitive target for local prosta-
glandinz becanse podocytes express various prostancid
receptors (4),

Loop of Henle, Along the nephron, the first evidence
for the parameters tested was found in the loop of
Henle of rat kidney with COX-2- and PGES-expresasing
portions of ¢TAL and macula densa. By contrast,
C0%-1 was absent from these eells, confirmung earher
work (17, 420, COX-2 expression in rats differed from
that in mice becausze a COX-2 signal in rats was typi-
cally found in scattered individual cells or cell groups
along the ¢TAL and in a small proportion of macula
denza, as established elaewhere (23, 45, 46, 51; for a
review, see alao Refa. 17, 18, and 40), whereas in mice,
COXE-2-positive cells were lese numerous and concen-

trated in macula densa and a few directly adjacent
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Fig. &. C-:hmpuum dJl'tnb'u.t:-:-n of O0X-1 u.rl.d F‘GES in rat lud.n-n-]'
cortex and medulla immuncoperoxidass etained on conssoutive sec-
tions. There is completa overlap of signals m OMT (*) and I medul-
lary collecting duct profiles of different levals (—). Mote COX-1 and
PGES signals aleo in the papillary surfare apithalmm (arrowheads
in g and &) Approximate magnification: x4 05,

TAL ecells. The total number of COX-2-positive TAL
cella in normal rats has been shown elzewhers to
amount to <2% of total TAL cells (46). The numbers of
COX-2-positive cellz in both species, however, simply
reflact a balaneed physiological state becausa they can
be increased solidly under experimental changes, indi-
cating the inducible nature of COX-2 in TAL, the same
as elsewhere. In contrast to previous 1n vitro studies,
we oould not detect COX-2 in rat mTAL (12), Other
mammalian species such as dogs, rablits, sheep, mon-
keye, and humans showed basically similar tubular
immuncreactive staining, although in humans, macula
densa’cTAL staining 1=z only visible with disease or
advanced age 129, 31, 34).

Mumerous studies on experimentally indueed changes
of COE-2 activity have used biochemical assays on tissue

Fa7

homogenates for quantitative evaluation. However, re-
garding the paucity of cellular expression and the het-
erogencus distributien of COX-Z-positive cells, the
prezent study underlines that histochemical quantifi-
cation establishing the number and size of COX-2 loa,
or the number of positive individual cells related to
volume of tissue, should result in a more reliable eval-
unation. Micromorphelogical distinetions between mae-
ula densa and ¢TAL COX-2 expression may thus be
respected (17, 45, 510,

The action of COX-2 in ¢TAL i= relevant to essential
functions of the epithelium itself and of the tubulovas-
cular signaling mechanism that reacts to the local
release of PGE;, the major prostaglandin from TAL
(403, On one hand, C0X-2-derived prostancids seem to
be permissive for the effect of loop diuretics (271 and
exert an inhibitory effect on Na-E-Cl cotransport in
mTAL cells (26). It has accordingly been estabhished
that PGE: directly inhibits solute reabsorption in in
vitro perfused mTAL, although data on ¢TAL are less
clear cut, and the identification of an E-type prosta-
glandin receptor in ¢TAL 15 still controversial (5, 25).
On the other hand. there 12 firm evidence that low
chlonde activates COX-2 in TAL and macula densa (for
areview, see Hef 407 in cultured macula densacells, a
correlation between activated COX-2 and inecreased
prostaglandin releaszs has been established (48) The
latter seems to be a critical component in macula densa
control of renin synthesizs and of i1ts releass. This was
particularly evident from hyperreninemic states re-
aulting from furcsemide treatment, renal arterial ste-
nosis, or logs-of-function mutations of Na-E-Cl trans-
port components in TAL, which were paralleled by a
recruitment of COX-2-positive cells (400, An interaction
with the renin-angiotensin svstem 1= also well recog-
nized, becanze an ANG II-dependent negative-feed-
back effect on tubular =ites of COX-2 synthesiz has
been reported, and mice that are nullizygote for ANG 1
receptor subtypes expressed high levels of COX-2 in
macula densa (81, Our finding of intensive, constitutive
COE-1 expression in the extraglomerular mesangial
cellz in this context 1= intnguing, although its particu-
lar relevance in the regulatory physiclogy of the juxta-
glomerular apparatus remains to be established. Local
release of prostaglandins from both sources may thus
affect glomerular mierocirculation and control of glo-
merular filtration rate, although controversy as to the
particular receptors involved must still be resolvad.

