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1 Einleitung

Trotz vieler Fortschritte in Pravention, Diagnostik und Therapie stellen mikro- und
makrovaskulare Thrombosen weiterhin ein klinisch relevantes Problem in der Chirurgie dar.
Makrovaskulare Thrombosen treten als tiefe Venenthrombosen perioperativ, als akute
arterielle Verschlisse der groRen extremitdtenversorgenden Geféle, aber auch als Folge
von gefalichirurgischen Eingriffen im Anastomosengebiet auf und resultieren meistens in
einer deutlichen klinischen Symptomatik. Mikrovaskuldre Thrombosen finden sich in den
kleinsten GeféalRen (Arteriolen, Venolen und Kapillaren) der verschiedenen Gewebe und
fuhren zur Funktionsstérung des jeweiligen Gewebes bis hin zur Nekrose. Dieser Prozess
kann einerseits akut auftreten, andererseits kann er sich auch schleichend und zunéchst
unbemerkt vollziehen. Oftmals ist bei Auftreten eines klinischen Korrelates schon eine
deutliche und potentiell nicht reversible Schadigung des Gewebes eingetreten. Weiterhin
sind Zirkulationsstérungen durch mikrovaskuldre Thrombosen z.B. im Rahmen der
Organtransplantation oder nach Lappenplastiken zur Defektdeckung von Bedeutung.
Hauptursache flir einen Gewebeverlust nach Lappenplastiken ist neben der Thrombose im
Zu- und abfihrenden Geféalsystem bzw. der  Anastomosenregion die
Mikrozirkulationsstérung im vaskularisierten Gewebe.

In diesem Zusammenhang sind Mdéglichkeiten der Pravention von mikrovaskularen
Thrombosen, vor allem auch im Rahmen chirurgischer MalRhahmen, von grof3er Relevanz.
Dieses setzt jedoch die genaue Kenntnis der sich im mikrovaskuldren Gefalbett
vollziehenden physiologischen und pathologischen Vorgange voraus.

Studien auf dem Gebiet der Thrombogenese haben im letzten Jahrhundert viele
Erkenntnisse bezlglich Blutgerinnungsfaktoren und hereditdren Gerinnungsstérungen
geliefert. Mit Hilfe von in vitro Modellen konnten Proteine isoliert, Aminosduresequenzen
entschlisselt, Gene identifiziert und in Interaktion mit verschiedenen Komponenten
untersucht werden [1]. Die Rolle von unmittelbar an der Thrombusbildung beteiligten Zellen,
wie z.B. Thrombozyten, Leukozyten und Endothelzellen wurde in vitro und in vivo analysiert

und hierbei zellulare Adhasionsmolekile charakterisiert [2].

Gegenstand derzeitiger Forschung ist die Identifizierung der an der Thrombogenese
beteiligten zelluldren und molekularen Mechanismen der Signaltransduktion. Die komplexe
Interaktion von Blutkomponenten und Gefalistrukturen erfordert die direkte und simultane
Untersuchung der Entstehung und insbesondere der Beeinflussung der mikrovaskularen
Thrombusbildung im lebenden Organismus. Somit ist es von hoher Relevanz, zu
charakterisieren, wie die Vorgangige der Thrombusbildung in einem komplexen System in

vivo tatséchlich ablaufen und vor allem, auf welche Weise eine Beeinflussung méglich ist.
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11 Humorale, endotheliale und thrombozytire Faktoren in der

Thrombogenese

Die Blutgerinnung beinhaltet drei Grundelemente: Thrombozytenadhésion, -
aktivierung und -aggregation, Fibrinbildung sowie Fibrinolyse. Diese Faktoren interagieren
miteinander und mit der GefalRwand. Unter physiologischen Bedingungen ist der Blutfluss
ungestért und eine intravaskuldre Thrombusbildung findet nicht statt [3,4]. Unter
pathologischen Umstdnden, wie z.B. Ischdmie-Reperfusion, Inflammation oder
Arteriosklerose, wird die Blutgerinnung durch Bedingungen, die als Virchow’sche Trias
bezeichnet werden, geférdert, namentlich GefaBwandschaden, ein verlangsamter Blutfluss

und eine verénderte Blutzusammensetzung [5,6].

Prinzipiell sind an der Thrombusbildung drei Komponenten beteiligt: die GefalRwand
(Endothelzellen, glatte Muskelzellen, Matrix- und Bindegewebe), Blutzellen (Thrombozyten,
Leukozyten) und das plasmatische Gerinnungssystem [7]. Als zelluldre Strukturen sind
demnach Endothelzellen, Thrombozyten und Leukozyten malgeblich von Bedeutung.
Zuséatzlich kommt es zu einer Aktivierung der Gerinnungskaskade, welche in ein intrinsisches
und ein extrinsisches System unterteilt wird (Abb. 1). Wéhrend beim intrinsischen System
eine Kontaktaktivierung durch subendothelial exponiertes Kollagen Uber Faktor XllI/Xlla,
XI/Xla und IX/IXa zu einer Aktivierung von Thrombin fiihrt, geschieht dieses beim
extrinsischen System Uber die Freisetzung von Tissue Factor (TF, Gewebefaktor), welcher

als Membranprotein auf den meisten nicht-vaskuldaren Zellen vorhanden ist [8].

Intrinsisches System Extrinsisches System

"Tissue Factor” (111

Eondakt Expostiion, dann Eontakt

(xlla) Xla Vila
(1Xa)
WWEVITTa X » Xa %
Va IIAmbm (l1a) Xllla Xl

Fibrinogen (1} F|br|n {1a)

S Tl

Abb. 1: Gerinnungskaskade (aus: www.biologie.com)
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Thrombin katalysiert die Umwandlung von Fibrinogen in Fibrin, welches durch Faktor Xllla

von einem instabilen in ein stabiles Netzwerk Uberfthrt wird.

Ein entstandener Thrombus kann durch die Proteinase Plasmin wieder aufgeldst
werden, welches als Vorstufe in Form von Plasminogen im Plasma vorliegt und durch andere
Proteinasen in die aktive Form Uberfihrt wird. Dazu gehoéren Tissue Plasminogen Activator
(t-PA), Streptokinase oder Urokinase (u-PA). Ein potenter Inhibitor des t-PA und somit ein
prothrombogener Faktor ist der Plasminogen Aktivator Inhibitor-1 (PAI-1), welcher im

Endothel gebildet und ins Blut abgegeben wird [9,10].

In den letzten Jahren wird zunehmend ein ’zellbasiertes’ Modell der Hamostase
propagiert, welches folgende Phasen beinhaltet: Initialisierung, Amplifikation und
Propagierung [11]. Die Initialisierung umfasst die zellulare Expression von TF nach einer
Endothelldsion durch extravaskuldre Zellen, die Aktivierung von Faktor IX und X durch den
Faktor Vlla/TF-Komplex, die Adharenz von Thrombozyten an Kollagen und andere
Matrixkomponenten und die Sekretion von Faktor V aus den a-Granula der Thrombozyten
[12,13]. In der Amplifikationsphase wird Thrombin durch TF-tragende Zellen generiert,
welches zu einer verstarkten Thrombozytenaktivierung fiihrt [14]. Schlussendlich findet die
Phase der Propagierung statt, welche die Aktivierung des Tenasekomplexes (Faktor
IXa/Vllla) und des Prothrombinasekomplexes (Faktor Xa/Va) auf aktivierten Thrombozyten
umfasst [12]. Zusétzlich produzieren die gebundenen Thrombozyten groRe Mengen
Thrombin [11].

Das mikrovaskuldare Endothel ist mit einer Reihe von Mediatoren ausgestattet, die
einer Thrombusbildung im mikrovaskuldren GefédRsystem vorbeugen. Hierzu gehdren
Stickstoffmonoxid (NO), Prostacyclin (PGly), Adenosin und Nucleotidasen, welche anti-
adhéasive, anti-aggregative und vasodilative Eigenschaften besitzen [7,15]. NO und PGl,
steigern den cAMP-Gehalt in Thrombozyten und vermindern daher deren
Aggregationsfahigkeit [16]. Zuséatzlich werden im Endothel anti-koagulative Substanzen, wie
Thrombomodulin (TM), Tissue Factor Pathway Inhibitor (TFPI) und Heparane gebildet und
die Fibrinauflésung durch Plasminogenaktivatoren (tPA, uPA) geférdert (Tab. 1). TM bindet
Thrombin und neutralisiert somit seine Wirkung. Weiterhin aktiviert der Thrombin-TM-
Komplex Protein C, was zur Initialisierung des Protein C-Pathway mit potenten anti-
koagulativen Effekten fuhrt [17]. Aktiviertes Protein C (APC) inaktiviert zwei essentielle
Kofaktoren der plasmatischen Blutgerinnung, Faktor Vllla und Va, und stellt als Protein

C/Protein S-Komplex einen der wichtigsten anti-koagulativen Mechanismen dar [18,19].
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Dahingegen findet sich bei endothelialer Dysfunktion oder endothelialer Aktivierung
ein pro-thrombogener Zustand, welcher durch eine vermehrte Freisetzung von TF, Faktor
Va, VWF, Platelet Activating Factor (PAF), P-Selektin und Interleukin-8 gekennzeichnet ist
und zu Thrombozytenaktivierung, Fibrinablagerung, Inflammation und Leukozytenaktivierung
fuhrt, wdhrend die Fibrinolyse durch PAI-1 gehemmt wird [7] (Tab. 2). Die Balance zwischen
tPA und PAI-1 kann durch verschiedene Zytokine zugunsten von PAI-1 verschoben werden,

was eine Prothrombogenitat des Endothels verursacht [20].

Zu den endothelialen Faktoren, die eine Thrombozytenaktivierung verursachen,
gehéren unter anderem PAF und vWF. PAF ist ein starker Thrombozytenaktivator und
fordert die Thrombozytenadhasion an das Endothel [21]. vVWF wird in endothelialen Weibel-
Palade-Bodies gespeichert und nach Aktivierung, z.B. durch Thrombin, schnell freigesetzt
[22]. Zusétzlich bindet und stabilisiert VvWF Faktor VIII und vermittelt die
Thrombozytenadhdsion an das Endothel [23]. In Endothelzellen fiihrt Thrombin zur
Freisetzung von vVWF, P-Selektin und PAF [24].

Anti-thrombogene Wirkungsprofil

Faktoren
NO Inhibition Thrombozytenaktivierung, Vasodilatation
PGl, Inhibition Thrombozytenaktivierung
Adenosin Vasodilatation
TFPI Inaktivierung Faktor Vlla und Xa
™ Protein C Aktivierung (als Thrombin-TM-Komplex)
Protein S Inaktivierung Faktor Va und Vllla
(als Protein C/Protein S-Komplex)
tPA/UPA Fibrinolyse
Heparansulfat Kofaktor fiir Antithrombin

Tab 1: Anti-thrombogene Faktoren des Endothels (modifiziert nach: [7,25])
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Pro-thrombogene  Wirkungsprofil

Faktoren

vWF Vermittlung Thrombozytenadhasion, Tragerprotein Faktor VIl
PAF Verstarkung der Thrombozytenaktivierung

P-Selektin Verstarkung der Leukozytenadhésion

TF Ko-Faktor Faktor Vlla

FVa Verstarkung Aktivitat Faktor Xa

Phosphatidylserin Verstarkung der Thrombozytenaktivierung (Annexin V-Ligand)
PAI-1 Inaktivierung tPA

Tab 2: Pro-thrombogene Faktoren des Endothels (modifiziert nach: [7,25])

Wahrend das Endothel unter physiologischen Bedingungen komplett anti-
thrombogene und anti-inflammatorische Eigenschaften aufweist, flhren endotheliale
Aktivierung bzw. Endothelzellschaden, sei es im Rahmen physiologischer Vorgénge, wie
einer Gefalverletzung mit der Notwendigkeit der Blutstillung, oder als pathophysiologischer
Zustand, wie z.B. Arteriosklerose, zu einer Verschiebung des Gleichgewichtes hin zum
prothrombogenen Zustand. Die Grenzen zwischen ,positiver* Hdmostase und ,negativer®

verstarkter Thrombusbildung sind teilweise flieRend.

Neben einer Vielzahl an Faktoren, welche die Entstehung von Thrombosen
beeinflussen, ist das Verhalten der Thrombozyten, v.a. deren Aggregation, Adhasion und
Thrombogenese, von hoher Relevanz in der Pathogenese der Thrombose. Insbesondere
pradisponiert eine vermehrte Produktion bzw. ein verminderter Abbau von reaktiven
Sauerstoffverbindungen far thrombotische Ereignisse. Der Prozess der
Thromboseentstehung beinhaltet u.a. Thrombozyten-Thrombozyten, Thrombozyten-
Endothelzell, Thrombozyten-Leukozyten und Leukozyten-Endothelzell-Interaktionen [26,27].
Nach Aktivierung produzieren Thrombozyten reaktive Sauerstoffspezies ihrerseits [28] und

stimulieren wiederum die Bildung von reaktiven Sauerstoffverbindungen in Leukozyten.

Die durch Stimulation vermehrte Expression von P-Selektin auf der
Thrombozytenoberflache ermdglicht die Interaktion mit Liganden auf anderen Zellen,
insbesondere auf Monozyten. Wahrend P-Selektin keine Thrombozyten-Thrombozyten-

Interaktionen vermittelt, stellt P-Selektin auf aktivierten Plattchen einen Bindungsort fur
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Leukozyten dar und spielt eine entscheidende Rolle bezuglich der Gré3e und Stabilitt eines
entstehenden Thrombus [29]. Zusétzlich werden diese Interaktionen lber GPllb-llla auf
Thrombozyten und MAC-1 (Macrophage antigen-1; CD11b/CD18) auf Leukozyten vermittelt.
Weiterhin sind polymorphkernige Granulozyten in der Lage, auf ihrer Oberflaiche TF zu

exprimieren [30].

Die Bildung von Thrombozyten-Leukozyten Koaggregaten wird daher als
inflammatorische Komponente in der Thrombusbildung angesehen [31,32]. Im Rahmen
dieser Aktivierung werden vom Endothel Selektine, Vascular Cell Adhesion Molecule-1
(VCAM-1) und Intercellular Cell Adhesion Molecule-1 (ICAM-1) exprimiert und in I6slicher
Form ins Blut abgegeben, welche die Adhasion von Monozyten férdern [33]. Im Anschluss
migrieren diese Monozyten durch die Endothelzelllicken in die Tunica intima und kénnen

dort Endothelzellsch&den induzieren [34].
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1.2 Phasen der mikrovaskularen Thrombusbildung

Thrombozyten zirkulieren im Blut mit der Aufgabe intaktes von verletztem oder
pathologisch verdndertem Endothel zu unterscheiden. Tritt ein Endothelschaden auf, fiihrt
dieser zum Verlust der Barriere zwischen athrombogener Endothelzellschicht und hoch

thrombogener extrazellularer Matrix [35].

Thrombozytenadhésion

Nach einer GefaRlasion kommt es innerhalb von Sekunden zur Ablagerung von
Thrombozyten, welche in Abh&ngigkeit von der Tiefe der Verletzung mit verschiedenen
subendothelialen extrazelluldren Strukturen in Kontakt kommen. Dazu gehéren Kollagen,
Proteoglykane, Entactin, Laminin, Fibronektin und Fibulin. Die thrombozytaren
Membranglykoproteine GPla-lla und GPVI interagieren direkt mit Kollagen [36]. Diese
Kollagenrezeptoren kdénnen bei durch den Blutfluss bedingten hohen Scherkréften von
>1000 s ' nur dann die Thrombusbildung initiieren und propagieren, wenn sie initial durch die
Interaktion von GPIba und VWF an die GefalRwand gebunden werden. Diese Bindung von
GPIba an das Endothel vermittelt jedoch keine feste Adhdrenz [37]. Thrombozyten
exprimieren weiterhin den Lamininrezeptor ag1 und kénnen Uber den GP1ba-Rezeptor
Fibronektin binden [38].

Thrombozytenaktivierung

Substanzen, die durch die initiale Adharenz der Thrombozyten freigesetzt werden
und im Bereich der GefaRlasion produziert werden, verstarken innerhalb von Sekunden die
prokoagulativen Eigenschaften der Thrombozyten, die in der Nahe des wachsenden
Thrombus zirkulieren [37]. Die Aktivierung der Thrombozyten erfolgt durch subendotheliales
Kollagen, vWF und durch Thrombin, welches bei der Blutgerinnung entsteht und auf der
Membran stimulierter Thrombozyten generiert wird, sowie durch Adenosindiphosphat (ADP),
welches ebenfalls von Thrombozyten, aber auch von Endothelzellen produziert wird, und

Adrenalin und Thromboxan A, aus Thrombozyten.

Die Serinprotease Thrombin aktiviert Thrombozyten Uber G-Protein gekoppelte
Protease  Activated Rezeptoren (PAR) [39]. Phénotypische Merkmale der
Thrombozytenaktivierung beeinhalten Aktinpolymerisierung, zytoskeletale Reorganisation mit

Pseudopodienbildung und Aggregation (Abb. 2).
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Abb. 2: Aktivierter Thrombozyt (aus: [35]) Abb. 3: Endotheliale Faktoren (aus: [35])

Gleichzeitig synthetisiert und exprimiert das vaskuldre Endothel prokoagulative
Faktoren, wie vVWF, P-Selektin, TF und PAI-1 (Abb. 3) [35]. Diese endotheliale und
thrombozytére Aktivierung wird unter physiologischen Bedingungen durch PGl, und NO

gehemmt.

Thrombozytenaggregation

Die Aggregation vervielfacht die Zahl der im entstehenden Thrombus akkumulierten
Thrombozyten innerhalb von Minuten. Das prinzipielle Resultat stellt die
Konformationsédnderung des GP lIb-llla Rezeptors (a;,33) dar [40]. Der aktivierte GPIIb-llla
Rezeptor vermittelt die feste Adhasion und bindet I16sliche Adhasionsproteine wie Fibrinogen,
VWF und Fibronectin. Zuséatzlich fuhrt der Endothelzellschaden zur Freisetzung von TF und
subsequenter Thrombozytenadh&sion, woraufhin Fibrin in den Thrombus akkumuliert wird
[41].
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1.3 Wissenschaftliche Fragestellung

Obwohl das Verstdndnis der pathophysiologischen Prozesse, welche der
mikrovaskuldren Thrombusbildung zugrunde liegen in den letzten zwei Jahrzehnten stetig
zugenommen hat und viele zelluldre und molekulare Faktoren in diesem Zusammenhang
isoliert werden konnten, existieren nur wenige Studien, die das Zusammenspiel von
endothelialen, thrombozytéren und humoralen Faktoren im lebenden Organismus untersucht
haben. Ziel der vorliegenden Arbeit war es daher, im in vivo Tiermodell die mikrovaskulére
Thrombusbildung zu charakterisieren und die Beeinflussbarkeit durch endogene und
exogene Faktoren zu studieren. Ein besonderes Interesse galt dabei der Identifizierung

zugrunde liegender Mechanismen auf endothelialer und thrombozytarer Ebene.

Daraus ergaben sich folgende konkrete Fragestellungen:

1. Charakterisierung des Einflusses pathologischer Zustande, wie z.B. Hypothermie und
Sepsis, auf mikrovaskulare Thrombusbildung, Endothelzellfunktion und

Thrombozytenfunktion

2. Quantifizierung der mikrovaskularen Thrombogenitdt nach Induktion endogener

Enzymsysteme, wie z.B. Hdmoxygenase-1.

3. Beeinflussbarkeit der mikrovaskularen Thrombogenese durch Applikation potentiell
protektiver Substanzen, wie z.B. anti-oxidatives Ebselen und C-Peptid, und

Identifizierung zugrunde liegender zellularer und humoraler Mechanismen

4. Beeinflussung der mikrovaskuldren Thrombusbildung durch Applikation fraglich pro-
thrombogener Substanzen, wie z.B. Darbepoetin-alpha und Nikotin und Identifizierung

zugrunde liegender zellularer und humoraler Mechanismen
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14 Methoden

Im Folgenden wird ein Uberblick tiber die angewendeten Methoden gegeben:

Tiermodelle

Zur Untersuchung der mikrovaskuldren Thrombusbildung verwendeten wir zum einen
die Cremastermuskelpraparation an Ratte und Maus, die erstmalig von Baez [42] an der
Ratte beschrieben und spéter von unserer [43] und anderen Arbeitsgruppen [44,45] auf die
Maus Ubertragen wurde. Dabei wird zunadchst ein vendser Katheter zur Applikation von
Fluoreszenzfarbstoffen in die Vena jugularis gelegt. Danach wird das Skrotum gespalten und
der Hoden mit umgebendem Cremastermuskel dargestellt. An der Hodenspitze werden die
distalen Gefélle kauterisiert und der Hoden und Nebenhoden mit distalem Anteil des
Funiculus spermaticus entnommen. Danach wird die Vorderwand des Muskels unter
Schonung der groReren GefédlRe erdffnet, so dass der Muskel als axial gestielter Lappen mit
dem Koérper verbunden bleibt. Nach Praparation des Muskels wird der Samenstrang mit dem
Ductus deferens und den Vasa testicularia ligiert und abgetrennt. Der Musculus cremaster

wird auf einem Objekttrager ausgebreitet, mit Hilfe von Seidenfaden fixiert und mit

Kochsalzlésung feucht gehalten (Abb. 4 und 5).

Abb. 5 Katheteranlage und Cremastermuskelpréparation bei der Maus: (A) Vendser Katheter in der Vena
jugularis und eréffnete Skrotalhaut, (B) Préparation von Hoden und umgebenden Cremastermuskel, (C)

mobilisierter geschlossener Cremastermuskel, (D) eréffneter und ausgespannter Cremastermuskel.
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Als weiteres Modell diente die chronische Riickenhautkammer, welche priméar fir den
Hamster [46] im Detail beschrieben und von Lehr et al. auf die Maus Ubertragen wurde [47]
(Abb. 6). Sie ermdglicht eine repetitive intravitalmikroskopische Untersuchung von
gestreiftem Skelettmuskel und Subkutangewebe. Dabei wird die Riickenhautfalte angehoben
und die sich aus zwei symmetrischen Titaniumrahmen zusammensetzende
Ruckenhautkammer kaudal der entlang der Schulterbasis verlaufenden Versorgungsgefaien
implantiert. Im kreisrunden Bereich des Beobachtungsfensters der Kammer werden in einem
Durchmesser von 15mm die dem Fenster zugewandte Kutis, Subkutis mit Hautmuskel sowie
die beiden Schichten des Musculus retractor entfernt und die verbleibenden
Gewebeschichten mit einem wiederentfernbaren Deckglas bedeckt und mittels eines

Sprengrings im Titanrahmen fixiert, so dass die gegenliberliegende Hautmuskulatur und

Subkutis der intravitalmikroskopischen Beobachtung zugénglich sind.

Abb. 6 Chronische Ruckenhautkammer der Maus: (A) Maus mit Rickenhautkammer nach der Préparation, (B)
Titanrahmen mit Deckglas, (C) Beobachtungsfenster mit Sicht auf (D) die GefalBe der gestreiften

Skelettmuskulatur und des Subkutangewebes

In beiden Modellen sind neben der Untersuchung der mikrovaskuldren Perfusion eine
Analyse von Leukozyten-Endothelzell- und Thrombozyten-Endothelzell-Interaktion sowie

eine genaue zeitliche Dokumentation der Thrombusbildung mdéglich .

Thrombosemodelle

Mikrovaskuldre Thrombosen wurden photochemisch und chemisch induziert. Zur
photochemischen Thromboseinduktion wurde das entsprechende mikrovaskulare Gefal
nach Injektion von Fluorescein Isothiocyanat (FITC)-markiertem Dextran (MW 150000 Da)
mit gefiltertem blauen Licht (450-490 nm) einer 100W Quecksilberlampe durch ein x63
Wasserimmersionsobjektiv bestrahlt, wie dies von unserer Arbeitsgruppe zuvor beschrieben
wurde [43,48].
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Zur chemischen Thrombusinduktion erfolgte die Superfusion des Gewebes mit
Eisenchlorid (12,5 mM FeCl;), modifiziert nach Denis [49]. In beiden Modellen kommt es
durch Radikalbildung zu einer lokalen Endothelzellschadigung mit subsequenter

Initialisierung der Thombusbildung.

DurchfluBzytometrie von humanen und murinen Thrombozyten

Die Thrombozytenfunktion wurde entweder in vifro nach Zugabe der jeweiligen
Substanz oder ex vivo nach entsprechender Vorbehandlung der Tiere mittels
durchfluBzytometrischer Untersuchungen erfasst. Zusatzlich dienten auch humane
Thrombozyten freiwilliger Probanden zur spezies-lbergreifenden Analyse der
Thrombozytenfunktion. Kurz gefasst handelt es sich bei der DurchflulRzytometrie um ein
Messverfahren zur Beurteilung von Partikeln (Zellen) in wassriger Suspension [50]. Dabei
wird die Fluoreszenz der Thrombozyten durch einen Lichtstrahl gemessen, nachdem diese
zuvor mit einem gegen spezifische Aktivierungsmarker auf der Thrombozytenoberflache
gerichteten fluoreszierenden Antikérper inkubiert wurden. Die Eigenschaften des
auftretenden Streulichts werden von der ZellgréBe und der Zellgranularitdt bestimmt,
wahrend die Intensitat der Fluoreszenz von der Anzahl der gebundenen Antikérper und somit
von der Expression des jeweiligen Moleklls abhangt [51,52]. Typische thrombozytare
Aktivierungsmarker sind z.B. P-Selektin, GPlIb-llla und Lysosome Associated Membrane
Protein-1 (LAMP-1). Die Aktivierung von Thrombozyten erfolgt durch die Zugabe von
spezifischen Proteinen der Gerinnungskaskade, wie z.B. Thrombin oder Thrombin Receptor
Activating Peptide (TRAP), subendothelialen Matrixproteinen (z.B. Kollagen) oder

spezifischen, z.B. ADP und Adrenalin, bzw. unspezifischen Mediatoren, z.B. H,O, [52].

Immunhistochemie endothelialer Aktivierungsmarker und Adhé&sionsmolekiile

Die Expression endothelialer Aktivierungsmarker und Adh&sionsmolekile wurde
mittels spezifischer Antikérperbindung und nachfolgender Chromogenreaktion in
histologischen Schnitten visualisiert und quantitativ analysiert. Zu diesen Molekilen zahlen
z.B. P-Selektin, ICAM-1, PAI-1 oder PAF-R.

ELISA I6slicher endothelialer Aktivierungsmarker

Mit Hilfe von Enzyme Linked Immunosorbent Assays (ELISA) kénnen I8sliche
Molekile in einer Probe (Serum, Plasma etc.) durch eine Antikdrperreaktion mit
anschliefender enzymatischer Farbumwandlung nachgewiesen werden. Es erfolgte die
Bestimmung I8slicher (s=soluble) endothelialer Aktivierungsmarker, wie sP-Selektin, sE-
Selektin, sICAM-1, sVCAM-1 und sPAI-Ag, die bei endothelialer Aktivierung exprimiert und

im Anschluss ins Blut abgegeben werden (shedding).
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Western Blot Proteinanalysen

Ein Western Blot bezeichnet die Ubertragung (das Blotten) von Proteinen auf eine
Trédgermembran, welche anschlielend Uber unterschiedliche Reaktionen nachgewiesen
werden kénnen. Vor dem eigentlichen Western Blot wird ein Proteingemisch mit Hilfe einer
Gel-Elektrophoresetechnik in einer Tragermatrix entsprechend ihrer Grofie, Ladung oder
anderer Eigenschaften aufgetrennt. Die Proteinbanden kénnen nun auf der Membran mit
Hilfe von spezifischen Antikérpern identifiziert werden. Es wurden sowohl Proteine im
Cremastermuskelgewebe (z.B. P-Selektin, HO-1), als auch aus Thrombozytensuspensionen

(Tyrosin-spezifische Phosphorylierung) untersucht.

RT-PCR

Die Reverse Transkriptase Polymerase Chain Reaction (RT-PCR) dient dem
Nachweis der Transkription eines Gens. Es wird zuerst eine Reverse Transkriptase
eingesetzt, eine RNA-abhangige DNA-Polymerase, welche RNA in cDNA umschreibt. Die
cDNA kann im Anschluss als Ausgangsprodukt in einer PCR eingesetzt werden, um
spezifische Sequenzen aus dieser zu amplifizieren. Die RT-PCR wurde zur Detektion akut
hochregulierter Proteine eingesetzt (z.B. eNOS). Die Produkte der RT-PCR lassen sich
anschlielend elektrophoretisch in einem Agarosegel auftrennen. Verschieden gro3e DNA-
Fragmente wandern unterschiedlich schnell im Gel. Durch einen Fluoreszenzfarbstoff (meist
Ethidiumbromid) kénnen die Fragmente im UV-Licht sichtbar gemacht und dokumentiert

werden.
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2 Experimentelle Studien

21 Einfluss pathologischer Zustidnde auf die Thrombogenese

Die intravitalmikroskopischen, durchfluRzytometrischen und molekularbiologischen
Untersuchungen dienten der Erfassung des Effektes von reversibler systemischer

Hypothermie auf die mikrovaskuldre Thrombusbildung und die Thrombozytenfunktion.

2.1.1 Hypothermie

Unter systemisch hypothermen Bedingungen wurden in der Vergangenheit sowohl
eine vermehrte Thrombogenitat, als auch eine Blutungsneigung beobachtet. Insbesondere
wird der Effekt der Hypothermie auf die Thrombozytenfunktion kontrovers diskutiert. Daher
wurden in dieser Studie bei Mausen klinisch auftretende Kdérperkerntemperaturen von 34°C
und 31°C induziert und die Kinetik der mikrovaskuldren Thrombusbildung im
Cremastermuskel untersucht. Zusétzlich erfolgten die gleichen Versuche nach Hypothermie
und Wiedererwdrmung auf 37°C. Es zeigte sich eine signifikant schnellere Thrombusbildung
bei hypothermen Temperaturen, welche nach Wiedererwarmung komplett aufgehoben war.
Die durchfluBzytometrischen Untersuchungen ergaben sowohl in ruhenden, als auch in
TRAP-stimulierten Thrombozyten, eine signifikant vermehrte Expression der aktiven
Konformation des GP llb-llla Rezeptors bei 31°C und 34°C gegeniber Temperaturen von
37°C. Dieses ging einher mit einer ebenfalls signifikant vermehrten thrombozytéaren
Fibrinogenbindung bei diesen Temperaturen. Auflerdem war die Tyrosin-spezifische
Phosphorylierung unter hypothermen Bedingungen erhdht. Daraus kann geschlussfolgert
werden, dass eine moderate, klinisch auftretende Hypothermie einen pro-thrombogenen
Effekt besitzt, was wahrscheinlich durch eine verstarkte thrombozytdre GP Ilb-llla
Aktivierung vermittelt ist. Es besteht jedoch keine Pradisposition mit einem erhéhten Risiko
fur  mikrovaskuldare = Thrombosen nach  Wiedererwarmung auf physiologische

Koérperkerntemperaturen.

Lindenblatt N, Menger MD, Klar E, Vollmar B
Sustained hypothermia accelerates microvascular thrombus formation in mice
Am J Physiol Heart Circ Physiol 2005; 289: H2680-H2687
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15 supposed to be associated with alterations in blood coagulation and
a pronounced risk for thrombosis. We studied the effect of clinically
encountered systemic hypothermia on microvascnlar thrombosis in
vivo and in vitro. Ferric chloride-induced microvascnlar thrombus
formation was analyzed in cremaster muscle preparations from hypo-
thermic mice. Additionally, flow cytometry and Western blot analysis
was used to evalnate the effect of hypothermia on platelet activation.
To test whether preceding hypothermia predisposes for enhanced
thrombosis, experiments were repeated after hypothermia and re-
warming to 37°C. Contrel animals revealed complete occlusion of
arterioles and venules after 742 + 150 and 824 = 172 s, respectively.
Systemic hypothermia of 34°C accelerated thrombus formation in
arterioles and venules (279 + 120 and 376 = 121 s; P <C 0.05 vs.
37°C). This was further pronounced after cooling to 31°C (163 = 57
and 281 = 71 s; P <2 0.05 vs. 37°C). Magnitude of thrombin receptor
activating peptide (TR AP)-induced platelet activation increased with
decreasing temperatures, as shown by 1.8- and 3.0-fold increases in
mean fluorescence after PAC-1 binding to glycoprotein (GP)lIb-I1la
and 1.6- and 2.9-fold increases of fibrinogen binding on incubation at
34°C and 31°C. Additionally, tyrosine-specific protein phosphoryla-
tion in platelets was increased at hypothermic temperatnres. In re-
warmed animals, kinetics of thrombus formation were comparable to
those in mormothermic controls. Concomitantly, spontaneous and
TRAP-enhanced GPIIb-Illa activation did not differ between re-
warmed platelets and those maintained continnously at 37°C. Mod-
erate systemic hypothermia accelerates microvascnlar thrombosis,
which might be mediated by increased GPIIb-1lla activation on
platelets but does not cause predisposition with increased risk for
microvascular thrombus formation after rewarming.

hemodynamics; glycoproteins; microcirculation; platelets

BLEEDING DIATHESIS WITH PROLONGATION of bleeding times has
been reported in a variety of clinical settings associated with
systemic hypothermia (19, 28, 36). In trauma patients hypo-
thermia has been presumed to adversely affect blood coagula-
tion (7, 31). In line with this, in vitro studies suggested that
perioperative hypothermia may aggravate surgical bleeding by
impairing platelet P-selectin expression and thromboxane re-
lease as well as by reducing activity of coagulation factors
(24, 32).

In clear contrast to these reports on hypothermia-related
bleeding diathesis, cold-related pathology, such as the seasonal
increase in thromboembolic disease in winter, is well recog-
nized (8, 9, 30). Cold is associated with peripheral vasocon-
striction and increased cardiac output, blood pressure, and
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circulating norepinephrine, all of which enhance the risk for
cardiac events and coronary heart disease mortality. The fact
that in regions without temperature extremes a seasonal vari-
ation in myocardial infarction is absent (20) emphasizes the
ambient air temperature as an environmental risk factor. Sea-
sonal changes in temperature further influence blood rheology
with increase of viscosity of blood and resistance of red blood
cells to deform as temperature is lowered, contributing in a
major way to impaired circulation in the cold (21, 26). The
Caerphilly prospective heart disease study, comprising data on
the association of air temperature and risk factors for ischemic
heart disease from up to 2,036 men, indicates that the most
important effect of a fall in temperature seems to be on the
hemostatic system, with an increase of fibrinogen and a de-
crease in the fibrinolysis-inhibiting «p-macroglobulin (8).
Moreover, platelet count and platelet aggregation have been
shown in vitro to increase at hypothermic temperatures (8, 10,
17). Unintentional perioperative hypothermia is associated
with postoperative myocardial ischemia, additionally underlin-
ing a potential prothrombogenic effect of low body tempera-
ture (12).

To further address this issue, we evaluated hypothermia-
induced platelet response in vitro using temperatures of 34°C
and 31°C, which are likely to be encountered during major
surgery, multiple trauma, cold exposure, and the neonatal
period. We additionally assessed kinetics of microvascular
thrombus formation in an in vivo model of hypothermic mice.
To test whether preceding hypothermia predisposes to throm-
bus formation, in vitro and in vivo experiments were repeated
on hypothermia and subsequent rewarming to 37°C.

MATERIALS AND METHODS

Mouse cremaster muscle preparation. On approval by the local
government, all experiments were carried out in accordance with
German legislation on protection of animals and the National Insti-
tutes of Health Guide for the Care and Use of Laboratory Animals
(Institnte of Laboratory Animal Resources, National Research Coun-
cil). Male C57BL/6] mice with a body weight of 20-25 g were
anesthetized by an intraperitoneal injection of ketamine (90 mg/kg
body wt) and xylazine (25 mg/kg body wt), and a polyethylene
catheter was placed into the right jugnlar vein for application of
fluorescent dyes.

For the study of vascular thrombus formation, we used the opened
cremaster muscle preparation, as originally described by Baez (1) in
rats and transferred by our group (22, 42) to mice. Before preparation
of the cremaster muscle, animals were placed on a heating pad
coupled to a rectal probe. A midline incision of the skin and fascia was
made over the ventral aspect of the scrotum and extended up to the
inguinal fold and to the distal end of the scrotum. The incised tissues
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were retracted to expose the cremaster muscle sack, which was
maintained under gentle traction to carefully separate the remaining
connective tissue by blunt dissection from around the cremaster sack.
The cremaster muscle was then incised, avoiding cutting of the larger
anastomosing vessels. Hemostasis was achie ved with 5-0 threads, also
serving to spread the tissue. After dissection of the vessel connecting
the cremaster and the testis, the epididymis and testis were put to the
side of the preparation. The preparation was performed on a transpar-
ent pedestal to allow microscopic observation of the cremaster muscle
microcireulation by both transillumination and epi-illnmination tech-
niques.

After the preparation of the cremaster muscle, the animals were
allowed to recover from surgical preparation for 15 min. Thrombus
formation was then induced in randomly chosen venules (n = 1 or 2
per preparation) and arterioles (n = 1 or 2 per preparation).

In vivo thrombosis model. After intravenous injection of 0.1 ml of
5% FITC-labeled dextran (mol wt 150,000; Sigma-Aldrich, Munich,
Germany) and subsequent circulation for 30 s, the cremaster muscle
microcireulation was visnalized by intravital flucrescence microscopy
with a Zeiss microscope (Axiotech vario, Zeiss, Jena, Germany). The
microscopic procedure was performed at a constant room temperature
of 21-23°C. The epi-illumination setup included a 100-W HBO
mercury lamp and an illominator equipped with a blue filter (450- to
490-nm excitation and >520-nm emission wavelengths). Microscopic
images were recorded by a charge-coupled device video camera (FK
6990A-1Q; Pieper, Berlin, Germany) and stored on videotapes for
offline evaluation (S-VHS Panasonic AG 7350-E; Matsushita, Tokyo,
Japan). With a <20 water immersion objective (Achroplan <20/0.50
W, Zeiss) blood flow was monitored in individuoal arterioles (diameter
range 3050 pm) and venules (diameter range 60—80 pm), followed
by superfusion with 25 .l of ferric chloride (12.5 mM; Sigma) for
induction of microvascular thrombosis (6, 22). Complete vessel oc-
clusion was assumed when blood flow ceased for =60 s because of
thrombotic occlusion. Because rapid spreading of ferric chloride
solution allowed us to study only 1 or 2 arterioles and venules within
each preparation, both left and right cremaster muscles were prepared
for analysis of thrombotic vessel occlusion within each animal.
Analysis included the time periods until first standstill of perfusion
and snstained cessation of blood flow due to complete vessel occlu-
sion. Additionally, a red blood cell velocity profile was determined to
characterize the kinetics of microvascular thrombus formation. Mi-
crocirculatory analysis further included the determination of vessel
diameter and blood cell velocity before thrombus induction with a
calculation of vascular wall shear rates based on the Newtonian
definition v = 8 X V/D, with ¥ representing the red blood cell center
line velocity divided by 1.6 according to the Baker-Wayland factor (2)
and D representing the individual inner vessel diameter.
Experimental design. Immediately after induction of anesthesia,
animals were placed on a customized platform comprising a heating
pad to facilitate microscopy of the cremaster muscle. Temperature
was controlled by a rectal probe and maintained at 37°C (n = 6), 34°C
(# = 5), and 31°C (n = 5). Because accurate maintenance of the
animals’ core body temperature was a prerequisite for this study, the
examiner was not blinded to animal temperature.

The assumption that the rectal temperature equaled the core body
temperature was confirmed by additional experiments with a LICOX
probe (LICOX 1, GMS, Kiel-Mielkendorf, Germany), which was
placed via the left jugular vein into the right atrium. Rectal temper-
ature differed no more than +0.2°C from central temperature and was
therefore used subsequently to determine the core body temperature of
the animal. Depending on the rectal temperature at the beginning of
the experiment and the desired final temperature, heating was started
immediately or afier the animal cooled down to the required ternper-
ature. Artificial cooling was not necessary, becanse most animals
displayed a considerable drop of body temperature after the induction
of anesthesia. After the appropriate temperature according to random-
ization of animals was reached and remained stable for at least 30 min,
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preparation was started and microvascular thrombus formation was
induced as described above. In an additional series of experiments,
mice were kept hypothermic at either 34°C (n = 4) or 31°C (n = 4)
for at least 30 min, followed by rewarming to 37°C and subsequent
thrombus induction.

Human blood collection and platelet-rich plasma preparation.
Written informed consent of all volunteers was obtained for blood
drawing. For in vitro tests of platelet funetion, blood from a total of
seven healthy volunteers was drawn from the left cubital vein with a
21-gange needle into 5-ml S-Monovettes 9NC (Sarstedt, Nimbrecht,
Germany) (1:10 citrate vol/vol). Despite differences in size, number,
and ultrastructural morphology, human and murine platelets have
been shown to exert similar organelle and glycoprotein (GP) subcel-
lnlar distribution (37). The GPIlIb-1Ila receptor in particular exerts
comparable functions during platelet activation and aggregation in
humans and mice (40). Although species differences cannot be com-
pletely excluded, the use of human platelets is justifiable and obvious
because of their simple accessibility and ease of handling for flow
cytometric studies.

After centrifugation for 15 min at 110 ¢ and room temperature
(GS-6R Centrifuge; Beckman Coulter, Fullerton, CA), platelet-rich
plasma (PRP) was transferred in a separate tube. Platelet count was
assessed with a cell counter (Sysmex KX-21; Sysmex, Norderstedt,
Germany) and adjusted to 2 X 10%ml by dilution with PBS. In
parallel, aliquots of whole blood were processed for the flow cyto-
metric study of thrombin receptor activating peptide (TRAP)Y/N-
formylmethionyl-leucyl-phenylalanine (fMLP)-induced platelet-leu-
kocyte aggregates (see below).

Platelet exposure to TRAP and flow cytometric analysis of P-
selectin expression, GPIIb-Illa activation, and fibrinogen binding.
After 30 min of resting in a 37°C water bath to eliminate isolation-
induced platelet activation, 50 pl of platelet suspensions was incu-
bated for 30 min in water baths at the maintained temperature of 37°C,
34°C, or 31°C, followed by exposure to TRAP (2.5 mM) and incu-
bation with saturating amounts of the appropriate antibody or fluo-
rescence-labeled human fibrinogen. Platelet suspensions were kept for
an additional 30 min in the respective water baths in the dark. Platelets
were then rapidly cooled on ice and diluted with 1 ml of 4°C 1%
paraformaldehyde in PBS (Cell Fix; Becton Dickinson, Heidelberg,
Germany). After fixation was completed, platelets were centrifuged at
300 g for 4 min at 4°C and washed twice with PBS. The supernatant
fraction was decanted, and the pellet was resnspended in PBS for flow
cytometry. Expression of P-selectin on platelets was investigated by
direct immunofluorescence using a monoclonal anti-human FITC-
coupled P-selectin antibody (Santa Cruz Biotechnology, Heidelberg,
Germany), diluted 1:50 (vol/vol) with staining medivm (0.1% sodiuvm
azide and 2% fetal calf serum in PBS). In an additional set of
experiments a FITC-conpled PAC-1 antibody (Becton Dickinson
Biosciences) directed against the activated conformation of GPIIb-IIIa
was nsed (38, 39). A FITC-coupled IgG, isotype-matched control
antibody (Santa Cruz) was used to exclude nonspecific binding. To
further confirm GPIIb-IIla activation, Alexa Fluor 488-1abeled human
fibrinogen (Invitrogen, Karlsruhe, Germany) was added at a concen-
tration of 100 pg/ml. Flow cytometry was performed within the next
hour. In an additional set of experiments, platelets were kept at either
34°C or 31°C for 30 min, followed by their transfer into a 37°C water
bath for 30 min and subsequent stimulation by TRAP, as described
above.

A FACScan flow cytometer (Becton Dickinson) was calibrated
with fluorescent standard microbeads (CaliBRITE Beads; Becton
Dickinson) for accurate instrument setting. Platelets were identified by
their characteristic forward and sideward scatter light and selectively
analyzed for their fluorescence properties with the CellQuest program
(Becton Dickinson) with assessment of 20,000 events per sample. The
relative fluorescence intensity of a given sample was calculated by
subtracting the signal obtained when cells were incubated with the
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Table 1. Blood flow velocity and wall shear rates in mice
cremaster muscle microvessels before ferric
chioride-induced thrombus formation

Arterioles Venules
Velocity, nm/s y, 571 Velocity, nm/s 87!
37°C 2,235+55 17218 1,603+185 107+11
34°C 1,698+150* 18117 1,243+207 114+18
31°C 1941222 223£23 864190 70x15

Values are means * SE; n = 7-0 vessels/group. v, Wall shear rate. *P <
0.05 vs. 37°C.

isotype-specific control antibody from the signal generated by cells
incubated with the test antibody.

Wheole blood exposure to TRAPJMILP and flow cytomeltric analvsis
of platelet-leukocyte aggregates. Whole blood aliquots of 50 1.1 were
incubated for 25 min with 5 pul of a monoclonal anti-human FITC-
coupled CD42b antibody (eBioscience, San Diego, CA) and with 5 wl
of a monoclonal anti-human phycoerythrin-coupled CD45 antibody
(eBioscience). Aliquots were then incubated at temperatures of 37°C,
34°C, and 31°C in the water bath for 30 min, followed by exposure to
TRAP (2.5 mM) and fMLP (10=7 M) for an additional 30 min.
Subsequently, erythrocytes were lysed in 1.5 ml of lysing solution
(Becton Dickingon) for 15 min. The reaction was stopped by diluting
the solution with 2 ml of PBS, followed by centrifugation at 300 g for
5 min. The aliquots were washed again with PBS, and the pellet was
resuspended with 1 ml of Cell Fix. Flow cytometry was performed
within the next hour, as described above.

Chemicals. TRAP was purchased from Bachem (Bubendorf, Ger-
many) and dissolved in PBS to yield a 2.5 mM stock solution. fMLP
(Sigma-Aldrich, Munich, Germany) was dissolved in PBS and added
to the samples to achieve a final concentration of 1077 M.