It has been established that the expression of COX-2
during development is much stronger than in the adult
rodent kidney. This has also been evaluated quantita-
tively (513, Regarding our cbezervation that in mouse
¢TAL, the COX-2 signal 15 proportionately less ex-
tended than in rat ¢TAL, it 18 noteworthy that COX-2
gene disruption in mice nevertheleas causes major
damage to nephron development (33 this underhnes
the prominent role of perinatal prostaglandin synthe-
sis at the jotaglomerular site at least in the rodent
lidney, becanse no other COX-2-immunoreactive cell
type was detected 1n cortex.
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Fig. 8. Comparative distrilation of COX- 1, OOX-Z, and PGES in rat and mouse renal irmer medulls. MOD (—) and
intemstitial cells may ba distingnished m all sections. Mate the absenee of COX2 from MCD profiles (5 and ).
Paraffin sections partly ecountarstained with hematoxylin are shown, Approximate magnifieations: = 1.000 (2 and
e, X0 (b, o, and £, and 400 (L

Fine structural analvsis showed the typieal perinu- into the outer leaflet of the nuclear membrans; how-
clear location of immunoreactive C0X-2, which was  ever, additional evtoplasmic label was observed as well
alzo found for COX-1 in meszangial cells, thus confirm- in ¢TAL cells, including their fine cellular processes,
ing that both COX 1zoforme predominantly integrate suggesting that COX-2 may also exert its effects in

Fig. 10, Schematic topographical rep.
resentation of O0K-1 (AL, COX.Z (B)-,
and POES (Climmuneresctive sites
{ghaded areas) in rat kidney. With the
axception of the OOX.2 signal in the
Tal‘macula densa region, this distri-
bution i also fourd in mouse kidney.
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Table 1. Digtrebution of COX izoforms and PGES
in rof and meuse kidneys

COX-1 D2 PGES
Eat Mouss Bt Monss ERail Mo

Cartex

IGM + + - - - -

EGM ++ ++ = = = =

TAL = = +++ = + +

BT = = ++ +++ + +

MR = = +++ + = =

noT ++ ++ = = +++ +++

OHT ++ ++ C3 = +++ +++

O-po ++ ++ C3 = +++ +++

Iz +i— +++ C3 = + +++
O, O

O0-PO ++ +++ - - ++ ++

([} - ++ - - - -
Ol 1=

Opo +++ ++ = = ++ ++

([} - + - - - -
kL

O ++ ++ = = +++ +++

Iz ++ ++ +++ = + ++

PE ++ ++ = = ++ ++

PYVE = = = = +++ +++

O0X, oylcdooxygennse; PGE, prostaglandin E synthase; 1GM, in-
traglomamlar mesangium; EGM, extraglomerular mesangium; TAL,
thick ascending limb; MD, macula densa; MDE mamla densa re-
gion; DCT, distal conveluted tubule; ONT, connecting tubale; CDLPC,
oollecting duct-prineipal ecll; IC, ntercalated cells; PE, papillary
apithalum; FVE, pelvic epithelium; OM, cater medulls; [M, inner
medulla; OF, cuter strips; IS, inner atrips. Intensity levals of O0X-1,
O0X-2, and PGES are sa follows: +, low, ++, madium: ++ +, high:
—. abeance of signal.

membrane compartments distant from the nuceus.
Thiz finding proves in more detail what others have
stated earlier in the necnatal (51 and adulc (23) rat
kidney using distinet methods. The intracellular sig-

Fig. 11. Ropresentative images of a comparstive localization of
D0E-1 expression n o COX-2 knodsoat mouse (g and o) and of COX.2
exprossion in a COX-1 kpodtout moase (b and o). @ and b in sim
hrbridization with radiola beled probes showing darkfield cvarview of
kidnews with typical COX-1 miMNA expression i ONT, CCD, and
BMCD and medullary mteretitisl colls, ¢ and & immunofuoresconcs
staining showing typical distribution of COX-1 in connecting tubules
and COX-2 in maculs demsa eclls. Approximate magnifications: <50
(@ and &) and X400 iz and ol
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Fig. 12. A: roprosentative RT-PCR analysis of O0X-1, O0X-Z, and
PGES mEMNA n extracts from isolated rab glomemli with GAPDH as
a refarence standard. F-I representative Weetemn blots for O0X-1,
OOX-Z, and PGES, respoctivaly, from proten extracis of whole rat
and mouse kidnews,

naling events related to the action of COX-2 in ¢TAL
have partly been identified. Bapid phosphorylation of
p38 and ERELZ kinases and stimulation of MAP ki-
nase pathways are involved (7, 451 Expression of mi-
crosomal-type PGES in ¢TAL and macula densa sug-
gests that the formation and release of PGE; at these
sites are functionally coupled to the action of this
ENZFME,