Western blot analysis of tyrosine-specific phosphorylation of plate-
fef profeins. For whole protein extracts and Western blot analysis of
phosphotyrosine (p-Tyr), PRP was prepared as described above. After
30 min of resting in a 37°C water bath, 50 pl of platelet suspensions
was incubated for 30 min in water baths maintaining temperature at
37°C, 34°C, or 31°C, followed by exposure to TRAP (2.5 mM) and
incubation for an additional 30 min in the respective water baths in the
dark. Platelets were then lysed for 30 min on ice (in mM: 10 Tris pH
7.5, 10 NaCl, 0.1 EDTA, and 0.2 PMSF with 0.5% Triton X-100 and
0.02% NaN3) and centrifuged for 15 min at 10,000 g. Before being
used, all buffers received a protease inhibitor cocktail (1:100 vol/vol;
Sigma). Protein concentrations were determined with the bicincho-
nminic acid protein assay (Sigma) with bovine serum albumin as
standard. Twenty micrograms of protein per lane was separated
discontinuously on sodinm dodecyl sulfate polyacrylamide gels (10%
SDS-PAGE) and transferred to a polyvinyl difluoride membrane
(Immobilon-P; Millipore, Eschborn, Germany). After blockade of
nonspecific binding sites, membranes were incubated for 2 h at room
temperature with a horseradish peroxidase-conjugated monse mono-
clonal anti-p-Tyr antibody (PY20) (1:1,000; Santa Cruz Biotechnol-
ogy). Protein expression was visnalized by means of lumineol-en-
hanced chemiluminescence (ECL plus; Amersham Pharmacia Bio-
tech) and exposure of the membrane to a blue light-sensitive
autoradiography film (Kodak BioMax Light Film; Kodak-Industrie,
Chalon-sur-Sacne, France). Signals were densitometrically assessed
(Gel-Dokumentationssystem E.A.SY. Win32; Herolab, Wiesloch,
Germany).

Fibrinogen levels and blood cell counf. In a separate set of
experiments blood was drawn from the retroorbital venons plexus of
mice with 37°C, 34°C, and 31°C body temperature for determination
of blood cell count and fibrinogen levels (citrate 1:10 vol/vol). The
additional use of separate animals was necessary because fluorescent
dyes interfere with chemiluminescence reactions. Platelet and red

HYPOTHERMIA AND THROMBOSIS

blood cell count was assessed with a cell counter (Sysmex KX-21;
Sysmex). Fibrinogen levels were determined by nephelometry (Im-
mage Immunochemistry System; Beckman Coulter, Fullerton, CA)
using a polyclonal rabbit anti-human fibrinogen antibody (DAKO
Cytomation, Hamburg, Germany).

Statistical analysis. After proving the assumption of normality and
equal variance across groups, we assessed differences between groups
with cne-way ANOV A followed by the appropriate post hoc compar-
ison test. All data were expressed as means = SE, and overall
statistical significance was set at P < 0.05. Pearson product moment
correlation was performed to evalnate significant correlations between
parameters of platelet activation and temperature. Statistics and
graphics were performed with the software packages SigmaStat and
SigmaPlot (Jandel, San Rafael, CA).

RESULTS

In vivo thrombosis model. The effect of systemic hypother-
mia was assessed in vivo by superfusion of microvessels with
ferric chloride solution, which resulted in complete thrombotic
occlusion of the individually exposed vessel.

At baseline, i.e., before thrombus induction, animals of all
groups did not significantly differ with respect to velocity and
wall shear rates in arterioles and venules, although hypother-
mic animals tended to exhibit lower blood flow velocities
(Table 1). Quantitative analysis of ferric chloride-induced
thrombus formation in controls, i.e., animals maintained at a
core body temperature of 37°C, revealed complete occlusion of
arterioles and venules after 742 = 150 and 824 = 172 s,
respectively (Fig. 1). Systemic hypothermia of 34°C caused a
significant acceleration in microvascular thrombus formation.
Arteriolar and venular vessel lumens were found to be clogged
at an average time of 279 + 120 and 376 * 121 s, respectively
(P < 0.05 vs. 37°C animals). In both arterioles and venules
continuous cooling of the animal to a core body temperature of
31°C led to a further decrease in time until complete vessel
occlusion occurred (163 + 57 and 281 = 71 s, respectively;
P <2 0.05 vs. 37°C animals).

Within the first 100 and 200 s on ferric chloride superfusion,
venular blood cell velocity slowed down by —8% and —20%,
respectively, in the control group with 37°C body temperature,

[ arterioles

*
I venules

200 400 600 800 1000
time of complete vessel occlusion (s)

Fig. 1. Occlusion times of arterioles and venules on ferric chloride-induced
thrombus formation in animals with normothermia (37°C; n = 6) and systemic
hypothermia of 34°C (# = 5) and 31°C (n = 5). Values are means = SE. *P <C
0.05 vs. 37°C.
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’—1

34°CA37°C
31°CATC 1 artericles
I venules
] 200 400 600 BOD 1000 1200

time of complete vessel occlusion (s)

Fig, 2. OQcclusion times of artericles and venules on ferric chloride-induced
thrombug formation in animals with normothertnia (37°C, » = &) and animals
that underwent systemnic hypothermia of 34°C (0 = 4) and 31°C (v = 4) for
30 min followsd by rewartming up to 27°C, Values are means ¥ SE.

whereas in animals with systemic hypothermia of 34°C, the
decrease in venular blood cell velocity was even mare pro-
nounced (—37% and —37%, respectively). The deceleration in
venular blood cell velocity was found to be abolished at
enforced hypothermia of 31°C (—2% and —25%, respec-
tively). Interestingly, hypothermia of 34°C did not decelerate
arteriolar blood cell velecity within the first 100 s (—4%)
compared with controls of 37°C (—8%) but even caused a

H2683

increase of velocities (+14%) when systemic temperature
declined to 31°C.

Rewarmed animals exhibited kinetics of thrombus formation
comparable to those that were kept continuously at a core
temperature of 37°C, although a moderate, but not significant,
acceleration in thrombus formation was seen in animals on
rewarming from 31°C. Wall shear rates did not differ between
the groups. In rewarmed animals, which had been exposed to
a 34°C body core temperature for a period of 30 min, arteriolar
and venular vessel occlusion occurred at 655 = 219 and 832 =
195 s, respectively, and thus was comparable to the kinetics of
thrombus formation in animals with a continuous core temper-
ature of 37°C (Fig. 2). In animals that sustained a 30-min
coaling period of 31°C, a moderate, but not significant, accel-
eration in thrombus formation was seen on rewarming to 37°C
in both arterioles and venules (453 = 137 and 469 = 122 g,
respectively).

Flow cylometric analysis of platelet P-selectin expression,
GPHb-Ia activation, and fibrinogen binding. To closely sim-
ulate the clinical situation, we studied moderate degrees of
hypothermia and their influences on platelet function in vitro.
On incubation at termperatures of 34°C and 31°C, spontaneous
expression of P-selectin and the activated conformation of
GPIIb-1lla did not change markedly; however, there was a
small but statistically significant increase in PAC-1 binding in
unstimulated samples at 31°C, suggestive of spontaneous hy-
pothermia-induced activation (Figs. 3, 4 and C, and 4). TRAP
exposure caused an increase of PAC-1 binding from 1.4 =

g .
A S - BE&® )
P-selectin P-selectin / TRAP
2 g ¢
] :
8s g
E
=] -] w

102 100 10

100 100 12 100 104

FL-1 FL-1
CE& D&"
GPllb-llla GPlIb-llla / TRAP
g8 ¢ B =
& ‘E_ &
a a
= [=
3 3
og Q
g
2 & - o ™
10 108 104 108 100
FL-1

Fig. 2. Flow cytomatric analysiz of spontansons (4 and C) and thrombin receptor activating peptide (TRAF)-induced (B and I¥) expression of platelst P-szlectin
(A and B) and activation of glycoprotein (GPIb-ITa (< and I) at temperatures of 27°C (solid black line), 24°C (dashed black ling), and 31°C (dashed gray ling).
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0.3% to 68 + 5% of all platelets, showing the conformational
change of GPIIb-Illa (Fig. 3D). However, the magnitude of
activation in response to TRAP increased with decreasing
temperatures, as shown by 1.8-fold and 3-fold shifts in mean
fluorescence on binding of PAC-1 (Fig. 4B). In line with this,
binding of fluorescent-labeled fibrinogen was increased 1.6-
and 2.9-fold at 34°C and 31°C after TRAP exposure (P < 0.05
vs. 37°C), whereas only small differences of fibrinogen bind-
ing were observed in resting platelets (Fig. 5). TRAP was
associated with a marked upregulation of P-selectin expres-
sion, as shown by 93 = 1% of positive platelets (Fig. 38).
Hypothermia caused a small but significant increase of TRAP-
induced P-selectin upregulation at 31°C compared with TRAP-
stimulated platelets at 37°C (Fig. 44). Results showed a linear
positive correlation between temperature decrease and GPIIb-
[la activation, i.e., PAC-1 binding (r = 0.6; P < 0.001),
whereas no correlation was found between the temperature
decrease and the expression of P-selectin (v = 0.1; P = 0.52).

Platelets maintained at 34°C or 31°C for 30 min and re-
warmed to 37°C exhibited spontaneous PAC-1 binding that
was indistinguishable from that of platelets kept steadily at
normothermic temperatures (Fig. 6). TRAP exposure caused a
marked increase of PAC-1 binding on platelets with intermit-
tent hypothermia and rewarming, which did not differ in
magnitude from the response of platelets without hypothermia
(Fig. 6). The same results were obtained for spontaneous and
TRAP-induced P-selectin expression (data not shown).

Flow cytometric analysis of platelet-leukocyte aggregate
formation. Platelet-leukocyte aggregation during hypothermia
was determined after stimulation with TRAP/fMLP. Flow
cytometric analysis revealed no significant increase after ex-
posure to temperatures of 34°C and 31°C compared with
aggregate formation at normothermic temperatures (37°C).
After incubation in a 37°C water bath, 14.6 = 0.9% platelet-
leukocyte aggregates were found, represented by the fluores-
cence intensity of the upper right quadrant in the flow cyto-

AJP-Heart Circ Physiol ~ VOL 289

metric dot plot. Hypothermia of 34°C and 31°C led to only a
marginal, not statistically significant, increase of aggregate
formation of 14.7 * 1.1% and 16.7 = 1.2%, respectively.
Western blot analysis of tvrosine-specific phosphorylation of
platelei proteins. To further underline cold-associated platelet
activation, we studied tyrosine-specific protein phosphoryla-
tion of platelets at 37°, 34°, and 31°C. As shown in Fig. 7,
hypothermia caused enhanced protein phosphorylation at ty-

4.0
o I no stimulation *
OB 35 { ——= TRAP stimulation
g 3.0
§ A
3
@ 25 4
o
=
=
c 20
g *
£ T
£ 15
3
3
5 1.0
c
k]
e 05
x

0.0 -

37°Cc 34°C 31°C

temperature (°C)

Fig. 5. Spontaneous and TRAP-induced platelet fibrinogen-binding (Alexa
Fluor 488-labeled human fibrinogen) at temperatures of 37°C, 34°C, and 31°C,
as assessed by flow cytometry. Values include a total of 7 independent
experiments and are means * SE. *P < 0.05 vs. 37°C.
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Fig. 6. Spontaneous and TRAP-induced GPIIb-1l1a activation (FITC-PAC-1
antibody) on platelets that were kept steadily at 37°C and on platelets that
underwent a 30-min incubation at 34°C and 31°C followed by rewarming up

to 37°C, as assessed by flow cytometry and direct fluorescent antibody binding.
Values include a total of 7 independent experiments and are means = SE.

rosine in resting, but in particular in TRAP-activated, platelets.
The most prominent protein bands were found migrating with
molecular masses of 130, 125, 95, and 84 kDa (Fig. 7).
Fibrinogen levels and blood cell count. Red blood cell and
platelet counts ranged between 8.3-8.6 > 101 and 900-
1,000 > 1091 without differences among the 37°C, 34°C, and
31°C groups. In contrast, fibrinogen levels were found signif-
icantly lower in 34°C and 31°C animals, compared with
normothermic controls (0.77 = 0.07 and 0.78 £ 0.02 vs.
0.92 = 0.04 g/l; P < 0.05), suggesting an augmented con-
sumption of fibrinogen on intravascular coagulation.

DISCUSSION

In this report we communicate the following major findings.
Moderate systemic hypothermia causes an acceleration of mi-
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crovascular thrombus formation both in arterioles and venules.
These in vivo findings are underlined by in vitro results
demonstrating that hypothermia causes a slight increase of
spontaneous platelet activation but a marked rise of agonist-
induced responsiveness. Although thrombocytic P-selectin
seems to play a minor role in cold-enhanced cell-cell contact,
the fibrinogen receptor GPIIb-1IIa is influenced in a major way
by temperature changes. The present results provide in vivo
evidence for the frequently observed coincidence of increased
rates of thrombotic events at reduced core temperatures.

During cold temperatures, impaired rheological properties of
the blood, namely, reduced viscosity (21) as well as enhanced
stiffness and reduced deformability of cells (3, 26), may
compromise tissue perfusion. In addition, a reduction in tem-
perature results in an increase in platelet and red blood cell
numbers as well as a reduction in plasma volume (18, 27),
further impeding capillary passage and thus nutritive blood
flow. These changes together with the winter rise in fibrinogen
concentrations (44) have all been used as probable explana-
tions for rapid increases in coronary and cerebral thrombosis in
cold weather (18, 30).

In the present study no significant differences in blood cell
count were observed at clinically occurring moderate hypo-
thermia of 34°C and 31°C compared with normothermia.
However, blood fibrinogen levels were found to be signifi-
cantly reduced at hypothermic temperatures, most likely be-
cause of an increase of consumption on microvascular throm-
bus formation. Many clinical studies of the past revealed a
bleeding diathesis rather than a prothrombotic state in hypo-
thermic individuals (7, 19, 28, 31, 36). Given the fact that a
decrease of fibrinogen levels and an increase in microvascular
thrombus formation were observed in the present study at core
temperatures of 34°C and 31°C, it might be hypothesized that
hypothermic temperatures lead to a rise in microvascular
thrombus formation via activation of the GPIIb-TIla receptor
and subsequent fibrinogen binding, possibly resulting in co-
agulopathy later on in the process.

Increased reactivity and adhesiveness of cells may lead to
adherence to the vascular lining with partial obturation of
vascular cross sections and propagation of complete microvas-
cular blockage. In particular, on exposure of the vessel to a
noxious stimulus such as ferric chloride (6, 22), local oxidant
stress-induced endothelial injury provides a preferential site for

4 130kDa

‘ 125 kDa Fig. 7. Representative Westemn blot of tyrosine-specific protein
phosphorylation in platelets at 37°C, 34°C, and 31°C under
resting conditions and TRAP stimulation (1 independent exper-
iment per group of a total of 3). Arrowheads denote the most
prominent protein bands, migrating with molecular masses of

4 95Da 130, 125, 95, and 84 kDa.

' 84kDa
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cell trapping with thrombus growth. Although the importance
of GPIb-IX-V in mediating platelet-endothelial interactions is
unequivocal, this ligand seems mandatory for adhesion and
thrombus growth at high shear (4). On the contrary, at low
shear other adhesion molecules, such as the collagen receptors
and GPITb-TTTa, are mainly involved (4, 25, 33). The vessels
monitored in the present study presented with wall shear rates
below 300 s™1. Thus we preferentially studied platelets and
their cold-related change in activation of the fibrinogen recep-
tor GPIIb-IIla. It has been shown that unstimulated platelets
attach to fibrinogen in a selective, GPIIb-IlTa-dependent pro-
cess and that the initial attachment is followed by spreading
and irreversible adhesion, even in the absence of exogenous
agonists or the presence of activation inhibitors (35). In addi-
tion, the specific synergy of multiple substrate-receptor inter-
actions with coupling of functions of GPIb with GPIIb-1ITa,
allowing the latter to arrest platelets on von Willebrand factor
under conditions not permissive for direct binding to fibrino-
gen, underscores the crucial role of GPIIb-IIIa for thrombo-
genesis (34). Past studies have shown that thrombin-induced
tyrosine phosphorylation of several proteins is dependent on
platelet aggregation mediated by fibrinogen binding to GPIIb-
TMTa (11, 15). The present results, demonstrating the massive
PAC-1 binding of platelets with reduced temperature, indica-
tive of the activated conformation of GPIIb-TITa (39), under-
score the importance of this adhesive receptor in cold-related
pathology. Moreover, fibrinogen binding to TRAP-activated
platelets and tyrosine-specific phosphorylation of platelet pro-
teins were increased at 34° and 31°C, further substantiating the
activating effect of cold on the GPIIb-IIla receptor.

The present observation that TRAP barely started to increase
P-selectin expression at a temperature of 31°C goes along with
results of Faraday and Rosenfeld (10), reporting only a modest
(1.6 fold) TR AP-induced increase of platelet P-selectin expres-
sion at 22°C vs. 37°C compared with an almost 25-fold higher
rise in PAC-1 binding. This might imply that P-selectin ex-
pression is less temperature sensitive than GPIIb-Il1a, although
the effects may in addition greatly depend on the agonists used
and the time point of analysis. For example, hypothermia-
induced reduction of P-selectin expression, as observed by
Michelson et al. (24), was only transient in nature and absent
within 10 min after agonist exposure. Because hypothermia
failed to influence platelet-lenkocyte aggregate formation and
because P-selectin is believed to be a key player in this cellular
cross talk (14), the present results further emphasize the infe-
rior role of platelet P-selectin expression in mediating hypo-
thermia-associated thrombosis.

Our in vitro data confirm those of others, reporting that
hypothermia induces platelet activation in vitro, as indicated by
changes in platelet shape and morphology (23, 43), tyrosine-
specific protein phosphorylation (11), and fibrinogen receptor
exposure and activation as well as platelet aggregation (29).
However, we significantly extend current knowledge in that we
could prove the relevance of systemic hypothermia in the
enhancement of microvascular thrombus formation in vivo.
Hypothermic temperatures above 30°C were purposely chosen
because they are frequently encountered in a number of clinical
settings, such as major surgery, multiple trauma, cold expo-
sure, and the neonatal period (5, 16, 31, 41). Tt has been shown
that unintentional hypothermia is associated with myocardial
ischemia, angina, and impaired ventilation and blood oxygen-

HYPOTHERMIA AND THROMBOSIS

ation during the early postoperative period in patients under-
going lower-extremity vascular surgery (12). The impact of
temperature is further underscored by the fact that the simple
perioperative maintenance of normothermia in patients with
cardiac risk factors was associated with a reduced incidence of
morbid cardiac events and ventricular tachycardia (13). Thus
the enhanced risk for microvascular thrombus formation during
cold is best counteracted by an immediate rewarming of the
patient, as shown by the complete reversion of platelet hyper-
responsiveness on reexposure to 37°C. In line with this, ani-
mals subjected to hypothermia followed by rewarming have
not been found to be prone to enhanced thrombogenesis.

In summary, moderate systemic hypothermia accelerates
microvascular thrombosis, which might be mediated by in-
creased GPIIb-IITa activation on platelets, but does not cause
predisposition with increased risk for microvascular thrombus
formation after rewarming. Thus maintaining normothermia or
rewarming hypothermic patients represents a common goal in
limiting the risk for cold-associated thrombotic events.
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2.1.2 Sepsis und Hypothermie

In einem weiterfiihrenden Schritt interessierten wir uns fir die Auswirkungen einer
Lipopolysacharid (LPS)-induzierten Endotoxindmie, alleine oder in Kombination mit einer
systemischen Hypothermie, auf die mikrovaskulare Thrombogenitat, die Endothelzellfunktion

und die Thrombozytenfunktion.

Das Auftreten hypothermer Temperaturen wahrend einer Sepsis verschlechtert die
Prognose eines Patienten deutlich. Eine schwere Sepsis ist zusatzlich mit einer Aktivierung
des Gerinnungssystems und Ausbildung von Mikrothromben mit dem mdglichen Resultat
eines Multiorganversagens verbunden. Wir stellten uns daher die Frage, inwieweit eine
Endotoxindmie per se und eine zuséatzliche Hypothermie zur Ausbildung mikrovaskularer
Thrombosen beitragen und wie die endotheliale und thrombozytire Funktion beeinflusst
wird. Es wurden LPS-vorbehandelte Mause einer systemischen Hypothermie von 34°C und
31°C ausgesetzt. Die Endotoxinamie beschleunigte die mikrovaskuldre Thrombusformation
in 37°C warmen Tieren signifikant. Dieses ging einher mit einem deutlichen Anstieg
endothelialer Aktivierungsmarker, Thrombin-induzierter Thrombozytenaktivierung und
endothelialer Expression von P-Selektin und PAI-1. Eine zusatzliche Hypothermie fiihrte zu
einer Beschleunigung der mikrovaskularen Thrombusbildung, die jedoch nur bei 31°C flr
Arteriolen gegeniber 37°C warmen endotoxindmischen Tieren signifikant war.
Interessanterweise fluhrte die zusétzliche Hypothermie bei endotoxindmischen Tieren zu
keiner vermehrten Expression endothelialer Aktivierungsmarker oder verstarkter
Thrombozytenaktivierung, verursachte jedoch eine signifikant erhéhte endotheliale PAI-1
Expression und Zirkulation von sPAI-Ag. Demnach wird die Prothrombogenitat unter
septischen Bedingungen Uber eine generelle endotheliale und thrombozytare Aktivierung
vermittelt, wahrend eine zuséatzliche systemische Hypothermie vielmehr mit einer signifikant

verstérkten endothelialen PAI-1 Expression vergesellschaftet ist.

Lindenblatt N, Menger MD, Klar E, Vollmar B

Systemic hypothermia increases PAI-1 expression and accelerates
microvascular thrombus formation in endotoxemic mice Crit Care 2006; 10:
R148
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Abstract

Introduction Hypothermia during sepsis significantly impairs
patient outcome in clinical practice. Severe sepsis is closely
linked to activation of the coagulation system, resulting in
microthrombosis and subsequent organ failure. Herein, we
studied  whether  systemic  hypothermia  accelerates
microvascular thrombus formation during lipopolysacharide
(LPS)-induced endotoxemia in vivo, and characterized the low
temperature-induced endothelial and platelet dysfunctions.

Methods Ferric-chloride induced microvascular thrombus
formation was analyzed in cremaster muscles of hypothermic
endotoxemic  mice.  Flow  cytometry, ELISA  and
immunohistochemistry were used to evaluate the effect of
hypothermia on endothelial and platelet function.

Results Control animals at 37°C revealed complete occlusion
of artericles and venules after 7590 + 115 s and 744 + 112 g,
respectively. Endotoxemia significantly (p < 0.05) accelerated
arteriolar and venular ccclusion in 37°C animals {255 + 35 s
and 238 t 58 s, respectively). This was associated with an
increase of circulating endothelial activation markers, agonist-

induced platelet reactivity, and endothelial P-selectin and
plasminogen activator inhibitor (PAl)-1 expression. Systemic
hypothermia of 34°C revealed a slight but not significant
reduction of arteriolar (224 + 35 s) and venular {183 + 35 s)
occlusion times. Cooling of the endotoxemic animals to 31°C
core body temperature, however, resulted in a further
acceleration of microvascular thrombus formation, in particular
in arterioles (127 + 29 s, p < 0.05 versus 37°C endotoxemic
animals). Of interest, hypothermia did not affect endothelial
receptor expression and platelet reactivity, but increased
endothelial PAl-1 expression and, in particular, soluble PAI-1
antigen (sPAI-Ag) plasma levels.

Conclusion LPS-induced endotoxemia accelerates
microvascular thrombus formation /n vivo, most probably by
generalized endothelial activation and increased platelet
reactivity. ~ Systemic  hypothermia  further  enhances
microthrombosis in endotoxemia. This effect is associated with
increased endothelial PAI-1 expression and sPAl-Ag in the
systemic circulation rather than further endothelial activation or
modulation of platelet reactivity.

Introduction
Microvascular thrombus formation with subsequent microves-

sel occlusion and hypoperfusion is a major contributor to
organ dysfunction during sepsis [1]. It is well recognized that
sepsis involves a complex interaction between the inflamma-
tory and the coagulation system [2]. Bacterial endotoxin
(lipopolysacharide {LPS}) induces a variety of metabolic, cellu-
lar and regulatory effects that are accompanied by fever in

mammals [3]. The pyrogenic effects are exerted by increasing
the production of endogenous cytokines such as|L-1, IL-6 and
tumor necrosis factor (TNF)-alpha. Severe sepsis is almost
invariably associated with activation of the coagulation system,
potentially resulting in disseminated intravascular coagulation.
Together with other components, the tissue factor-driven gen-
eration of thrombin with fibrin accumulation and platelet acti-
vation play a pivotal role in this setting [4]. In sepsis, both the

bw = body weight; ELISA = enzyme-linked immunosorbent assay; GP = glycoprotein; ICAM = intercellular adhesion molecule; IL = interleukin; ip =
intraperitoneally; LPS = lipopolysacharide; PAl = plasminogen activator inhibitor; PAI-1-Ag = plasminogen activator inhibitor-1 antigen; s = soluble;

TNF = tumor necrosis factor; VCAM = vascular cell adhesion molecule.
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coagulation and the fibrinolytic system may be affected, as
indicated by decreased activation of thrombomodulin and pro-
tein C as well as reduction of anti-fibrinolysis and enhance-
ment of plasminogen activator inhibitor (PAl)-1 expression [2].
The production of procoagulant factors, as well as their inter-
action with platelets and leukocytes in the microvasculature,
may lead to intravascular fibrin formation [5].

Septic patients, who develop hypothermia during the course
of the illness, have a significantly worse prognosis compared
to those who develop fever or maintain body temperature. In
addition, in animal models of sepsis it has been observed that
hypothermia is associated with immune dysfunction and an
unfavorable outcome [6,7]. Presently, it is not clear whether
hypothermia during severe sepsis merely serves as a surro-
gate marker for progression of the disease, representing a
general failure of regulatory functions, or whether hypothermia
itself negatively influences the course of the disease. Addition-
ally, the reasons for the worse prognosis during sepsis with
hypothermia have not been clearly identified.

In previous experiments we were able to show that hypother-
mia accelerates microvascular thrombus formation and
increases platelet reactivity [B]. Based on these studies we
hypothesize that hypothermia during severe sepsis aggravates
the already existing procoagulant state. This may lead to a fur-
ther aggravation of microvascular thrombus formation, possi-
bly representing a cause of the worse outcome in septic
patients with hypothermia in clinical practice. To address this
issue, we analyzed the kinetics of microvascular thrombus for-
mation in a murine n vivo LPS model of systemic hypothermia
at 34°C and 31°C. The effects of endotoxemia and hypother-
mia on endothelial function were further determined by
assessing plasma levels and tissue expression of endothelial
activation markers. We additionally evaluated hypothermia-
induced platelet response 1 vifro using temperatures of 34°C
and 31°C, which are likely to be encountered during severe
hypothermia in the setting of prolonged sepsis.

Materials and methods

Mouse cremaster muscle preparation

Upon approval by the local government, all experiments were
carried out In accordance with the German legislation on pro-
tection of animals and the National Institutes of Health 'Guide
for the Care and Use of Laboratory Animals' {Institute of Lab-
oratory Animal Resources, National Research Council). Male
C57BL/6]) mice with a body weight (bw) of 20 to 25 g were
anesthetized by an intraperitoneal injection of ketamine (90
mg/kg bw) and xylazine (25 mg/kg bw) and a polyethylene
catheter was placed into the right jugular vein, serving for
application of fluorescent dyes.

For the study of microvascular thrombus formation, we used
the cremaster muscle preparation as originally described by
Baez in rats [9] and applied by our group in mice [8,10].
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Before preparation of the cremaster muscle, animals were
placed on a heating pad coupled to a rectal probe. A midline
incision of the skin and fascia was made over the ventral
aspect of the scrotum and extended up to the inguinal fold and
to the distal end of the scrotum. The incised tissues were
retracted to expose the cremaster muscle sac, which was
maintained under gentle traction to carefully separate the
remaining connective tissue by blunt dissection from around
the cremaster sac. The cremaster muscle was then incised
without damaging larger anastomosing vessels. Hemostasis
was achieved with 5-0 threads serving also to spread the tis-
sue. After dissection of the vessel connecting the cremaster
and the testis, the epididymus and testis were put to the side
of the preparation. The preparation was performed on a trans-
parent pedestal to allow microscopic observation of the cre-
master muscle microcirculation by both transillumination and
epi-illumination techniques.

After surgical preparation, the animals were allowed to recover
for 15 minutes. Thrombus formation was then induced in ran-
domly chosen venules (n =1 to 2 per preparation) and arteri-
oles (n =1 to 2 per preparation).

Experimental design

Mice were pretreated with LPS (Escherichia coli, serctype
0128:B12; LOT# 069H4097, Sigma-Aldrich, Munich, Ger-
many) at a dose of 10 mg/kg intraperitoneally (ip) 24 hours
before the beginning of the experiments. Following induction
of anesthesia, animals were placed on a customized platform
with an incorporated heating pad to facilitate microscopy of
the cremaster muscle. Temperature was controlled by a rectal
probe and maintained at 37°C, 34°C or 31°C. Animals pre-
treated with physiological saline {10 ml/kg bw, -24 h ip) with a
body core temperature of 37°C served as controls. Overall, 10
saline/37°C control cremaster muscles (n = 5 animals) and
eight cremaster muscles of each of the LPS/37°C, LPS/34°C
and LPS/31°C groups {n = 4 animals for each group) were
studied. Different animals were committed to the analyses at
the three different temperatures.

The assumption that the rectal temperature equaled the core
body temperature was confirmed by additional experiments
using a LICOX probe (LICOX 1, GMS, Kiel-Mielkendorf, Ger-
many) as described before [8]. Depending on the rectal tem-
perature at the beginning of the experiment and the desired
final temperature, heating was started immediately or after the
animal cooled down to the required temperature. Artificial
cooling was not necessary, because most of the animals dis-
played a considerable drop in body temperature after induc-
tion of anesthesia. After the appropriate temperature,
according to randomization of animals, was reached and
remained stable for at least 30 minutes, the preparation was
started and animals were allowed to recover from the surgical
trauma for 15 minutes. Thrombus formation was then induced
in randomly chosen venules {n =1 to 2 per preparation} and
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arterioles {(n =1 to 2 per preparation), as described in the next
section. Animals were kept under the respective temperature
conditions during the whole course of the experiment, includ-
ing intravital microscopy and microvascular thrombus induc-
tion.

In vivo thrombosis model

After intravenous injection of 0.1 ml 5% fluorescein isothiocy-
anate-labeled dextran (MW 150000, Sigma-Aldrich, Munich,
Germany) and subsequent circulation for 30 s, the cremaster
muscle microcirculation was visualized by intravital fluores-
cence microscopy using a Zeiss microscope (Axiotech vario,
Zeiss, Jena, Germany). The microscopic procedure was per-
formed at a constant room temperature of 21 to 23°C. The epi-
illumination setup included a 100 W HBO mercury lamp and
a blue filter (450 to 480 nm/>520 nm excitation/emission
wavelength). Microscopic images were recorded by a charge-
coupled device video camera (FK 6990A-IQ, Pieper, Schw-
erte, Germany) and stored on videctapes for off-line evaluation
{8-VHS Panasonic AG 7350-E, Matsushita, Tokyo, Japan).
Using a x20 water immersion objective {Achroplan x20/
0.50W, Zeiss) baseline blood flow was monitored in individual
arterioles (diameter range 30 to 50 um) and venules {diameter
range 60 to 80 um). Thereafter, microvascular thrombosis was
induced by spreading of 25 ul ferric chloride solution (12.5
mmol/l; Sigma) over the cremaster muscle every minute,
resulting in a continuous superfusion of the tissue [11,12].
Complete vessel occlusion was assumed to have occurred
when blood flow ceased for more than 60 s due to thrombotic
occlusion. As rapid spreading of ferric chloride solution
allowed the study of only one or two arterioles and venules
within each preparation, both left and right cremaster muscles
of each animal were prepared for analysis of thrombotic vessel
occlusion.

Analysis included the time period until sustained cessation of
blood flow due to complete vessel occlusion as well as the
determination of vessel diameter and blood cell velocity prior
to thrembus induction. Vascular wall shear rates were calcu-
lated based on the Newtonian definition y= 8 x V/D, with V
representing the red blood cell centerline velocity divided by
1.6 according to the Baker-Wayland factor [13] and D repre-
senting the individual inner vessel diameter.

ELISA of circulating endothelial markers

At the end of each experiment, blood was withdrawn from the
inferior vena cava by direct puncture into EDTA syringes, fol-
lowed by centrifugation (GS-8R Centrifuge, Beckman Coulter,
Fullerton, CA, USA) at 200 x g and room temperature for 10
minutes with subsequent storage of plasma at -20°C. Plasma
concentrations of circulating, that is, soluble (s)P-selectin, sE-
selectin, intercellular adhesion molecule (sICAM)-1, vascular
cell adhesion molecule (sVCAM)-1 and plasminogen activator
inhibitor-1 antigen (sPAl-Ag) were determined using the
respective enzyme immunoassay kits (R&D Systems, Minne-
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apolis, MN, USA, and Molecular Innovations Inc., Southfield,
MI, USA).

Histology and immunhistochemistry

At the end of each experiment, the cremaster muscle was fixed
in 4% phosphate buffered formalin for two to three days and
embedded in paraffin. From the paraffinrembedded tissue
blocks, 4 um-sections were cut and stained with hematoxylin
and eosin for histological analysis. For immunohistochemical
demonstration of P-selectin and PAI-1 expression, sections
collected on poly-L-lysine-coated glass slides were treated by
microwave for antigen unmasking. Goat anti-human P-selectin
and goat anti-human PAI-1 {each 1:100; Santa Cruz Biotech-
nology, Heidelberg, Germany) were used as primary antibod-
ies and incubated for 90 to 120 minutes at room temperature.
This was followed by a horseradish peroxidase-conjugated
donkey anti-goat antibody (1:25; Santa Cruz Bictechnology)
and development using DAB substrate as chromogen. The
sections were counterstained with hematoxylin and examined
by light microscopy (Zeiss Axioscop 40, Zeiss).

Preparation of murine platelet rich plasma

For in vitro testing of platelet function additional animals were
exposed to LPS according to the experimental protocol (10
mg/kg ip; -24 h}). Controls received physiclogical saline (10
ml’kg ip; -24 h). Then 0.5 to 1 ml blood was drawn from the
retro-orbital venous plexus with 1.5 cm glass capillaries and
collected into a tube containing TRIS buffered saline/heparin
(20 U/ml). The sample was centrifuged for five minutes at 500
x g yielding platelet rich plasma that was centrifuged again for
eight minutes at 300 x g and 0.5 uM prostacyclin (PGl,} was
added. The platelet pellet was resuspended and apyrase and
Tyrode's buffer were added and centrifugation steps were
continued as described elsewhere [14]. Aliquots of platelst
suspensions were transferred into a 37°C water bath for 30
minutes of resting to eliminate isolation-induced platelet acti-
vation.

Platelet suspensions from LPS-treated animals were incu-
bated for 30 minutes in water baths maintaining temperatures
at either 37°C, 34°C or 31°C followed by exposure to
thrombin (20 U/ml) and incubation with saturating amounts of
the appropriate antibody. Platelets from control animals were
kept at 37°C continuously. Platelet suspensions were kept for
an additional 30 minutes in the respective covered water
baths.

Flow cytometric analysis of P-selectin, glycoprotein llb-
Illa and CD107a expression

For evaluation of receptor expression under resting conditions,
5 ul of specific rat anti-mouse P-selectin, glycoprotein (GP)Ib-
llla (Emfret Analytics, Eibelstadt, Germany), CD107a (BD Bio-
sciences, Heidelberg, Germany) or negative control antibod-
ies and 25 ul platelet suspension were combined and
incubated for 15 minutes at room temperature. The reaction
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was stopped by addition of 400 pl phosphate buffered saline.
Analysis was performed within the subsequent 30 minutes. In
addition, the same set of experiments was carried out follow-
ing exposure to thrombin for maximal platelet activation (20 U/
ml).

A FACScan floweytometer (Becton Dickinson, Heidelberg,
Germany) was calibrated with  fluorescent standard
microbeads (CaliBRITE Beads, Becton Dickinson) for accu-
rate instrument setting. Platelets were identified by their char-
acteristic forward and sideward light scatter and selectively
analyzed for their fluorescence properties using the CellQuest
program (Becton Dickinson) with assessment of 20,000
events per sample. The relative fluorescence intensity of a
given sample was calculated by subtracting the signal
obtained when cells were incubated with the isotype specific
control antibody from the signal generated by cslls incubated
with the test antibody.

Statistical analysis

After proving the assumption of normality and equal variance
across groups, differences between groups were assessed
using one-way analysis of variance (ANOVA) followed by the
appropriate post hoc comparison test. All data were
expressed as means x standard error of the mean and overall
statistical significance was set at p < 0.05. Pearson product
moment correlation was performed to evaluate significant cor-
relations between parameters of platelet activation and tem-
perature. Statistics and graphics were performed using the
software packages SigmaStat and SigmaPlot (Jandel Corpo-
ration, San Rafael, CA, USA).

Results

Intravital microscopic analysis of microvascular
thrombosis

In endotoxemic animals, red blood cell velocities were signifi-
cantly lower when compared with those of the control group
at 37°C (Table 1), indicating compromise of microvascular
flow conditions at the beginning of the experiments owing to
the endotoxemic state. However, wall shear rates did not differ
significantly between the experimental groups. After induction
of anesthesia the average core temperature for all animals was
36.7 £ 0.5°C. Body temperature decreased within two to five
minutes in the anesthetized animals and reached the desired
temperatures of 34°C and 31°C without artificial cooling. In
control animals this effect was prevented by warming on a
heating plate.

In saline controls with a body temperature of 37°C, ferric chlo-
ride-mediated thrombus formation induced complete occlu-
sion of arterioles and venules after 768 + 116 s and 744 £
112 s, respectively (Figure 1). In contrast, in endotoxemic ani-
mals, which were maintained at a core body temperature of
37°C, thrombus formation was markedly accelerated, as indi-
cated by significantly reduced arteriolar and venular occlusion
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Table 1
Red blood cell velocity (um/s) and wall shear rates (y; s'1)
before thrombus formation
Arterioles Venules
RBC velocity ¥ RBC velocity b4

Saline-37°C 2200+ 79 176121 17201245 1090+ 11

LPS-37°C 1175+ 210% 150+ 29 815+266° 124152

LPS-34°C 1517 £ 203* 188+ 31 603 £ 722 72+t 4

LPS-31°C 1063+ 177* 167 +26 662+1722 77+ 29

Thrombus formation was induced by exposure to ferric chloride.
Values are given as means * standard error of the mean. Saline:
37°C saline controls (10 ml/kg body weight NaCl; -24 h
intraperitoneally). LPS: endotoxemic animals (10 mg/kg body weight
lipopolysaccharide (LPS); -24 h intraperitoneally); 37°C, systemic
nomothermia; 34°C, 34°C systemic hypothermia; 31°C, 31°C
systemic hypothermia. 2p < 0.05 versus Saline-37°C. RBC, red
blood cell.

times of 266 + 35 s and 238 + B8 s, respectively (Figure 1).
Systemic hypothermia at 34°C in endotoxemic animals caused
a further but only slight and non-significant acceleration of
microvascular thrombus formation. Arteriolar and venular ves-
sel lumen were found clogged at an average time of 224 £ 35
s ahd 183 + 35 s, respectively.

In both arterioles and venules, continuous cooling of endotox-
emic animals to a core body temperature of 31°C resulted in a
further acceleration of thrombus formation, in particular in arte-
ricles. While venular occlusion time was found to be
decreased only slightly to 172 + 18 s, arteriolar occlusion time

Figure 1
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Microvascular thrombus formation in vivo. Occlusion times of arterioles
and venules upon ferric chloride-induced thrombus formation in 37°C
saline controls (10 ml/kg body weight NaCl; -24 h intraperitoneally; N=
10 preparations) and 37°C, 34°C and 31°C endotoxemic animals (10
mg/kg body weight lipopolysacharide (LPS); -24 h intraperitoneally; N
= 8 preparations per group). Values are given as means * standard
error of the mean; *p < 0.05 versus 37°C saline controls; #p < 0.05
versus 37°C endotoxemic animals.
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was significantly (p < 0.05) reduced (127 + 29 s) when com-
pared to 37°C endotoxemic controls (Figure 1).

ELISA of circulating endothelial markers

To characterize the effect of endotoxemia and hypothermia on
endothelial cell activation, we determined circulating {soluble)
endothelial activation molecules. In animals with a core body
temperature of 37°C, 24 h endotoxemia caused a drastic
increase of sPAI-Ag when compared to 37°C saline controls
(Figure 2). Of interest, hypothermia of 34°C and 31°C in endo-
toxemic animals resulted in a further three- to four-fold
increase of sPAI-Ag (Figure 2).

In parallel, endotoxemia in 37°C animals induced a marked
increase of sP-selectin, sE-selectin, sICAM-1 and sVCAM-1
when compared to 37°C saline controls (Figure 3). However,
apart from sE-selectin, these indicators of endothelial activa-
tion were not further increased in endotoxemic animals by sys-
temic hypothermia at 34°C and 31°C (Figure 3).

Flow cytometric analysis of murine platelet P-selectin,
glycoprotein llb-llla and CD107a expression

We studied the effect of systemic hypothermia on platelets of
LPS-exposed animals. /n vivo LPS exposure did not signifi-
cantly affect spontaneous platelet expression of P-selectin,
GPllb-llla and CD107a. Also, incubation of platelets from LPS-
exposed animals at temperatures of 34°C and 31°C did not
result in significant changes in spontaneous P-selectin, GPlIb-
llla and CD107a expression (data not shown).

Figure 2
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Soluble plasminogen activator inhibitor-1 antigen (sPAl-Ag) concentra-
tions. Plasma concentrations of circulating sPAI-Ag in 37°C saline con-
trols {10 ml/kg body weight NaCl; -24 h intraperitoneally; n =5
animals) and 37°C, 34°C and 31°C endotoxemic animals (10 mg/kg
body weight lipopolysacharide (LPS}; -24 h intraperitoneally; 7 =4 ani-
mals per group). Values are given as means * standard error of the
mean; *p < 0.05 versus 37°C saline controls; ¥p < 0.05 versus 37°C
endotoxemic animals.
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In platelets of saline controls (37°C), in vitro stimulation with
thrombin resulted in elevated expression of P-selectin, GPllb-
llla and CD107a. In platelets of endotoxemic 37°C animals,
the expression of these markers was slightly, but not signifi-
cantly, higher compared to saline 37°C warm control animals.
However, hypothermic incubation of the LPS-exposed plate-
lets at 34°C and 31°C did not further affect the P-selectin,
GPllb-llla and CD107a expression (data not shown).

Immunchistochemical analysis of P-selectin and PAI-1
expression

In general, P-selectin and PAI-1 were expressed within the
endothelium of arterioles and venules, while littls, if any, immu-
noreactivity was detected within the surrounding muscle tis-
sue. For determination of immunohistological staining, a cross
section of the cremaster muscle was evaluated using x400
magnification. All vessels within this section were assessed,
while the total number of vessels did not markedly vary
between tissue specimens (20 to 35 vessels with approxi-
mately one-third artericles and two-third venules within each
specimen). Endothelial expression of these molecules was
assessed by semiquantitative analysis of staining intensity: 0
corresponds to no staining; 1 to faint staining; 2 to moderate
staining; and 3 to intense staining. As there were no notable
differences in arteriolar and venular endothelial staining, ves-
sels were not differentially assessed. Endotoxemia resulted in
a marked increase in the expression of P-selectin and PAI-1
within the microvascular endothelium. In endotoxemic animals
endothelial PAI-1 expression was further pronounced by sys-
temic hypothermia at 31°C when compared to animals at
34°C and 37°C (Figure 4a,b).

Discussion

The major findings of the present study are that LPS-induced
endotoxemia is a strong promoter of microvascular thrombosis
in vivo, most probably due to increased endothelial activation,
as indicated by elevated circulating levels of sPAI-Ag, sP-
selectin, sE-selectin, sICAM-1 and sVCAM-1. Systemic hypo-
thermia further promotes thrombus formation, particularly in
arteriolar vessel structures. Of interest, this hypothermia-
induced modulation towards a more procoagulant state is not
based on increased expression and release of P-selectin, E-
selectin, ICAM-1, VCAM-1 and GPllb-llla because tissue
expression and plasma levels of these markers were not
affected by the reduction of the core body temperature to
34°C or 31°C. In contrast, the significantly increased sPAI-Ag
levels during systemic hypothermia, and the increased
endothelial PAI-1 expression in severe hypothermic animals at
31°C may indicate this molecule has a role in aggravation of
thrombus formation by low temperatures in endotoxemia.

It is well known that small rodents, mice and rats in particular,
initially develop hypothermia after exposure to LPS, which may
be followed by a subsequent rise in temperature at later time
points [15,16]. The initial hypothermic response seems to be
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Circulating endothelial activation markers. Plasma concentrations of circulating (a) soluble (s)P-selectin, (b) sE-selectin, (¢) intercellular adhesion

molecule {sICAM)-1 and (d) vascular cell adhesion molecule (sYCAM)-1 in 37°C saline controls (10 ml/kg body weight NaCl; -24 h intraperitoneally;
n =5 animals) and 37°C, 34°C and 31°C endotoxemic animals (10 mg/kg body weight lipopolysacharide (LPS); -24 h intraperitoneally; n = 4 ani-
mals per group). Values are given as means * standard etror of the mean; *p < 0.05 versus 37°C saline controls; #p < 0.05 versus 37°C endotox-

emic animals; $p < 0.05 versus 34°C endotoxemic animals.

highly dependent on the ambient temperature and the LPS
dose [17]. The body temperature usually normalizes after a
time period of seven to eight hours, and body rewarming is
supposed to be mediated via inducible nitric oxide synthetase
[18]. Accordingly, in the present study we observed normoth-
ermic temperatures 24 hours after LPS administration.