Distal convolutions and collecting duct. Expreasion
of COX-1 in the collecting duct has been described
previously (42, 47), but evidence for detailed protein
localization in the distal convolutions was misaing, We
have shown that the portion immmediataly after the
poetmamla segment of the TAL, 1.2, the matial DCT,
wag devold of COX, whereas 1n the terminal DCT
portion, significant COX-1 staining was obvious in both
species, and expreasion continued into the CNT, CCLY,
and MCD portions, and was accompanied throughout
by significant PGES immuncoreactivity in both species.
By contrast, intercalated cells in our hands were never
stained for any of the products investigated in either
species, which 1= at variance with obeervations by Fer-
guson et al. (11) reporting COX-1 and COX-2 agnals
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only in intercalated cells of the CCD. Probe-specificify
problems may be the reason for this discrepancy.
Endogenously formed or exogenously applied PGE:
1z well known to reversa the effect of antidiurstic hor-
mone (ADHY in the collecting duct. When added to
vasopressin-prestimulated eollecting ducts, it potently
inhibits water abscrption 122), and it may also reduce
sodium reabsorption in the collecting duct via a cal-
cium-coupled mechanizm (14, By contrast, basolateral
effects of PGEz may also include a simulation of water
reabsorption in this segment (22). There 1z further
evidence that in inner MCD Na-E-ATPase activity was
diminizshed by PGES. Receptors in the collecting duct
that mediate these local effects are essentially EF1
and, wath spacial restrictions, EP3, as shown pharma-
cologieally and by expression analysiz o5, 250 It 12 not
clear why the late DCT and the CHNT show the stron-
gest signal of all renal epithelia for COX-1 and PGES.
Loecal effects may be mediated via the EP4 receptor (25)
and may interfere with local hormonal syvstems such as
the kallikrein-bradylkinin system (361 or with the func-
tion of aldosterone, because these segments are sensi-
tive to mineralocorticoids and express the amiloride-
sanzitive epithelial sodium channel ifor a review, see
Ref. 3). A= in the collecting duct, COX-1 action in CHT
may interfere with the effects of ADH. The pronounced
coexpresaion of COX-1 and PGES in the paelvic epithe-
hum underlines the simolarty to the MCD, although
the functional significance of this chservation 1= not
clear. Previous work has demonstrated the distribu-
tion of a mouse PGES form in distal tubule using in
situ hybridization and immunostaiming; labehng was
concentrated in Tamm-Horsfall-negative distal tubules,
which 1= compatible with the present findings (151
Interstitiol cells. The renal intershitium has long
been recognized as the major source for prostaglandin
bicevnthesis, with the medulla s the princpal loca-
tion. Howewver, 1n mice we also found strong immuno-
reactivity for COX-1 in cortieal interstitium. Rats failed
to show a clear signal at this site, although intersttial
PGES was found in both species, suggesting PGE:
release by these cells, Medullary interstitial cells were
showmn to abundantly and constitutively express both
COX 1moforms in rat, whereas COX-2 In mice was
infrequent. Chur findings are in agreement with previ-
ois work in rats and humans (31, 37, 51) and extend
findings to mice. Prostaglandin synthesiz in the me-
dulla adjusts local microcireulation (reviewed in Bef.
51 Relevant effectors in this context may be the EP2 or
EP4 receptors located in the vasa recta to mediate the
response to high-salt intake and protect against sy=-
temic hypertension (285 The overlap of COX-1 and -2
expreasion in rats 1s puzzling and makes a distinction
hetween 1n vivo contributions of the 1soforme difficult;
thiz 1z further hampersd by the segregated COX-1
expreasion in the MCID; these questions have partly
been addressed recently with respect to hormonal in-
fluences and intracellular localization specificities in
ratz (50, The cosxpression of PGES with COX in the
intersttial cells further supports in vitro data that the

EEMAL SITES OF PROSTAGLANDIN SYNTHESIS

major prostancid resulting from lecal COX actwty
may indeed be PGE; (16). The particularly well-iden-
tified role of the action of COX-2 comprizes its response
to phvsiological renal streas such as water deprivation,
and it has further been shown that COX-2 allows the
interstiial cells to survive hypertonie stress after de-
hydration (43,

(ither structures. In contrast to other reports, vaseu-
lar labeling with antibodies to COX isoforms was not
reliably detected, except for an oocasional endethelial
C0X-1 signal. In general, regarding COX-2 expression,
the reader should be aware that we have reported only
the constitutive lecalization of COX-2, whereas under
inflammatory conditions or induchion by altered ste-
roid levels, many more cells and cell types may express
0X-2 in the kidney a= elsewhere in the body (48; for a
review, sea Alan Bef, 130

Complementary localization of COX isoforms in
Erockout mice. The lack of cbwious changes in the
localization of COX-1 and COX-2 expression n the
respective, complementary knockouts suggests that
deficlency of one 1soform has a major compensatory
impact on the expression of the other.

In sum. our data underseore prominent functions of
renal prostaglandin synthesis by defining the expres-
zlom =1tes of the kev enzymes involved 1n their biosyn-
thesizs. For this purposs, data raised in rats were com-
pared with those in mice to broaden the knowledge for
experimental sattings that make use of knockout mice.
Resultz define the renal cell types involved in pre-
sumed prostaglandin release within spatially re-
strieted sites such as the juxtaglomerular apparatus,
mesangium, distal convelutions and collecting duct,
and 1n compartments of the renal interstitium.
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