Previous studies have reported inconsistent data on whether
hypothermia affects the expression of surface adhesion mole-
cules on platelets and endothelial cells. In vitro hypothermia at
25°C has been shown to inhibit endothelial cell expression of
E-selectin [18]. In addition, hypothermic temperatures were

Page 6 of 9
{page number not for citation purposes)

found associated with increased P-selectin shedding,
although cardiopulmonary bypass patients did not reveal dif-
ferences in circulating levels of ICAM-1 and VCAM-1 during
normothermia and hypothermia [20].

The microvasculature is the critical interface for oxygen and
energy delivery to the tissues. Therefore, any obstruction of the
microvasculature may have harmful effects on organ function.
The generation of pro-inflammatory cytokines during sepsis,
including IL-1, IL-6, and IL-8 as well as TNF-alpha activates the
endothelial lining cells [21]. The immediate inflammatory
response and the stimulation by agonists induce endothelial
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Endothelial P-selectin and plasminegen activator inhibitor (PAI)-1 expression. Analysis of the endothelial expression of (a) P-selectin and (b) PAI-1 in
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cell expression of P-selectin. As a result, the surface of the
endothelial cells changes from a non-adhesive and non-throm-
bogenic character towards a pro-adhesive state. In the
delayed endothelial response, E-selectin is expressed on
endothelial cells after several hours and reaches its maximum
after 12 hours [22]. Our results confirm this, in as much as
endotoxemia caused a marked rise in shed circulating
endothelial markers. To differentiate whether sP-selectin orig-
inated from endothelial cells or platelets, which both have
been shown to release a soluble form of P-selectin into the
plasma [23], we additionally performed immunohistochemical
analyses. By this we could show an increased expression of P-
selectin in the microvascular endothelium during exdotoxemia,
which may indicate that a significant proportion of the circulat-
ing sP-selectin originates from the activated endothelium.

To further elucidate the role of platelets, we tested the effect
of endotoxemia and systemic hypothermia at 34°C and 31°C
on platelst activation and reactivity in vitro. Our results indicate
that, in addition to the endothelial activation, enhanced platelet
reactivity, as caused by the thrombin activation, may contribute
to the acceleration of microvascular thrombus formation in
endotoxemic animals. Because P-selectin shed from platelets
serves as the main source for circulating P-selectin and plate-
let activation results in up to 50% secretion of intracellular P-
selectin [23], it is reasonable to assume that a major part of the
increase in sP-selectin during endotoxemia might also be due
to platelet activation. Of interest, 34°C and 31°C hypothermia
did not further increase spontaneous platelet activation or
platelet responsiveness to agonists when compared to normo-
thermic endotoxemic controls. This is most probably due to the

fact that endotoxemia already enhanced platslet responsive-
ness and agonist-induced reactivity, so that little effect could
additionally be induced by hypothermia. This view is supported
by our previous study, which demonstrated that platelets from
healthy humans are highly responsive upon exposure to hypo-
thermic temperatures [8].

Although the importance of GPIb-IX-V in mediating platelet-
endothelial interactions is unequivocal, this ligand is thought to
be mandatory for adhesion and thrombus growth at high shear
[24]. At low shear other adhesion molecules, such as the col-
lagen receptors and GPllb-llla, are mainly involved in platelet
adhesion [25,26]. Because the microvessels analyzed in the
present study revealed wall shear rates below 300 s, we elu-
cidated the role of the fibrinogen receptor GPlIb-llla. Of inter-
est, spontaneous platelet GPllb-llla expression did not
increase but even slightly decreased after endotoxin exposure,
and thrombin-stimulation of endotoxin-exposed platelets also
induced an only slight but not significant elevation of expres-
sion. Because concomitant systemic hypothermia also did not
affect GPllb-llla expression, our data suggest that platelet
expression of this molecule did not substantively contribute to
low temperature-induced acceleration of thrombus formation
during endotoxemia.

Although increased levels of plasminogen activators such as
tissue plasminogen activator (-PA) have been observed in
sepsis [27], their action appears to be counterbalanced by
increased PAI-1 levels, resulting in ineffective fibrinolysis and
enhanced organ damage [28]. Recently, it has been recog-
nized that endothelial cells play a pivotal role in the pathogen-
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esis of sepsis by releasing tissue factor thrombomodulin and
PAI-1 [2]. For the first time, we now provide evidence that the
expression of PAI-1 is increased in the systemic circulation
and thrombus formation in endotoxemia is enhanced by mod-
erate systemic hypothermia. This view is supported by the sig-
nificant increase in circulating PAI-Ag levels at temperatures of
34°C and 31°C versus 37°C in endotoxemic animals, and the
most pronounced endothelial expression of PAI-1 during 31°C
hypothermia.

Several studies have suggested that PAI-1 plays a major role
in the pathogenesis of atherosclerosis and represents a risk
factor for coronary heart disease [29]. PAI-1 is the most impor-
tant physiological inhibitor of tissue plasminogen activator
and, therefore, exerts pro-thrombotic effects. APoE-/-mice
with high PAI-1 levels exhibit a prothrombotic phenotype with
shortened time to thrombotic vessel occlusion in a model of
ferric-chloride induced carotid artery injury [30]. The accelera-
tion of thrombus formation observed in endotoxemic and hypo-
thermic animals may, therefore, at least in part, be due to the
increase in endothelial PAI-1 expression and plasma concen-
tration. Because hypothermia in general is known to slow
down physiological processes, it is possible that hypothermia
causes an increase in endothelial PAI-1 expression, while
secretion into systemic blood circulation is decelerated or
even impaired. This fact might explain why sPAI-1-Ag levels
did not increase from 34°C to 31°C, whereas immunohistolog-
ical staining revealed a further, though not significant, rise in
endothelial PAI-1 expression from 34°C to 31°C.

In the pathogenesis of severe coagulation abnormalities in
sepsis, three major mechanisms are supposed to play a role:
the tissue-factor driven accumulation of thrombin with subse-
quent fibrinogen conversion, binding to the platelet surface
receptor GPlIb-llla, and, finally, platelet activation and clotting;
impairment of the anti-thrombin, protein C and tissue factor
pathway inhibitor anti-coagulative systems; and inhibition of
fibrinolysis by increased PAI-1 production [31]. Generally, the
increased mortality of hypothermic and septic patients is
ascribed to a diminished host response due to an impaired
immune function [6,7] and to an augmentation of the genera-
tion of inflammatory cytokines like TNF-alpha and IL-1beta
[32]. In addition to this, previous studies have shown that cor-
rection of hypothermia during sepsis results in decreased IL-8
levels and a significantly increased survival rate [33]. Based on
our results, microvascular thrombus formation with the conse-
quence of deterioration of organ perfusion is dramatically
increased during the septic state. Although endotoxemia per
se had already massively reduced microvessel occlusion time,
31°C hypothermia promoted a further, approximately 50%
reduction in arteriolar occlusion time, indicating that microvas-
cular thrombus formation may, indeed, at least in part, contrib-
ute to the increased mortality rates during systemic
hypothermia observed in septic patients.
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Conclusion

Systemic hypothermia superimposed on endctoxemic chal-
lenge further increases microvascular thrombus formation in
vive. This involves an increase in circulating PAI-1 expression
rather than being due to incremental endothelial activation or
an elevation of agonist-dependent platelet reactivity.

Key messages

» LPS-induced endotoxemia accelerates microvascular
thrombus formation in vivo by generalized endothelial
activation and increased platelet reactivity

+  Systemic hypothermia further enhances microthrombo-
sis in endotoxemia

+  Systemic hypothermia in endotoxemia is associated
with increased endothelial PAl-1 expression and sPAI-
Ag concentrations
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2.2 Beeinflussung der Thrombogenese durch Induktion endogener Enzyme

Die vorherigen Studien zeigten eine signifikante Beeinflussbarkeit mikrovaskulérer
thrombotischer Vorgange durch Anderung der Kérpertemperatur und Induktion einer
Endotoxindmie. Es war daher weiterhin von Interesse zu untersuchen, inwieweit die
Thrombogenitat auch durch Einflussnahme auf ein endogenes Enzymsystem beeinflusst

werden kann.

2.2.1 Hamoxygenase-1 (HO-1)

Das mikrovaskuldre Endothel ist mit einer Vielzahl protektiver Mechanismen zur
Verhinderung UbermaRiger Gerinnungsvorgange ausgestattet. Dazu gehéren die Bildung
von anti-adhdsivem und anti-thrombotischem NO und PGl, In Analogie zu NO st
Kohlenmonoxid (CO) anti-inflammatorisch wirksam. Zusatzlich haben anti-oxidativ wirkende
Molekile, wie das Bilirubin, anti-thrombotische Eigenschaften. Beide Verbindungen
entstehen als Endprodukt bei der Degradierung von Ham durch HO-1. Ziel dieser Studie war
es daher, den Effekt der Induktion von HO-1 auf mikrovaskuldre Thrombusbildung zu
untersuchen und vor allem die Modulation der Wirkung durch Induktoren oder Inhibitoren der
HO-1 zu charakterisieren. In vivo konnte bei Mausen eine signifikante Verldéngerung der
mikrovaskuldren Thrombosezeiten nach Vorbehandlung mit Hadmin, einem HO-1 Induktor,
beobachtet werden. Dieser Effekt wurde durch Vorbehandlung mit Zinn Protoporphyrin-IX,
einem HO-1 Inhibitor, aufgehoben. Die gleichzeitige Gabe des anti-oxidativen Vitamin E
Analogons Trolox fiuhrte in HO-1 geblockten Tieren wiederum zu verldngerten
Thrombosezeiten, was impliziert, dass die anti-thrombogenen Effekte, neben CO,
hauptséchlich durch Bilirubin verursacht werden. Western Blot Analysen aus
Cremastermuskelgewebe nach HO-1 Induktion konnten einen verminderten Gehalt an P-

Selektin als molekulare Basis fur die verminderte Thrombogenitat nachweisen.

Lindenblatt N, Bordel R, Schareck W, Menger MD, Vollmar B
Vascular heme oxygenase-1 induction suppresses microvascular thrombus
formation in vivo Arterioscler Thromb Vasc Biol 2004: 24: 601-606.
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Vascular Heme Oxygenase-1 Induction Suppresses
Microvascular Thrombus Formation In Vivo

N. Lindenblatt, R. Bordel, W. Schareck, M.ID. Menger, B. Vollmar

Objective—By hemae degradation, heme oxygenase-1 (HO-1) provides endogenous carbon monoxide and bilirubin, both of
which play major roles in vascular biclogy. The current study aimed to examine whether induction of HO-1 and its
byproducts modulate the process of microvascular thrombus formation n vivo.

Metheds and Results---In mdividual microvessels of mouse cremaster muscle preparations, ferric chlonde-induced
thrombus formation was analyzed using intravital flucrescence microscopy. When mice were pretreated with an
miraperitoneal injection of hemm, a HO-1 mducer, immunohistochemistry and Western blot protein analysis of
cremaster muscle tissue displayed a marked mduction of HO-1. In these animals, superfusion with ferric chloride
sclution induced artericlar and venular thrombus formation, which, however, was significantly delaved when compared
with thrombus formation n ammals without HO-1 induction. The delay in thrombus formation i hemin-treated mice
was completely blunted by tin protoporphyrin-IX, a HO-1 inhibtor, but not by copper protoporphyrm-1X, which does
not inhibit the enzyme. Coadministration of the vitamin E analogue Trolox in HO-1-blocked animals almost completely
restored the delay in thrombus formation, implying that, besides CO, the antioxidant HO pathway metabolite bilirubin
mainly contributes to the antithrombotic property of HO-1. This was further supported by the fact that ilirubin was
found as effective as hemin in delay of ferric chlonde-induced thrombus formation. Animals with HO-1 inducticn
revealed reduced P-selectin protein expression in cremaster muscle tissue, which most probably presented the molecular
basis for delayed thrombus growth.

Conclusion—TLocal induction of HO-1 activity may be of preventive and therapeutic value for clinical disorders with
increased risk of thrombatic events. (Arteriescler Thromb Vasc Biol. 2004:24:601-606.)

Key Words: thrombosis ® flucrescence microscopy ® carbon monoxide s bilirubin & P-selectin

hromboembolism is still a major problem in almost all

fields of clinical medicine, resulting in tissue infarc-
tion and ischemic necrosis. Besides specific plasma protein
compomnents such as von Willebrand factor and fibrinogen,
platelets, leukocytes, and endothelial cells are among the
cellular components critical for this process.’? In thrombus
formation associated with hemostasis or thrombotic dis-
ease, blood platelets first undergo a rapid transition from a
circulating to a rolling state, using the GPIb-IX-V complex
and PSGL-1 for interaction with the activated endothelivm
via surface-expressed endothelial P-selectin.'? This causes
platelet activation with subsequent firm adhesion jeading

to shear resistant platelet deposition.® The expression of

P-selectin on the platelet surface after platelet stimulation
and alpha granule secretion allow for interaction and
recruitiment of levkocytes and momocytes to thrombotic
sites with fibrin deposition for thrombus stabilization?
The microvascular endothelinm s equipped with a mumber
of mechanisms that prevent thrombus formafion in the circu-

latory system. Among others, it harbors endothelinm-derived
factors such as nitric oxide and prostacyclin, exerting vaso-
dilatory and anti-adhesive actions.® Analogous to mtric oXide,
carbon monoxide (CO) has been implicated as a biological
second messenger with endothelivm-derived relaxing activity
and antunflammatory properties. ®” Heme oxygenases are the
rate-limiting enzymes in the catabolism of heme tnto bilirn-
bin, free dvon, and CO and existin different isoforms 82 HO-2
is thought to be constitative, whereas H(O-1 is inducible by
various stimuli, such as cytokines and oxidants.” Besides CO,
the HO byproduct bilitubin additionally exerts antioxidant
effects. Further, heme degradetion by HO leads to femnfin
svnthesis with sequestration of iron, thus preventing its
participation in subsequent oxidant stress-induced injury.”
With the view that free radical generation and conseguent

oxidative stress have a distinctive role in the pathogenesis of

thrombotic events,'® this study amed to examine whether
HO-1 induction could attenuate microvascular thrombus for-
mation in vivo.
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Methods

Mice Cremaster Muscle Preparation

O approval by the local govenment, all experiments were per-
formed in accordance with the German legislation on protection of
ammals and the National Institutes of Health Guide for the Care and
Use of Laboratory Awimals {Inshitute of Laboratory Angmal Re-
sources, National Research Couneil). Male C37BL/GJ mice with a
body weight of 20 to 25 g were anesthetized by an ntraperitoneal
injection of ketamine (90 mg/kg body weight) and wylazine (25
mg/kg body weight), and a polyethylene catheter was placed into the
night jugnlar vern, serving for application of fluorescent dves.

For the study of vascular thrombus formation, we used the opened
cremaster muscle preparation as originally described by Baez in
rats!? and transferred by our group to mice.!? A midline incision of
the skin and fascia was mwade over the ventral aspect of the scrotum
and extended up to the ingninal fold and to the distal end of the
zerotom. The incised temies were retracted to expose the cremaster
muscle gack that was maintained under gentie traction to carefully
separate the remaining comnective tssue by blont dissection from
arourd the cremaster sack. Then, the cremaster muscle wag incised
while avoiding cutting the larger anastomosing vessels. Hemortasis
was achieved with 3-0 threads, serving also to spread the tssme.
After disgecthion of the vessel connecting the cremaster and the teotiz,
the epididyrnis and testis were put to the side of the prepamation. The
preparation was performed on a transparent pedestal o allow
microgcopic obzervation of the cremaster muscle microcirenlation by
transiflumnation and epi-illumination tecludgques.

After the prepatation of the eremaster muscle, the anlimals were
allowed to recover from surgical preparation for 13 minutes. Then,
induction of thrombus formation was performed in randomly chosen
vermles (n=1 fo 2 per preparabion) and artertoles (n=1 o 2 per
preparaticn).

In Vive Thrombasis Model

After intravenous injection of 0.1 mL 5% fluorescein isothiocyanate-
labeled dextran (MW 130000, Sigma, Deisenhofen, Germany) and
snbzequent cirenlation for 30 seconds, the cremaster muscle micro-
circulation was visualized by intavital fluorescence microscopy
using a Nikon microscope (E600-FN; Nikon, Tokyo, Japan). The
microscopie procedure was performed at a constant toom lerpera-
ture of 21°C to 23°C. The em-llumination setup included a 100-W
HBO mercwry lamp and an tluminator equipped with a blue filter
(465 to 495 mm/> 5035 nm excitation/emission wavelengths). Micro-
scopic images were recorded by a charge-coupled device videccam-
era (FK 6990-10-3; Pieper, Schwerte, Germany) and stored on
videotapes for off-line evaluation. Using a X20 water immmersion
objective (Flan Fluor <20/0.73; Nikon) resting blood flow was
monitored in individual artericles (dameter range 30 to 50 jum) and
verntdes (diameter range 60 to 80 um), followed by superfusion with
ferric chloride (30 pll ofa 25 mmol L-sclutiony, Sigma) for induction
of microvasaular thrombosgie.)? Recording of vessels was discontin-
ued affer blood flow in the vessel ceased for at least 60 seconds
because of complete vessel occlusion. Becanse rapid spreading of
ferric chloride solution allowed us to study only 1 to 2 arterioles and
ventles within each preparation, left sud right cremaster muscles
were prepared for analysiz of thrombotic vessel occlusion within
zach animal.

Analysis included the time perinds until sustained cessation of
blood ow cansed by complete vessel occlusion. Microcireulatory
analysis further included the determmation of vessel Gameter and
blood cell velocity before dhrombus indoction with calenlstion of
vascular wall shear rates, based on the Newtonian definition
y=8xV/D (V represents the red blood well centerline velocity
divided by 1.6, according to the Baker-Wayland factor,™ and D
represents the mdividual 1uner vessel diameter).

Experimental Groups and Protocel

Fighteen hours before the experiment, mice (n=7) were adminis-
tered hemin (30 pmol/L per kg body weight intraperitoneally) for
HO-1 indnction. Control antmals recetved equvalent volnmes of the

vehicle DMSO (n="7) For blockade of HO-1, hemim-treated aminals
additionally recelved tin protoporphyrin SoPP-13 50 pmolL per
kg body weight intraperitoneallyy 18 hours before the expernment
n=4). Additional hemin-treated animals received the copper
protoporphyrin-I1X (CoPP-1X, 50 pmol/L per ke body weight) 18
hours before the expertment {n=3). To address the role and impact
of CO versus bilirbin, hernnin/SaPP-Tx—twested animaly additionally
reveived Trolox (20 mgkg mtraperitoneallyy 15 mibmtes before
induction of thrombus formation (n=4). In sn additional series of
amimals {n=4), cremaster mugcle preparations of hemin/SnPP-1IX-
treated animals were topleally exposed to 10 pmol/L bilumbin,
followed by superfusion with ferric chioride, as described.

To address the participation of P-selectin in thrombogenesis,
P-selectin- deficient mice {Jackson Laboratory; C57BL/6I-Sejp ™t
n=>5} were used for ferric chloride-induced microvascular thrombus
formation. Wild-type CS7BL/6] mice (=5} served as controls.

Additional hemin-treated and hemin/SuPP-IX -treated mice (n=3
to 4 each) exclusively served for withdrawal of arterial blood by left
ventricular puncture fr subsequent analveis of plasma bilirobin
(Hitachi 704; Boehringer Mannhein, Mannhetin, Gerrsany}.

Chemicals

The HO-1 inductor hemin (Fliuka, Steinheim, Germany) was dis-
solved in DMSO to a final concentration of 5 pmolmL. Tin
protoporphyrin-1X (SnPP-1X, Frontier Scientific, Lancashire, UK), a
HO-1 inhsbiter,?5 and copper protoporphyrin-IX (CuPP-IX; Frontier
Scientific, Lancashire, UK), which does not inhibit HO-1,15 were
dissolved in 8.4% sodium-bicarbonate and phosphate-buffered saline
to achieve a final concentration of 3 pmol/mL. The solutions were
stored at a maximal temperature of 8°C in the dark and used within
the next hour. The water-soluble vitamin T analogue Trolox (6-
hydroxy-2,5.7,8-tetramethylchroman-2-carbonic acid; Sigma-Al-
drich, Steinheim, Germany} was dissolved in phosphate-tmiTered
saline to a final concentration of 20 mg/mL. All solutions were
freshly prepared on the day of the experiment according to the
manufacturers’ directions. Dose and application modes of drugs
were chosen in accordance to a previously published work of our
group.'® Bilirubin (Sigma-Aldrich) was dissolved in detonized water
{1 mg/ml), adusted to a pH of 8.4 by addition of 2 N sodium
hydroxide, and administered at a final concentration of 10 jumol/L,
as described by others.’?

Western Blot Analysis of HO-1 and P-selectin

For whole protein extracts and Western biot analysis of HO-1 and
P-gelectin, cremaster muscle tissue was homogenized in lysis buffer
{10 mmol/L Tris pH 7.5, 10 mmolL NaCl, 0.1 mmol/L EDTA, 0.5%
Triton-X 100, 0.02% NaN., 0.2 mmol/L. PMSF), incubated for 30
minutes on ice, and centrifiged for 15 minutes at 10 000g. Before
use, all butfers received a protease inhibitor cocktail (1:100 viv,
Sigma). Proteln concentrafions were defennined using the bicincho-
nime acid protein assay (Sigmay with bovine zenmm albumin as
gtandard; 20 pg proteinflane were separated disconfimuously on
sodium dodecyl sulfate polyacrylamide gels (12%) and transferred to
a polyvinyldifluoride membrane (Immobiton-P, Millipore, Esch-
born, Germany). After blockade of nonspecific binding sites, mem-
branes were inenbated for 2 howrs at room temperature with rabbit
polyvelonal anti-HO-1 (1:2000; 3tressGen Biotechnologies, Victoria,
BC, Canada} and goat polyclonal anti-P-selectin (3:100; Santa Cruz
Bistectmology, Hedelberg, CGermany) bllowed by perowidase-
comngated goat anti-rabbat lg anttbody (1:10000;, Cell Signahing
Technology, Frankfist, Germany) or donkey anti-goat Tg antibody
(1:49000, Santa Cruz Bioteclmology, Heidelberg, Germany) as
secondary snfibody. Proteln expression was visualized by mesng of
limninol-enhanced chemiluminescence (ECL plus, Amersham Phai-
magia Biotech) and exposure of the membrane to a blne light-
sengitive suteradiogiaphy film (Kodak BioMax Light Film, Kodak-
Industrie, Chalon-sur-Saone, France). Signals were densitometrically
asgessed (Gel-Dolumentabionssystem E.ASY., Wind2, Herolab
GmbH, Wiesloch, Germany).
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32kD

DMSO Hemin Hemin Hemin Hemin
SnPP-IX CuPP-IX SnPP4X
Trolox

Figura 1, Western blot analysis of HO-1 protein expression in

cremaster muscle tissue of DMSO-treated, hemin-treated,

hemin/SnPPAX-treated, hemin/GuPP-IX-treated, and hemin/
SnPP-X/Trolox-treated animals, For detailed information, see
Methods, Treatment with hemin induces marked HO-1 protein
expression. Note that SnPP-X, but not GUPP-X, further upregu-
lates HO-1 protein expression, probably by inhibition of HO-1

enzymatic activity (see reference 13).

Histology and Immunohistochemistry

At the end of cach experiment, the cremaster musele was fixed in 4%
phosphate-buffered formalin for 2 to 3 days and embedded in
paraffin. From the paraffin-embedded tissue blocks, 4-pm sections
were cut and stained with hematoxylin—eosin for histological anal-
ysis. For immunchistochemical demonstration of HO-1, sections
colleeted on poly-L-lysine—coated glass slides were treated by
microwave for antigen unmasking. Rabbit polyelonal anti-HO-1
(1:200; StressGen Biotechnologies) was used as primary antibody
and incubated for 90 to 120 minutes at room temperature, followed
by an alkaline—phosphatase conjugated goat anti-rabbit antibody
(1:25; Cell Signaling Technology) and development using new
fuchsin as chromogen. The sections were counterstained with hema-
toxylin and examined by light microscopy (Biomed; Leitz, Wetzlar,

Germany).

Statistical Analysis

After proving the assumption of normality and equal variance across
groups, differences between groups were assessed using 1-way
ANOVA followed by the appropriate post-hoc comparison test. All
data were expressed as means=SEM and overall statistical signifi-
cance was set at P<00.05. Statistics were performed using the
software package SigmaStat (Jandel Corporation, San Rafael, Calif).

Results

‘Western Blot Analysis and Immunohistochemistry

of Cremaster Muscle Tissue

Ag illugirated by Westem blot analysiz of mice cremaster
muscle tissue, hemin injection induced a marked increase in
HO-1 protein expression (Figure 1). Concomitant application
of SnPP-IX, but not CuPP-IX, caused a further increase of
HO-1 protein expression, presumably caused by the ability of
SnPP-IX to act as a potent inhibitor of HO-1 enzymatic
activity (Figure 1). Hemin treatment canzed some elevation in
bilirubin levels (4.720.3 pumol/L versug 4.1*+0.1umolL in
DMSO-treated control animals}), which in tum was inhibited

by coadministration of SnPP-IX (3.8 0.3 umol/L).

Immunochistochemistry of cremaster muscle tissue of
DMSO-treated control animals exhibited little, if any, immu-
noreactivity of HO-1 (Figure 2A) In contrast, cremaster
muscle tissue of hemin-treated animals displayed marked
immunoreactivity of HHO-1 at vascular sites and, although less
pronounced, within the muscle tissue (Figure 2B). Vascular
smooth muscle cells and, particularly, arteriolar and venular
endothelia constituted the major site of prominent HO-1
expression (Figure 2B). Hemin-treated animals further exhib-
ited reduced P-selectin protein expression when compared

with DMSO-treated controls {Figure 3).
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Figure 2, Immunohistochemical staining of HO-1 expression in
cremaster muscle tissue after DMSO (A) and hemin (B) treat-
ment. Note the marked inductien of HO-1 expression in the
hemin-treated animal with preferential localization at the vascu-
lar site, whereas there was little, If any, immunostaining for
HO-1 In the DMSO-treated control animals. Magnification x400,

In Vive Thrombosis Model
The eftect of vascular HO-1 expression was assessed in an in
vivo thrombosis model. Superfusion of microvessels with
ferric chloride solution caused a complete thrombaotic occlu-
gion of the individually exposed vessel

At baseline, ie, before thrombus induction, animals of
either of the groups did not differ with respect to velocity and
wall shear rates in arterioles and venules {Table). Quantitative
analysis of ferric chloride-induced thrombus formation in
controlg, ie, DMSO-treated animals, revealed a complete
occlusion of arterioles and venules after 143 =17 seconds and
13025 seconds, respectively (Figures 4 and 3). Hemin-
induced HO-1 expression cansed a significant delay in
microvascular thrombus formation. Arteriolar and venular
vessel lumen were found clogged at an average time of
670*110 seconds and 647129 seconds (Figures 4 and 5).
Accordingly, within the first 100 seconds on ferric chloride
superfusion, arteriolar and venular blood cell velocity slowed
down by —32% and —47% in the DMSO-treated animals,
whereas in animals with hemin-induced -1 expression,
velocity remained almost unchanged (— 96 and —3%). Treat-
ment of HO-1-expressing animals with SnPP-I1X, but not
CuPP-IX, restored the potential of ferric chloride solution to
mduce thrombus formation, resulting in vessel occlusion time
periods almost equivalent to those observed in the hemin-
untreated, DMSO-exposed control animals (Figures 4 and 3).

e

175KD m— - —— R

positive
control

Figure 3, Western blot analysis of P-sslectin protein expression
in cremaster muscle tissue of DMSO-treated and hemin-treatad
animals. Protein extract from isolated mouse platelets was used
as positive control.

DMSO Hemin
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Blood Flow Velocity (z«m/s) and Wall Shear Rates (y; s~") in Mice Cremaster
Muscle Microvessels Before Thrombus Induction by Ferric

Chloride Superfusion

Arterioles Venules
Velocity Wall Shear Rate Velocity Wall Shear Rate
DMSO 950189 170=32 524+73 7211
Hemin 1070+158 18623 534+107 65+11
Hemin/SnPP-IX 1531338 266+44 640+114 65+14
Hemin/CuPP-IX 888127 18241 457+62 49+10
Hemin/SnPP-IX+Trolox 1064154 197+33 500+90 52+8
Hemin/SnPP-IX+bilirubin  1229+90 227+21 599+72 87+17

Values are given as means+=SEM.
Blood flow velocity given in pm/s.
Wall shear rates given as y and s~

In hemin/SnPP-IX-treated animals, the red blood cell veloc-
ity profile was found in line with the kinetics of thrombus
formation, exhibiting a decrease in blood cell velocity of
—24% and —31% in arterioles and venules. In contrast,
velocities in hemin/CuPP-IX—treated animals decreased by
only —9% (arterioles) and —10% (venules) within the first
100 seconds on ferric chloride superfusion.

To differentiate between the contribution of CO and
bilirubin in delay of thrombus formation, animals with
hemin-induced HO-1 induction were pretreated with
SnPP-IX and Trolox. Interestingly, administration of Trolox
in HO-1-blocked animals almost completely restored the
delay in kinetics of thrombus growth, as observed in hemin-
treated animals (Figures 4 and 5) and partly prevented the
initial decrease in arteriolar and venular blood flow velocity
(—16% and —7%). In line with this, topical application of
cremaster muscle preparations of hemin/SnPP-IX—treated
animals with bilirubin exerted antithrombogenic actions sim-
ilar as observed in hemin-treated animals (Figures 4 and 5),
implying that HO-1 exerts its antithrombogenic potential
through the metabolite bilirubin rather than CO.

To further evaluate whether reduced P-selectin expression
could be a mechanistic basis for the observed antithrombo-
genic actions of hemin, P-selectin—deficient mice were stud-

arteriokes

DMSO I—q
Hemin ]—1 *H
Hemin/SnPP-1X '—1

Hemin/CuPP-1X )—' *H
Hemin/SnPP-1X+ Trolox }—0 *
Hemin/SnPP-1X+biliubin ’—1 *i
0 200 400 600 800 1000 1200 1400

time of complete vessel occlusion (s)

Figure 4. Time of complete occlusion of arterioles on superfu-
sion with ferric chloride solution in animals that were treated
with either DMSO, hemin, hemin/SnPP-IX, hemin/CuPP-IX,
hemin/SnPP-IX+Trolox, or hemin/SnPP-IX+bilirubin.
Means=SEM. *P<0.05 versus DMSO; #P<0.05 versus
hemin/SnPP-IX.

ied with respect to thrombus formation on ferric chloride
superfusion. Thrombotic vessel occlusion was found mark-
edly delayed in mice deficient for P-selectin expression, as
given by arteriolar and venular occlusion times of 998+122
seconds and 1152%147 seconds, when compared with P-
selectin—competent C57BL/6J wild-type animals (20755
seconds and 232£63 seconds).

Discussion

The vessel wall releases potent platelet-inhibiting substances,
such as prostacyclin and nitric oxide, to limit the extent of
platelet activation and thrombus formation. Better insight into
the role of endogenous anti-thromboembolic substances is of
major importance to improve our understanding of clinical
disorders in which thromboembolic processes play a role. The
current study provides, for the first time to our knowledge, in
vivo evidence that microvascular thrombus formation is
significantly delayed in microvessels expressing HO-1 and
suggests the role of HO-1 pathway metabolites, ie, CO and
bilirubin, in this scenario.

Methodological Considerations

The tool we used for induction of HO-1 was the application
of hemin. This naturally occurring substrate for HO has been
shown to be a potent inducer of HO-1.7-!3 In rat mesentery,

venules

owso [T
Hemin l—q *
Hemin/SnPP-1X '—1

Hemin/CuPP-IX

Hemin/SnPP-1X+Trolox |—< *H

Hemin/SnPP-X+bilirubin

0 200 400 600 800 1000 1200 1400

time of complete vessel occlusion (s}

Figure 5. Time of complete occlusion of venules on superfusion
with ferric chloride solution in animals that were treated with
either DMSO, hemin, hemin/SnPP-IX, hemin/CuPP-IX, hemin/
SnPP-IX+Trolox, or hemin/SnPP-IX+bilirubin. Means+=SEM.
*P<<0.05 versus DMSO; #P<0.05 versus hemin/SnPP-IX.
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hemin treatment was associated with a transient upregulation
and a peak in the increase of HO-1 protein expression at 12
hours, followed by a recovery to the control level at 18
hours,'® whereas at this time point hermn-treated mice of the
present study extubited marked HO-1 protein expression.
Concomitantly, cremaster muscle tissue displayed strong
HO-1 immunoereactivity with preferential localization in the
meicrovascular endothelium and vascular smooth muscle cells
of supplving arterioles and draining vemules.

Local hemodynanucs have been shown to be of major
influence for blood cell-vessel wall interactions.?® We, there-
fore, mimed to choose microvessels of sumilar diameter/size
and vessel order for thrombus induction. Accerdingly, caleu-
lation of microvascular wall shear rates revealed comparable
disperse forces in arterioles and venules of the different
groups studied. Thus, it is tenable to exclude local differences
in microhemodynamics as cause for the observed differences
in kinetics of thrombus formation.

Ferric chloride has originglly been used to induce impair-
ment of the blood brain bamier funchion. Locally releasaed
oxygen radicals caused endothelial cell disintegration with
increased microvascular permeability.?! This local endotheli-
al cell injury supports deposition of blood cellular compo-
nents and represents the ideal site for thrombus formation. In
line with this, ferric chlonide superfusion represents a com-
mon and widely used model, particularly to study molacular
and cellular mechenisms undedying thrombosis and impaired
hemostasis 132225

Role of HO-1 in Microvascular Thrombosis
Numerous studies using HO-1 inducers or gene transfer could
demonstrate that tissues expressing high levels of HO-1 are
less susceptible to noxious stimmuli, such as proinflammatory
reagents and oxidant stress.?—2° In line with this, animals
deficient for HO-1 have chromic inflammation and enhanced
sensitivity to oxidative stress.?931 The increased production
of CO and biliverdin/bilirubin has been implicated in the
attenuation of the inflammatory response. Scavenging various
oxidants, biliverdin, and its reduced product bilirubin exert
potent antioxidant and anti-adhesive properfies.*>? Further-
mere CO is known fo incresse cGMP level, to promote
vasodilation, and to reduce microvascular disturbances by
c-GMP—dependent and c-GMP-independent mechanismg??#+
as well as to enhance production of antiinflammatery cyto-
kines.** thereby conferring protection against tissue injury.
Among these patative actions of the HG-1 pathway prod-
ucts, the current stody now demonstrates that microvessels
expressing HO-1 become antithrombogenic and establishes a
novel role of HO-1 in thrombogenesis. The observation that
the marked delay of thrombus formation in hemin-freatad
amimals is completely inhibited by SnbP-1X, but not by
CaPP-IX, underscores the specificity of the HO pathway in
maintenance of vessel patency. Considening that blood cell--
vessel wall interactions during thrombus formation pnimarnly
involve P-selectin on activated endothelial cells, we suggest
that the antithrombotic action of HO-1 is mainly related to an
intabitory action on P-selectin in the vasculature, as indicated
herein by the reduced P-selectin protein expression in West-
orn blot analysis of hemin-treated amirnals. This view is

Heme Oxvgenase-1 in Micvovasenlar Thrombosis 665

further underlined by a study demonstrating by the dual
radiolabeled momnoclonal antibody technique that pretreat-
ment with hemin atfennated the increased P-selectin expres-
sion of endothelial cells normally elicited by lipopolvsaccha-
ride.’® Moreover, using real-time laser confocal video
microscopy, Hayashi et al were able to monitor a reduction of
H,O,-elicited venular P-selactin expression in the hamin-
treated versus the hemin-unireated mesentery*® Fmally, ex-
perimnents of the present study in P-selectin- deficient mice,
demonstrating a marked delay in thrombus formation, addi-
tionally underscore the reduced P-selectin expression as a
mecharistic basis for the antithrombogenic actions of hemin.

To further distinguish the roles of CO and bilirubin in this
model, we siudied ferric chiloride-mediated thrombus induc-
tion by administration of the antioxidant Trolox in HO-1-
blocked animals. This regimen significantly prolonged
thrombus growth, implying that bilirubin mainly mediates the
antithrombotic property of the HO pathway. In line with
others,'” we additionally examined whether direct treatment
of cremaster muscle preparations with products of the HO
reaction, ie, bilirubin, exerts antithrombogenic action. Inter-
estingly, superfusion of bilimabin at a final concentration of
10 prmol/L was capable to prolong thrombotic vessel occlu-
gion to an extent, similar to that seen i hemin-treated
ammals. Although it s difficult to finally assess whether
direct superfusion with 10 pmol/L bilirubin equals bitirubin
release in mice undergoing HO-1 induction by hemin treat-
ment, HO-1 seems fo exert ifs anfithrombogenic potential
mainly through the metabolite bilirubin.

However, besides bilirubin,2® CCO87 also has been shown. to
mumic anti-adhesive properties elicited by henmin-induced
HO-1 expression to an extertt, which depends on the individ-
ual inflammatory stimulus used. Moreover, a recent investi-
gation reported on the paradoxical rescue from ischemic hung
imjury by inhaled CO, based on ity ability to derepress
fibrinolysis via modulation of plasminogen activator inhibi-
tor?® Thus, it is also reasonable to speculate that reduced
expression of plasminogen activator inhibitor and thus lim-
ited accrual of microvascular fibrin® mmght, at least in part,
account for the observed antithrombotic activity of HO-1.

In summary, vascular HO-1 with release of CO, particu-
tarly of bilirubin, attenuates thrombus formation, most prob-
ably via modulation of P-selectin expression on endothelial
cells. Thus, local induction of HO-1 activity may be of
preventive and therapeutic value for clinical disorders with
increased risk of thrombotic events.
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2.3 Beeinflussung der Thrombogenese durch Substanzen

Im Kontext einer mdglichen therapeutischen Beeinflussung mikrovaskularer
Thrombosen durch die Behandlung mit verschiedenen Substanzen untersuchten wir zwei im
Kdrper vorkommende Molekile und zwei synthetisch hergestellte Verbindungen auf ihre
potentiell protektiven (Ebselen, C-Peptid) bzw. vermuteten negativen (Darbepoetin-alpha,

Nikotin) Eigenschaften im Rahmen der mikrovaskuldren Thrombusbildung.

2.3.1 Ebselen

Ebselen, eine Selen-haltige organische Substanz mit Glutathionperoxidase-ahnlicher
Aktivitdt, zeigt potente anti-inflammatorische und anti-oxidative Eigenschaften. Da eine
didtetische Selen-Defizienz mit einer erhdhten Inzidenz an vaskuldren Thrombosen
assoziiert zu sein scheint, untersuchten wir die Wirkung von Ebselen auf die Ausbildung
mikrovaskuldrer Thrombosen in zwei Thrombosemodellen an der Cremaster-
muskelpraparation der Ratte. In mit Ebselen vorbehandelten Tieren traten mikrovaskulare
Thrombosen signifikant spéter, als in den mit Kochsalz behandelten Kontrolltieren auf.
Zuséatzlich konnte in durchflusszytometrischen Analysen die H,O,-vermittelte Hochregulation
von thrombozytdrem P-Selektin und die Bildung von Thrombozyten-Leukozyten-Aggregaten
durch steigende Konzentrationen an Ebselen dosis-abhangig inhibiert werden. Damit kann
die von uns erstmals aufgezeigte anti-thrombogene Wirkung von Ebselen auf eine Reduktion
der P-Selektin-abhéngigen Zell-Zell-, in Sonderheit Thrombozyten-Leukozyten-Interaktion
zurtickgefiihrt werden. Angesichts dieses neuen Wirkprofils kénnte Ebselen von hohem
praventivem und therapeutischem Wert in der Behandlung von Erkrankungen sein, die mit

einem erhdéhten Thromboserisiko einhergehen.

Lindenblatt N, Schareck W, Belusa L, Nickels RM, Menger MD, Vollmar B
Anti-oxidant ebselen delays microvascular thrombus formation in the rat

cremaster muscle by inhibiting platelet P-selectin expression Thromb Haemost
2003; 90: 882-892
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Anti-oxidant ebselen delays microvascular thrombus
formation in the rat cremaster muscle by inhibiting

platelet P-selectin expression

Nicole Lindenblatt'?2, Wolfgang Schareck?, Lorenz Belusa?, Ruth Maria Nickels?,

Michael Dieter Menger?, Brigitte Vollmar'

'Department of Experimental Surgery, University of Rostock, Germany

Department of General Surgery, University of Rostock, Germany

*Department of Clinical-Experimental Surgery, University of Saarland, Homburg/Saar, Germany

Summary

Ebselen, a seleno-organic compound showing glutathione per-
oxidase-like activity, has potent anti-inflammatory and anti-oxi-
dant effects. Since selenium deficiency is thought to be associat-
ed with an increased incidence of vascular thrombeosis, we stud-
ied the effect of ebselen on bloed cell aggregate formation and
vessel occlusion in vivo. In individual microvessels of rat cremas-
ter muscle preparations, photochemically induced thrombus
formation was analyzed in detail using intravital fluorescence
microscopy. In ebselen-pretreated animals (30mg/kg ip), venular
thrombus formation was significantly delayed (50% vessel
occlusion: 535134s; initial stasis: 872182s; complete occlusion:
908187s) as compared to vehicle-treated controls (416142,
612149, 64715 1). Moreover, ebselen significantly prolonged the
kinetics of arteriolar thrombus formation and even completely
prevented blood cell aggregate and thrembus formation in
88.9% of all arterioles studied (p<0.05 vs controls: 37.5%). Anti-
thrombatic properties of ebselen could also be observed in a

Keywords
Thrombosis, platelet, leukocyte, fluorescence microscopy, flow
cytometry, oxidant stress

model of ferric chloride-induced microvascular thrombosis,
with a low dose (Smg/kg ip) being as effective as a high dose
pretreatment (30mgfkg ip). As assessed by flow cytometry of
platelet P-selectin immunfluorescence, whole blood isolated
from ebselen-treated animals revealed a significantly lower frac-
tion of P-selectin expressing platelets when compared with that
of DMSO-treated controls. In addition, oxidant stress-induced
upregulation of P-selectin on isolated platelets was found dose-
dependently inhibited by increasing concentrations of ebselen
(10-100uM). Moreover, ebselen dose-dependently inhibited
H,O;,-induced platelet-leukocyte aggregate formation in whole
blood in vitro, suggesting that the anti-thrombotic effect of ebse-
len is achieved by attenuation of P-selectin dependent platelet-
leukocyte aggregation. Thus, ebselen represents preventive and
therapeutic value for disorders with increased risk for oxidant
stress-associated thrombotic events.

Thromb Haemost 2003; 90: 832-92

Introduction

Despite the advances in medical science, thrombosis 1s still an
exceptionally clinically relevant problem. In the past, a relation-
ship between low serum selenium concentrations and increased
rigk of death from acute coronary heart disease and from myo-

cardial infarction has been suggested (1-3). In addition, low
platelet glutathione peroxidase activity is frequently observed in
those cohorts of patients (4, 5). Selenium forms the catalytic site
of the enzyme glutathione peroxidase. As a consequence, low
glutathione peroxidase activities are usually associated with a
low nutritional selenium status (6, 7). Since glutathione perox-
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ide enzymes protect cells against peroxidation and contral con-
centrations of intracellular peroxides, selenium deficiency may
result in an increased susceptibility to oxidant stress-induced
events, such as intravascular thrombus formation.

Among the various factors that affect thrombus formation
the behavior of platelets, in particular their aggregation, adhe-
sion and thrombogenesis, are of utmost importance in the path-
ogenesis of thrombosis. Nonetheless, the fact that glutathione
peroxidase activity in platelets is particularly high (8, 9), the
maintenance/preservation of this endogenous anti-oxidant
capacity mmght substantially account for the physiological
defense against thrombotic cell aggregation. In line with this, i
vitro studies reported reduced platelet release of proaggregatory
thromboxane A, with unaffected biosynthesis of prostacyclin
upon oral selenium (sodium selenite) administration to normal
volunteers and suggested that selenium dietary supplementation
should be considered in the prevention of vascular thrombosis
(10, 1),

Ebselen (2-phenyl-1,2-benzoisoselenazol-342H)-one) is a
non-toxic seleno-organic drug that has been extensively studied
during the last decade. A substantial part of the pharmacological
profile of ebselen appears to be due to its unique anti-oxidative
properties by scavenging organic hydroperoxides, thus, mim-
icking glutathione peroxidase activities. Ebselen actually inhib-
its a number of enzymes involved in inflammation such as
lipoxygenases, nitric oxide synthases, NADPH oxidase, protein
kinase C and HY/K*-ATPase (12), and suppresses inflammation
in several animal models. Moreover, ebselen has recently been
under active investigation as a neuroprotective agent in clinical
trials (13, 14). The anti-inflammatory mechanism of ebselen
action might further be linked to an inhibitory effect on the
inositol (1, 4, 5)-trisphosphate (IP3)-induced calcium release with
prevention of cell activation (15). Though this modulation of
intracellular caleium homeostasis has been suggested to be
responsible for in vifro mhibition of platelet aggregation by
ebselen (16), little is known about its anti-thrombotic activity in
vivo. The mechanistic aspect of ebselen as a protective agent in
events responsible for vascular thrombosis remains fully eluci-
dated and is the topic of this study. Here we report i vitro and
in vivo observations on the effect of ebselen on platelet function,
documenting anti-thrombotic properties in association with a
dose-dependent inhibition of P-selectin expression.

Materials and methods

Animal model

Upon approval by the local government, all experiments were
performed in accordance with the German legislation on protec-
tion of animals and the National Institutes of Health “Guide for
the Care and Use of Laboratory Animals” (Institute of
Laboratory Animal Resources, National Research Counal).
Male Sprague-Dawley rats with a body weight (bw) of 200-250

g were anesthetized by an intra-peritoneal injection of pentobar-
bital (50mg/kg bw) and placed in supine position on a heating
pad (36-37°C). Tracheotomy was performed to facilitate spon-
taneous breathing and to ensure a clear airway. A polyethylene
catheter in the right jugular vein served for application of fluo-
rescent dyes.

Rat cremaster muscle preparation

For the study of vascular thrombus formation following ebselen
treatment we used the opened cremaster preparation, as origi-
nally described by Baez (17). A mudline incision of the skin and
fascia was made over the ventral aspect of the left scrotum and
extended up to the inguinal fold and to the distal end of the scro-
tum. The incised tissues were retracted to expose the cremaster
muscle sack which was maintained under gentle traction to
carefully separate the remaining connective tissue by blunt dis-
section from around the cremaster sack. Then, the cremaster
muscle was incised, making sure not to cut the larger anasto-
mosing vessels. Hemostasis was aclueved with 5-0 threads serv-
ing also to spread the tissue. After dissection of the vessel con-
necting the cremaster and the testis, the epididymus and testis
were put to the side of the preparation. The preparation was per-
formed on a transparent pedestal to allow microscopic observa-
tion of the cremaster muscle microcireulation by both transillu-
mination and epi-illumination techniques.

After iv injection of 0.2 ml 5% fluorescein isothiocyanate
(FITC)abelled dextran (MW 130000, Sigma Chemical Co., 3t.
Louis, MO) and subsequent circulation for 30 sec, photochemi-
cal thrombus formation was induced by continuous local expo-
sure of filtered light (450-490 nm) from the 100W high pressure
mercury lamp and a x63 water immersion objective (Zeiss,
numerical aperture 0.9) to the individual microvessels, as
described previously (18, 19). Light exposure was discontinued
after blood flow in the vessel ceased for at least 60 sec dus to
complete vessel occlusion. Times necessary for thrombus for-
mation depends on the thickness of the cremaster muscle. Thus,
the thinner muscle in mice (19) offers better energy transmis-
sion of light and results in faster thrombus formation, when
compared with the corresponding times necessary for complete
vessel occlusion in rat cremaster muscle.

In an additional series of experiments (n=13), the cremaster
muscle preparations were superfused with ferric chloride
(250mM;, Sigma) for induction of microvascular thrombosis, as
described by others (20). This model is not based on thrombus
induction by light and, thus, allows the study of anti-thrombot-
ic effects of ebselen regardless its potential light-absorbing
property. Using the model of ferric chloride superfusion for
induction of microvascular thrombosis, animals received either
a high dose (30mg/kg ip, n=5) or low dose of ebselen (Smg/kg
ip; n=4).
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Intravital flucrescence microscopy

Microcirculatory parameters were analyzed by intravital fluo-
rescence microscopy using the Leitz Orthoplan microscope and
the x03 water immersion objective. The microscopic procedure
was performed at a constant room temperature of 21-23°C.
Contrast enhancement for visualization of the rat cremaster
microcirculation was provided by FITC-dextran, while leuko-
cyte flow dynamics and leukocyte-endothelial cell interactions
were studied after i vivo staiming with rhodamine 6G (MW
476, Sigma; 2umol/kg 1v). The epi-illumination setup included
a 100 W HBO mercury lamp and a Ploemo-Pak illuminator
equipped with an [, blue filter (430nm/>515nm excitation/emis-
sion wavelengths) and a N, green filter (530-560nm/>580nm).
Microscopic images were recorded by a charge-coupled device
video camera (CF8/1 FMC, Kappa GmbH, Gleichen, Germany)
and stored on videotapes for off-line evaluation.

Microcirculation analysis

Kinetics of platelet-leukocyte aggregation with intravascular
thrombus formation, 1.e. change of inner luminal vessel diame-
ter due to platelet and/or leukocyte adherence to the endothe-
lium of the vessel wall, and microcirculatory parameters were
quantified off-line by analysis of the videotaped images using a
computer-assisted image analysis system (Caplmage, Zeintl
Software, Heidelberg, Germany). Analysis included the follow-
ing parameters: thrombus formation with determination of the
time periods until (1) first cell deposifion (platelets, leukocytes)
was observed along the endothelial limng, (i1) the inner diame-
ter of the microvessel was reduced to 50% by the growing
thrombus, (i11) initial occurrence of stasis (at least 5 sec dura-
tion) and (1v) sustained cessation of blood flow due to vessel
occlusion. The time for thrombus growth was calculated as the
difference between the time until flow cessation and the time
until first cell deposition. Microcirculatory analysis further
included the determination of (i) vessel diameters before and
after thrombus induction as well as (i) vascular wall shear rates,
based on the Newtonian definition y=8xV/D {V represents the
red blood cell centerline velocity divided by 1.6 according to
the Baker-Wayland factor (21) and D represents the individual
inner vessel diameter).

Experimental design

Prior to induction of anesthesia, seven animals were treated
with ebselen (30mg/kg bw ip; Sigma), which was dissolved in
DMSO at a final concentration of 12mg/ml and kept frozen at
-20°C until vsage. Control animals (n=7) were freated with
equivalent volumes of DMSO 1p. At the end of the cremaster
muscle preparation, the animals were allowed to recover from
surgical preparation for 15 min. Then, photochemical induction
of thrombus formation was performed in randomly chosen
venules (n=3-8 per animal) and arterioles (n=1-3 per animal).
Microcirculatory parameters were measured in identical micro-

vessels prior to thrombus induction (baseline), during thrombus
formation, and at the end of vessel occlusion.

Using the model of ferric chloride thrombus formation, four
animals received ebselen at a low dose of Smg/kg and five ani-
mals at the high dose of 30mg/kg 1p. Control animals were treat-
ed with equivalent volumes of DMSO ip (n=4). In these animals
left and right cremaster muscles were prepared and superfused
with ferric chloride. Rapid spreading of ferric chloride allowed
the study of only 1-2 arterioles and venules within each prepar-
ation.

Human blood collection and PRP preparaticn

Blood from healthy volunteers was drawn from the left cubital
vein with a 21-gauge needle into 5 ml S-Monovettes INC
(Sarstedt, Niimbrecht, Germany) (1:10 citrate v/v). After cen-
trifugation for 15 min at 110g and room temperature, platelet
rich plasma was transferred in a separate tube. Platelet count
was assessed with a Coulter ACT diff Analyzer (Coulter
Electronics, Luton, UK) and adjusted to 4x10%/ml by dilution
with phosphate-buffered saline (PBS). In parallel, aliquots of
whole blood were processed for the flow cytometric study of
H,0-induced platelet-leukocyte aggregates (see below).

Platelet exposure to hydrogen peroxide
and flow cytometric analysis of P-selectin
expression
After 30 min of resting in a 37°C water bath, platelets were
incubated with increasing amounts of ebselen (10-100uM, dis-
solved in DMSO) for 5 min followed by exposure to 0.05%
H,0, for additional 15 min. Then, platelets were rapidly cooled
on ice, diluted with 1 ml 4°C-cold 1% paraformaldehyde in PBS
(Cell Fix; Becton Dickinson, Heidelberg, Germany). This was
necessary because platelets maintained at room temperature
recover from oxidant-induced stimulation. After fixation, plate-
lets were centrifuged at 300g for 4 min at 4°C and washed a sec-
ond time with PBS. Supematant fraction was decanted and the
platelet pellet was resuspended in PBS for flow cytometry.
Platelets, which were incubated with corresponding volumes of
DMSQ, served as controls and were handled in an identical
manner. In an additional set of experiments, catalase
(1000U/ml; Sigma) was administered instead of ebselen in
order to confirm the oxidant stress induced by H;0,.
Expression of P-selectin on platelets was investigated by
direct immunofluorescence using a monoclonal anti-human
fluorescein-isothiocyanate (FITC)-coupled P-selectin antibody
(Ancell Corporation, Bayport, MN, USA), diluted 1:50 (vfv)
with staining medium (0.1% sodium azide and 2% fetal calf
serum in PB3). A FITC-coupled IgG, isotype-matched control
antibody (Ancell) was used to exclude unspecific binding. S0pl
of fixed platelet suspensions were incubated with saturating
amounts (30ul) of diluted FITC-labelled monoclonal anti-
human P-selectin antibody or isotype-control antibody for 30
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Figure I: Flow cytometric analysis of P-selectin expression on
human platelets, as assessed by FACS analysis of platelet rich
plasma (PRP). Histogram plots of FITC-fluorescence signal (FL 1}
of a negative (dashed line; ITC-1gG isotype matched control
antibody) and a positive control (sefid thin fine, FITC-labelled
anti-P-selectin antibody) of unstimulated/resting platelets as well
as of a positive control (selid thick line, FITC-labelled anti-P-selec-
tin antibody) of platelets after addition of 0.05% H,O;. Fraction
of cells within the markers of M2 represent the positive P-selec-
tin expressing platelets (~56%)

min at room temperature in the dark. After incubation, the cells
were washed twice with 0.1% sodium in PBS (Cell Wash,
Becton Dickinson) to remove excess of antibody. Flow cytom-
etry was performed within the next hour.

FACScan flow cytometer (Becton Dickinson) was calibrat-
ed with fluorescent standard microbeads (CaliBRITE Beads,
Becton Dickinson) for accurate instrument setting. Platelets
were identified by their characteristic forward and sideward
scatter light and selectively analysed for their fluorescence
properties using the CellQuest data handling program (Becton
Dickinson) with assessment of 30,000 events per sample. The
relative fluorescence intensity of a given sample was calculated
by subfracting the signal obtained when cells were incubated
with the isotype specific control antibody from the signal gen-
erated by cells incubated with the test antibody (Fig. 1).

Whole blood exposure to hydrogen peroxide
and flow cytometric analysis of platelet-leuko-
Ccyte aggregates

Whole blood aliquots of 30ul were incubated for 25 min with
3 of a monoclonal anti-human FITC-coupled CD42b antibody
(cBioscience, San Diego, CA, USA) and with 5pl of a monoclo-

nal anti-human phycoerythrin (PE)-coupled CD45 antibody
(eBioscience). Then, aliquots were incubated with increasing
amounts of ebselen (10-200pM, dissolved in DMSO) for 5 min,
followed by exposure to 0.025% H202 for additional 15 min.
Subsequently, eryvthrocytes were lysed in 1.5 ml of Lysing
Solution (Becton Dickinson) for 25 min. The reaction was
stopped by diluting the solution with 2 ml of PBS, followed by
cenfrifugation at 400 g for 5 min. The aliquots were washed
again with PBS and the pellet was resuspended with 2 ml Cell
Fix. Flow cytometry was performed within the next two hours,
as described above.

Rat blood collection and platelet isolation

for flow cytometric analysis of P-selectin
expression

To study whether ebselen modulates platelet P-selectin expres-
sion, ebselen (30mg'kg ip)- and DMSO-pretreated control ani-
mals were exsanguinated by cardiac puncture (1:10 citrate v/v).
After centrifugation for 15 min at 110g and room temperature,
platelet rich plasma was transferred in a separate tube and
allowed to rest in a 37°C water bath for 30 min. Platelet count
was assessed with a Coulter AC.T diff Analyzer (Coulter
Electronics, Luton, UK) and adjusted to 4x10%/ml by dilution
with phosphate-buffered saline (PBS). After fixation for 5 min
in 1 ml 4°C-cold 1% paraformaldehyde in PBS, platelets were
centrifuged at 300g for 4 min at 4°C, washed again with PBS
and the pellet was resuspended in 50 pl PBS. Platelets were
incubated for 40 min in the dark with 1.5 pl of a monoclonal
FITC-coupled anti-human P-gelectin antibody, showing rat
cross reactivity (LYP20; Biocytex, Marseille, France). A FITC-
coupled IgGl isotype matchad control antibody was used to
exclude unspecific binding, Then, platelets were washed twice
with PBS, resuspended in 1 ml Cell Fix and measured by flow
cytometry within the next two hours, as described above.

Plasma levels of selen

At the end of the in vivo experiments, arterial blood samples of
ebselen (30mg/kg) or DMSO-treated animals were withdrawn
for subsequent analysis of selen using atomic absorption
spectrometry.

Statistical analysis

Data are presented as mean+SEM. After testing for normal dis-
tribution, ANOVA was followed by appropriate pairwise com-
parison (Student’s ¢-test) including Bonferroni correction. Chi-
square-test was used for statistical analysis of incidence of arter-
iolar thrombus formation. Dependency between time of light
exposure and thrombus growth was analyzed using Pearson
product moment correlation. P values less than 0.05 were taken
to indicate statistical significance. Stafistics were performed
using the software package SigmaStat Version 1.0 (Jandel
Corporation, San Rafael, CA, USA).
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Table I: Kinetics of thrombus formation, i.e. first plaque formation, half diameter reduction, as well as initial and sustained cessation
of blood flow, in arterioles of rat cremaster muscle preparations of either DMSO- (number of animals=7; number of vessels with
thrombus growth=5) or ebselen-pretreated animals (number of animals=7; number of vessels with thrombus growth=1). Mean+SEM

First plaque Half diameter Initial stasis Sustained stasis
(sec) (sec) (sec) (sec)
DMSO 32676 710104 987+215 1543+231
ebselen 1070 1208 1984 2090

Results

In vivo analysis of kinetics of light-dye induced
thrombus formation

Baseline microhemodynamics did not differ between cremaster
muscle preparations of ebselen- and DMSO-pretreated controls
with physiological values of capillary diameter and functional
capillary density as well as blood flow velocities in venules and
arterioles (5-7 um; 150-300 cm/cm?; 200-500 pm/sec and >800
pm/sec).

Photoactivation of intravascular FITC-dextran with high
doses of light induced the formation of platelet thrombi which
in most cases grew circumferentially on the entire vessel wall
(Fig. 2). Thrombi were confined to the exposed fields. Unless
otherwise stated, photoactivation-induced thrombus formation
ultimately resulted in vessel occlusion to blood flow. In most
cases, flow might resume after a short initial occlusion and then
later occlude irreversibly.

In cremaster preparations of DMSO-pretreated control ani-
mals, light exposure to venules resulted in first cell deposition
at the endothelial lining after a time period of 230+31 sec.
Vessel lumen was found reduced to 50% after 416+42 sec due
to thrombus growth. Persistent narrowing of inner and outer
vessel diameter could not be observed and did not affect
the 50% diameter criterium of thrombus formation. Venular
blood flow ceased for the first time at 612+49 sec after onset of
epi-illumination with sustained occlusion at 647+51 sec
(Figs. 2, 3).

In general, thrombus development in arterioles was less
rapid in comparison to venules (Fig. 4). In controls, 50% vessel
occlusion occurred at 710+£104 sec (Table 1). While thrombus
growth caused first cessation of blood flow in arterioles after
987+215 sec, complete thrombotic occlusion could be observed
after 15434231 sec (Table 1).
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Figure 2: Intravital microscopic images of a postcapillary
venule within the rat cremaster muscle preparation of a DMSO-
treated control animal before (A) and during photoactivation-
induced thrombus formation (B-D). After iv administration of
FITC-dextran and blue-light epi-illumination, note the initially
patent venule (A, arrow indicates direction of blood flow) as
well as the circumferentially located cell deposits with inner
luminal diameter reduction to ~50% (B) and ~75% (C), finally
resulting in complete vessel occlusion after 669 sec (D).
Magnification x350.

Figure 3: Kinetics of thrombus formation, i.e. first plaque (cell
deposit) formation, half diameter reduction as well as initial and
sustained cessation of blood flow, in venules of rat cremaster
muscle preparations of either DMSO- (open bars; number of
animals=7; number of vessels studied=22) or ebselen-treated
animals (closed bars; number of animals=7; number of vessels
studied=25). Mean+SEM; * p<0.05 vs DMSO
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Figure 4: Intravital microscopic
images of an artericle within the cre-
master muscle preparation of a
DMSO-treated rat before (A) and
during photoactivation-induced
thrombus formation (B-F). After iv
administration of FITC-dextran and
blue-light epi-illumination, note the
initially patent arteriole (A, arrow
indicates direction of blood flow), as
well as the steadily increasing adher-
ent cell aggregate (B-E), finally result-
ing in complete vessel occlusion (F).
Magnification x350.
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Figure 5: Flow cytometric analysis of P-selectin expression on human platelets exposed to 0.05% H,O, (C) and additionally incubat-
ed with increasing amounts of ebselen (10-100uM) (D-H). Note the dose-dependent reduction of platelet P-selectin expression with
almoest abrogation at 100pM ebselen. Specificity of H,O,-induced platelet P-selectin expression was confirmed by its abrogation using
catalase (1000U/ml; I}. Histogram plots of {A) and (B) represent the negative and positive control of identical platelet preparations
without H,O,-exposure.
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Effect of ebselen on kinetics of light-dye
induced thrombus formation

Atomic absorption spectometry for analysis of selen revealed
high concentrations of 2.40+0.63mg/l in ebselen-treated animals
(p<0.05 vs DMSO: 0.31£0.04 mg/l). The effect of ebselen on
photoactivation-induced thrombotic occlusion of venules is illus-
trated in figure 3. While ebselen did not affect the time at which
thrombus growth was initiated (228+34 sec vs DMSO: 230431
sec), ebselen caused a significant prolongation of time necessary
to occlude the vessel lumen. Venules in cremaster muscle prepar-
ations of ebselen-treated animals required 872482 sec of contin-
uous photoactivation/epi-illumination for initial occurrence of
perfusion standstill (p<0.05 vs DMSO; Fig. 3). Sustained venular
stasis at 908+87 sec was found significantly longer than in
venules of DMSO-pretreated animals (p<0.05; Fig. 3).

The antithrombotic effect of ebselen was even more evident
in arterioles. The incidence of persistent arteriolar patency upon
continuous epi-illumination was found to be significantly
(p<0.05) higher in ebselen- (88.9%) versus DMSO-pretreated
animals (37.5%; Fig. 4). In addition, thrombus growth in the
one arteriole, in which cell deposition could be induced, was
markedly delayed when compared with the time course of arter-
iolar thrombus growth of DMSO-pretreated animals and finally
occluded the vessel at 2090 sec of photoactivation (Table 1).
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Figure 6: Quantitative analysis of the effect of ebselen on
H,0O,-induced platelet P-selectin expression, as assessed by flow
cytometry using a FITC-labelled anti-P-selectin antibody (n=6
independent experiments). Inhibition of P-selectin expression is
calculated compared to control values of platelets without ebse-
len (100%). More detailed information is given in materials and
methods.
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tion (A) and upon exposure to
0.025% H,0O, (B). Note the increase
of platelet-leukocyte aggregate for-
mation upon oxidative stress (B),
which was found markedly reduced
upon incubation with 100puM (C) and
200uM ebselen (D). Direct immunflu-

orescence of platelet-leukocyte
aggregates was assessed by use of a
FITC-coupled CD42b antibody (x-
axis of dot blot) and a PE-coupled
CDA45 antibody (y-axis of dot plot).

More detailed information is given in
materials and methods
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Figure 8: Quantitative analysis of the effect of ebselen on
H,0,-induced platelet-leukocyte aggregate formation in whole
blood, as assessed by flow cytometry using a FITC-coupled
CD42b antibody and a PE-coupled CD45 antibody (n=9 inde-
pendent experiments). Inhibition of platelet-leukocyte aggregate
formation is calculated compared to control values of H,O,-
exposed whole blood without ebselen (100%). More detailed
information is given in materials and methods.

Flow cytometric analysis of blood samples from DMSO-
pretreated animals revealed a significantly (p<0.001) higher
fraction of P-selectin expressing platelets (5.24+0.44%) when
compared to those of ebselen-pretreated animals (1.98+0.26%),
underlining the capability of ebselen to dampen platelet P-selec-
tin expression.

Effect of ebselen on ferric chloride-induced
thrombus formation

In DMSO-treated controls, ferric chloride superfusion of cre-
master muscle microvessels caused a complete occlusion of
venules within 258+45 sec, while thrombotic occlusion of
venules was significantly delayed in animals which received
ebselen (Smg/kg: 437+81 sec, p<0.05 vs DMSO; 30 mg/kg:
51164 sec, p<0.01 vs DMSO). Comparably, occlusion times of
arterioles were found significantly longer in ebselen-pretreated
animals (Smg/kg: 549+106 sec, p<0.05 vs DMSO; 30 mg/kg:
536+100 sec, p<0.01 vs DMSO) when compared to those in
DMSO-pretreated controls (245+43 sec).

In vitro analysis of platelet P-selectin
expression

Exposure of platelets with 0.05% H,0, increased the fraction of
P-selectin expressing platelets from 3.2+1.2% at baseline to

50.3+6.7% (Fig. 5). Ebselen treatment of platelets dose-depen-
dently reduced H,0,-induced upregulation of P-selectin expres-
sion on platelets with 50 uM ebselen causing a downregulation
of approximately 70% and 100pM ebselen abrogating platelet
P-selectin expression to almost resting (baseline) conditions
(Figs. 5, 6). P-selectin expression upon incubation of platelets
with H,0, was completely inhibited by 1000U/ml catalase
(12.34£3.8% of baseline), indicating that P-selectin expression is
caused by H,0,-induced oxidant stress. Exposure of unstimulat-
ed platelets with increasing amounts of DMSO (vehicle of ebse-
len) did not affect P-selectin expression and was found in the
range as untreated platelets from PRP (<5% P-selectin express-
ing platelets). Moreover, catalase alone (1000U/ml) had no
effect of P-selectin expression with a fraction of 4.1£1.3% P-
selectin positive platelets.

In vitro analysis of platelet-leukocyte
aggregates

Exposure of whole blood with 0.025% H,0, increased the frac-
tion of platelet-leukocyte aggregates from 5.0£1.0% at baseline
to 33.842.1% (Fig. 7). Ebselen treatment of whole blood dose-
dependently reduced H,O,-induced formation of platelet-leu-
kocyte aggregates after addition of increasing concentrations of
ebselen (10-200pM; Figs. 7, 8). Differentiation between the leu-
kocyte subpopulations revealed that granulocytes, but in partic-
ular monocytes formed aggregates with platelets, while the frac-
tion of lymphocytes within these aggregates was negligible.

Discussion

The major finding of this study is that ebselen provides signifi-
cant in vivo anti-aggregatory and anti-thrombotic potential
against thrombotic vessel occlusion in venules and, in particu-
lar, in arterioles. Quantitative on-line methods have been used
to demonstrate in vivo the marked delay in intravascular throm-
bus growth upon ebselen pre-treatment. This finding is further
corroborated by the fact that whole blood from ebselen-pretreat-
ed animals revealed a significantly lower fraction of P-selectin
expressing platelets when compared to that of DMSO-pretreat-
ed controls. In parallel, experiments on isolated platelets and
whole blood in vitro demonstrated that these anti-thrombotic
properties of ebselen reside in a dose-dependent inhibition of
oxidant stress-induced P-selectin expression and blockade of P-
selectin-dependent platelet-leukocyte aggregate formation.

Methodological remarks

In the present study, thrombus formation was initiated by a
photochemical reaction which was induced by transmural blue
light exposure and intravenous administration of FITC-dextran.
Previous experiments have shown that neither FITC-labeled
dyes (22) nor light (23) alone had a discernable effect on micro-
vascular blood flow and microvessel dimensions, thus, imply-
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ing that the interaction of light and fluorochrome is necessary
for thrombus formation. The phototosdeity of the fluorescently
labeled agent 1s known to cause endothelial injury, as indicated
by electron microscopy, demonstrating abundant cytoplasmic
vacuolisation, cell membrane damage and interrupted endothe-
lial cell contacts to the basal lamina (18). As a consequence,
blood cells adhere to the mjured vessel wall, followed by aggre-
gation of platelets and leukocytes and, finally, thrombotic ves-

sel occlusion (18, 24-26).

The fact that ebselen as an antioxidant prevented arteriolar
thrombus formation and reduced venular thrombus growth
might be related to a reduced damage of the endothelium and,
therefore, model specific. To disprove this concern, we applied
ebselen in an alternative model of ferric chloride-induced
microvascular thrombus formation, which is not primanly
based on oxidant stress-induced endothelial damage (20).
Ebselen again proved to be efficient to delay thrombus forma-
tion, underlining the unique anti-thrombotic property of ebse-

len.

The seleno-organic compound ebselen exhibits various
pharmacological activities. While selenium compounds such as
selenite, selenium dioxide, and diselenides exhibit toxicity, the
toxicity of ebselen has been shown to be extremely low as
metabolism of the compound does not liberate the selenium
moiety (12). Thus, safety and tolerability of ebselen are good.
The dose of ebselen was chosen in accordance to a report of
Haddad et al. in rats (27). Since this dosage is rather high when
compared with clinical use of ebselen, 1.e. 300mg per 70-kg
patient (14), we additionally tested the effect of ebselen at a dos-

age of Smg/ke.

Ebselen concentrations i vitre (10-100 uM) were chosen as
follows: With the assumption of complete absorption of
30mg/kg, ebselen concentration in vivo would be ~0.54ug ebse-
len per one million circulating platelets. In parallel, 75uM ebse-
len in vitro equals ~0.51pg ebselen per one million platelets
in vitro. Thus, the concentration range of 10-100 uM of ebselen
in vitro ideally covers the estimated concentrations of ebselen

in vivo.

Effect of ebselen on kinetics of thrombus
formation

To determine the potential of a glutathione peroxidase mimick
in the prevention of microvascular thrombosis, we investigated
the effect of ebselen pretreatment on photochemically induced
thrombus formation. While ebselen did not affect the first cell
deposition in venules, it tended to delay the time necessary for
50% vessel occlusion and significantly prolonged the develop-
ment of both initial and sustained stasis of venular blood flow.
Most strikingly, ebselen effectively inhibited the entire process
of thrombus formation in arterioles with an enormous high frac-
tion of vessels remaining patent despite the continuous light/dye

€Xposure.

In thrombus formation associated with hemostasis or throm-
botic disease, blood platelets first undergo a rapid transition
from a circulating to an adherent state, followed by activation
and aggregation. This process potentially involves platelet-
platelet, platelet-endothelium, platelet-subendothelial matrix
and platelet-leukocyte interactions, a variety of mediators and
specific adhesion molecules (28-30). Among the latter, the
expression of P-selectin on the platelet surface following plate-
let stimulation and alpha granule secretion allows for interac-
tion of P-selectin with ligands on other cells, particularly leuko-
cytes and monocytes. It has been shown in an ex vivo baboon
model that lenkocyte accumulation within a thrombus growing
on a Dacron graft is mediated by P-selectin on adherent plate-
lets (31). These results underscore that leukocytes are bound via
specific adhesion molecules rather than mechanically trapped
within the fibrin clot. The prothrombotic role of P-selectin is
further given by the fact that P-selectin induces synthesis of tis-
sue factor 1n monocytes (32) and tissue factor is critical for the
activation of blood coagulation. Moreover, the observation of
prolonged bleeding times in P-selectin deficient mice matches
the view that P-selectin 1s essentially mvolved in the process of
thrombogenesis (33).

While P-selectin does not mediate platelet-platelet interac-
tion, P-selectin provides an anchoring source for leukocytes on
activated platelets and, may thus play a very important role in
determiming the size and stability of the platelet aggregates in
the developing thrombus (34). When activated by agonists,
platelets are known to produce oxidant species including H,O,
by themselves (35) and to stimulate generation of oxidant spe-
cies in neutrophils and monocytes by a mechanism that requires
mutual cell-cell-contact and the presence of P-selectin on the
platelet surface. Reactive oxidant species in tum rapidly inacti-
vate nitric oxide, an endothelial product which inhibits platelet
activation and aggregation (36). Thus, increased production
and/or impaired metabolism of oxidant species predisposes to
thrombotic disorders.

Qur present observation on the dose-dependent reduction of
H,0,-induced P-selectin expression on isolated platelets by
ebselen in vifro 1s in line with its anti-thrombotic activity in
vivo. It 1s conceivable to suggest that by exerting antioxidant
capacity as glufathione peroxidase mimick ebselen limits oxida-
tive stress and its sequelae, 1.e. vascular jury, cell activation
with adhesion molecule expression and cell-cell contact (10).
Beside the scavenging function, the inhibition of the IPs-
induced calcium release by ebselen (16) may account for the
herein reported action of ebselen in reducing platelet P-selectin
expression, since secretion of granules with outward transloca-
tion of the P-selectin residues requires activation of protein
kinase C and elevation of intracellular Ca®* (37). Thus, platelets
with limited or even absent P-selectin expression may not rep-
resent an ideal nidus where leukocytes accumulate within the
developing thrombus (38). This view is supported by the
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present finding that increasing amounts of ebselen significantly
reduced the H,0,-induced platelet-leukocyte aggregate forma-
tion. Reduced tissue factor synthesis due to limited P-selectin
expression (32) might further contribute to the delay of throm-
botic vessel occlusion, as observed in ebselen-pretreated ani-
mals.

The finding that ebselen exerted a more pronounced anti-
thrombotic effect in arterioles than in venules can be attributed
to different reactions of arterioles and venules to light/dye expo-
sure, as indicated by Sato and Oshima (39) or to different anti-
aggregatory and pro-aggregatory substances released by arteri-
olar as apposed to venular endothelium (40). Ebselen has been
demonstrated to inhibit biosynthesis of thromboxane A, and
lipoxygenase products, but not of prostacyclin in both endothe-
lial cells and platelets (10). Because endogenous nitric oxide

and prostaglandins synergistically counteract ongoing throm-
boembolism in arterioles, but not in venules (40), ebselen-asso-
ciated modulation of the cyelooxygenase pathway might be par-
ticularly effective in arterioles. In addition, one may speculate
that ebselen-induced inhibition of platelet P-selectin may play a
greater role in arterial thrombosis due to the increased presence
of platelets known to exist histologically in arterial thrombr (41).

In conclusion, the antagonism of H,Oyinduced platelet P-
selectin expression seems to be a potential mechanism of the
anti-thrombotic action of ebselen. With the recognition of the
importance of P-selectin in developing thrombi, pharmacologi-
cal approaches such as ebselen, which target the P-selectin
dependent platelet-leukocyte interaction and the promotion of
fibrin deposition, may represent a safe and effective therapeutic
strategy against thrombaotic disorders in humans.
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2.3.2 C-Peptid

Makro- und Mikroangiopathien mit der Konsequenz einer vielfach erhéhten
kardiovaskuldren Morbiditdt und Mortalitdt stellen ein wesentliches Problem fir den
diabetischen Patienten dar. Gabe des Proinsulin-Spaltproduktes C-Peptid flhrte bei
diabetischen Patienten zur Verbesserung der Mikrozirkulation von Haut und Muskel und zur
verminderten endothelialen Aktivierung. Ziel der vorliegenden Studie an normalen und
diabetischen Mausen war es daher zu untersuchen, inwieweit C-Peptid eine anti-
thrombogene Wirkung hat und ob diese Wirkung durch die zusatzliche -und klinisch
notwendige- Applikation von Insulin beeinflusst wird. Es wurde erneut das Cremastermodell
der Maus verwendet und ein besonderes Augenmerk auf die endotheliale PAI-1 Expression
als pro-thrombogener Faktor gerichtet.

C-Peptid in hoher, nicht aber niedriger Dosierung fihrte gegeniber inaktiviertem C-
Peptid zu einer signifikanten Verzégerung der Thrombusbildung bei diabetischen Tieren und
bei nicht-diabetischen Tieren. Dieser Effekt wurde durch Superfusion mit Insulin aufgehoben.
Die endotheliale PAI-1 Expression war in den C-Peptid-behandelten diabetischen wie nicht-
diabetischen Tieren gegeniiber Kontrolltieren deutlich reduziert. C-Peptid fihrte zur leichten,
aber signifikanten Reduktion der Expression von GPIlb/llla und P-Selektin ruhender
Thrombozyten, wahrend bei gleichzeitiger Maximalstimulierung der Platichen mit TRAP C-
Peptid diesen Effekt verlor.

Die vorliegenden Untersuchungsergebnisse weisen auf eine anti-thrombogene
Wirkung von C-Peptid in vivo hin. Eine kausale Rolle von PAI-1 in diesem Zusammenhang
kann vermutet werden. Dennoch stellt C-Peptid aufgrund der Tatsache, dass es durch
gleichzeitige Insulinapplikation in seiner Wirkung abgeschwécht wird, keine brauchbare

Alternative in der Behandlung diabetischer Angiopathien dar.

Lindenblatt N, Braun B, Menger MD, Klar E, Vollmar B
C-peptide exerts antithrombotic effects that are repressed by insulin in normal
and diabetic mice Diabetologia 2006; 49: 792-800
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Abstract Aims/hypothesis: Diabetic macro- and micro-
angiopathy are associated with a high risk of vascular
complications. The diabetic patient exhibits a pathological
coagulation state, with an increased synthesis of coagula-
tion factors and plasminogen activator inhibitor 1 (PAI-1)
as well as an enhanced aggregation of platelets. Previous
studies have shown that C-peptide can reduce leucocyte-
endothelial cell interaction and improve microvascular
blood flow in patients with type 1 diabetes. In the present
study, we examined in vive whether C-peptide is able to
reduce platelet activation and through that microvascular
thrombus formation. Materials and methods: In the
microvessels of cremaster muscle preparations taken from
normal and diabetic mice, ferric chloride-induced throm-
bus formation was analysed using intravital fluorescence
microscopy. Results: 1.V. administration of C-peptide in
high dose (70 nmol/kg), but not in low dose (7 nmol/kg),
caused a significant delay in arteriolar and venular
thrombus growth in normal and diabetic mice. This effect
was repressed by cremaster muscle superfusion with
insulin (100 pU/ml) in diabetic animals, but particularly
in normal animals. In parallel, immunchistochemistry
demonstrated a higher number of PAI-1-expressing vessels
in cremaster muscle tissue from control animals and from
animals treated with C-peptide and insulin compared with
tissue from animals with C-peptide treatment applica-
tion alone. Conclusions/interpretation: We conclude that
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C-peptide possesses antithrombotic actions in vivo. A
causal role of PAI-1 in this scenario needs to be further
addressed. However, the reversal of C-peptide action by
insulin may invalidate the use of this peptide as a treatment
option to improve rtheology and microcirculation in
diabetic patients.
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Introduction

The excess mortality and high morbidity of diabetic
patients are predominantly determined by vascular dys-
funections. Diabetic microangiopathy not only manifests as
nephropathy, retinopathy and delayed wound healing, but
also predisposes the patient to the development of coronary
artery, cerebrovascular and peripheral artery disease [1, 2].
The pathophysiclogy of diabetic vasculopathy involves the
dysfunction of the endothelium, which is caused by
increased production of reactive oxygen species as a
consequence of hyperglycaemia, which in turn inactivates
the vasodilator nitric oxide (NO). As a consequence,
nuclear factor kB is upregulated and the formation of
vasoconstrictive prostanoids and endothelins is increased
[3, 4]. Plasminogen activator inhibitor 1 (PAI-1) levels
have also been found to be elevated in diabetic patients,
resulting in defective fibrinolysis and an increased risk for
intravascular thrombosis [5, 6].

In addition to these endothelium-confined factors,
platelet dysfunction [7-9] and an imbalance of plasmatic
coagulation factors further contribute to a prothrombotic
state in the diabetic patient. In particular, augmented
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synthesis of factor VII, thrombin, tissue factor and PAI-1 is
detected in the diabetic patient, while anticoagulative
substances, such as thrombomodulin and protein C, are
diminished [10-12].

Administration of C-peptide, the cleavage product from
proinsulin, has been shown to improve skin microcircula-
tion in patients with type 1 diabetes [13]. C-peptide further
induces endothelial NO-synthetase and, thus, NO produc-
tion [14]. In addition, it may reduce leucocyte—endothelium
interaction through a diminution of endothelial P-selectin
and intracellular adhesion molecule type 1 expression [15].
Based on this, insulin deficiency, and thus lack of anti-
adhesive C-peptide action, could be a causal factor in the
development of procoagulative status in diabetic patients.
‘We therefore used intravital fluorescence microscopy to
investigate the effect of systemic C-peptide administration
on microvascular thrombus formation in vivo in normal
and diabetic mice. We additionally performed flow
cytometric and immunchistelogical studies to characterise
further the potential underlying cellular and molecular
mechanisms. Since exogenous insulin application is
essential for type 1 diabetic patients, we also tested the
effect on microvascular thrombus formation of additional
insulin application.

Materials and methods
Mouse cremaster muscle preparation

Upon approval by the local government, all experiments
were carried out in accordance with the German legislation
on protection of animals and the National Institutes of
Health ‘Guide for the Care and Use of Laboratory Animals’
(Institute of Laboratory Animal Resources, National
Research Council). Male C57BL/6 mice (Charles River,
Sulzfeld, Germany) with a body weight of 20-25 g were
anaesthetised with an i.p. injection of ketamine (90 mg/kg
body weight) and xylazine (25 mg/kg body weight) and
a polyethylene catheter was placed into the right jugular
vein to allow for administration of C-peptide and fluores-
cent dyes.

For the study of vascular thrombus formation, we used
the opened cremaster muscle preparation, as described
originally by Baez [16] and applied as a model of
microvascular thrombus formation in previous studies
[17-20]. After the preparation of the cremaster muscle, the
animals were allowed to recover from surgery for 15 min
before induction of thrombus formation.

In vivo thrombosis model

The cremaster muscle microcirculation was visualised by
intravital fluorescence microscopy as described previously
by our group [20]. Using a x20 water immersion objective
(Achroplan x20/0.50 W; Zeiss, Jena, Germany) and 5%
fluorescein isothiocyanate (FITC)-labelled dextran for con-
trast enhancement, blood flow was monitored in individual
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arterioles (diameter range 3060 pm) and venules (diam-
eter range 40-80 pm), followed by superfusion with 25 pl
ferric chloride (12.5 mmol/l; Sigma, Steinheim, Germany)
for induection of microvascular thrombosis. Recording of
vessels was discontinued after blood flow in the vessel had
ceased for at least 60 s. As the rapid spreading of ferric
chloride solution allowed only one or two arterioles and
venules to be studied within each preparation, both left and
right cremaster muscles were prepared for analysis of
thrombotic vessel occlusion within each animal.

Analysis included the time periods until first standstill of
perfusion and sustained cessation of bleod flow as a result
of complete vessel occlusion. To characterise the kinetics
of microvascular thrombus formation, a red blood cell
(RBC) velocity profile was determined using the line-shift
method (Caplmage; Zeintl, Heidelberg, Germany). Micro-
circulatory analysis also included the determination of
vessel diameter and RBC velocity before thrombus indue-
tion with calculation of vascular wall shear rates, based on
the Newtonian definition v = 8 x /D, where ¥ repre-
sents the RBC-velocity divided by 1.6 according to the
Baker—Wayland factor [21] and D represents the individual
inner vessel diameter. The wall shear rate calculated might
differ from values given in studies using different methods,
such as the dual-slit photodiode technique and Doppler
flowmetry [22, 23]; however, it will fit well with values
found in studies using the line-shift method or comparable
systems [20, 24, 25].

Experimental groups and protocol

Experiments were performed in normal and diabetic mice.
Diabetes was induced by application of streptozotocin
(40 mg/kg i.p.) on five consecutive days. Animals were
kept in their accustomed environment and monitored for
polyuria for the following 3540 days. Starting on day 42
the diabetic metabolic state was confirmed by repeated
positive testing for hyperglycaemia and glucosuria. Glu-
cosuria was tested with test strips (Medi-test, Combi 3A;
Macherey-Nagel, Diiren, Germany) and was considered
positive if the glucosuria was =56 mmol/l on five
consecutive days. Hyperglycaemia was confirmed by
blood glucose testing with a digital glucometer (elite
2000; Beyer Diagnostics GmbH, Munich, Germany). Mice
were considered diabetic if their blood glucose levels were
>11.1 mmol/l for three consecutive days.

Human C-peptide was administered to mice via the
right jugular vein in a low dose of 7 nmol’kg (#=6) and a
high dose of 70 mmolkg (#=6) 15 min before the
experiment. Control animals received equivalent volumes
of heat-inactivated C-peptide (30 min at 95°C) (n=14).
The C-peptide concentrations were chosen because
previous experiments had shown that injection of
130 nmol’kg human C-peptide into rats increased the
physiological C-peptide plasma levels ten-fold 3 h after
injection [26]. Therefore, the higher dose of 70 nmol/kg
used in this study is likely to induce an approximately
five-fold increase in C-peptide plasma level, which has
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been shown to correct vascular permeability and neuronal
dysfunction in diabetic rats [26]. Additionally, Scalia et al.
demonstrated that this concentration of C-peptide inhibited
leucocyte—endothelial interaction during acute endothelial
dysfunction [15]. To examine the role of insulin in C-
peptide function, the cremaster muscles of animals treated
with C-peptide at either low (7 nmolkg; #=4) or high
(70 nmol/kg; »=4) dose were superfused with insulin
solution at a concentration of 100 pU/ml before thrombus
induction. This concentration was applied because post-
prandial insulin levels in humans typically reach 60—
80 pU/ml. Insulin was applied topically because systemic
application of insulin might have resulted in uncontrol-
lable lowering of blood glucose levels and thus unstable
metabolic conditions. Identical sets of experiments were
performed in diabetic mice with systemic C-peptide
administration at low (n=5) and high (#=4) doses, using
heat-inactivated C-peptide (n=11) as well as with addi-
tional insulin superfusion at low (n=4) and high (#=4)
doses of C-peptide.

To rule out a difference in the effect of C-peptide and
insulin between systemic and topical application and to
further clarify the effect of insulin application alone,
additional in vivo experiments were performed superfusing
the cremaster muscle with insulin (100 pU/ml) alone in
normal (#»=4) and diabetic (#=4) mice. In addition,
cremaster muscle preparations were superfused with insu-
lin (100 pU/ml) and C-peptide (7 nmol/l) in normal (#=4)

and diabetic (#=5) animals.

Human blood collection and preparation
of platelet-rich plasma

Following acquisition of informed consent, blood was
drawn from the left cubital vein of healthy volunteers using
a 21-gauge needle into 5-ml S-Monovettes 9NC (Sarstedt,
Niimbrecht, Germany) (1:10 citrate, v/v). After centrifuga-
tion for 15 min at 110 g and room temperature (GS-6R
Centrifuge; Beckman Coulter, Fullerton, CA, USA),
platelet-rich plasma was transferred to a separate tube.
Platelet count was assessed with a Cell Counter (Sysmex
KX-21; Sysmex, Norderstedt, Germany) and adjusted to
2x10%ml by dilution with PBS. Aliquots of platelet-rich
plasma were transferred into a 37°C water—bath to rest for
30 min to eliminate isolation-induced platelet activation.

Flow cytometric analysis of P-selectin
and glycoprotein Ib/Ila expression

For evaluation of receptor expression under resting
conditions, 50 pl of platelet suspensions were incubated
for 30 min with the isotype-specific control antibody, the
P-selectin antibody or the glycoprotein IIb/Illa (GPIIb/
IITa) antibody in the presence of C-peptide at concentra-
tions of either 0.3 or 1 nmol/l. Platelet suspensions without
C-peptide served as controls. A similar set of experiments
was carried out following exposure to thrombin-receptor-

activating peptide (TRAP) for maximal platelet activation
(2.5 mmol/).

C-peptide concentrations of 0.3 and 1.0 nmol/l were
chosen because the physiological concentration of C-
peptide in human blood ranges between 0.5 and 1.5 nmol/l.
In addition, reports studying a potential C-peptide receptor
on renal tubular cells showed a half-saturation at a C-
peptide concentration of 0.3 nmol/l and a full saturation at
0.9 nmol/l C-peptide [27]. An additional set of experiments
was carried out, adding insulin at final concentrations of 10
and 100 pl/ml (which cover fasting [6-25 pU/ml] and
postprandial [60—100 pU/ml, maximum 200 pU/ml]
insulin levels in humans [28]) alone and in combination
with C-peptide concentrations of 0.3 and 1.0 nmol/l. Then,
platelets were rapidly cooled on ice and diluted with 1 ml
4°C 1% paraformaldehyde in PBS (Cell Fix; Becton
Dickinson, Heidelberg, Germany). Afier fixation, platelets
were centrifuged at 300 g for 4 min at 4°C and washed
twice with PBS. The supernatant was decanted and the
pellet was resuspended in PBS for flow cytometry.

Expression of P-selectin on platelets was investigated by
direct immuncfluorescence using a monoclonal anti-
human FITC-coupled P-selectin antibody (Santa Cruz
Biotechnology, Heidelberg, Germany), diluted 1:50 (v/v)
with staming medium (0.1% sodium azide and 2% FCS
in PBS). In an additional set of experiments a FITC-
coupled PAC-1 antibody (Becton Dickinson Biosciences,
Heidelberg, Germany) directed against the activated
conformation of GPIIb/Illa was employed [29]. A FITC-
coupled IgGGl isotype-matched control antibody (Santa
Cruz Biotechnology) was used to exclude unspecific
binding. Flow cytometry was performed within the next
hour.

The FACScan flow cytometer (Becton Dickinson) was
calibrated with fluorescent standard microbeads (Cali-
BRITE Beads; Becton Dickinson) for accurate instrument
setting. Platelets were identified by their characteristic
forward and sideward scatter light and were selectively
analysed for their fluorescence properties using the
CellQuest program (Becton Dickinson) with assessment
of 20,000 events per sample. The relative fluorescence
intensity of a given sample was calculated by subtracting
the signal obtained when cells were incubated with the
isotype-specific control antibody from the signal generated
by cells incubated with the test antibody.

Histology and immunohistochemistry

At the end of each experiment, the cremaster muscle was
fixed in 4% phosphate-buffered formalin for 2-3 days and
embedded in paraffin. From the paraffin-embedded tissue
blocks, 4-pum sections were cut and stained with haemat-
oxylin and eosin for histological analysis. For immuno-
histochemical demonstration of PAI-1, sections collected
on poly-L-lysine-coated glass slides were treated by
microwave for antigen unmasking. Goat polyclonal anti-
PAI-1 (1:200; Santa Cruz Biotechnology) was used as
primary antibody and incubated for 90-120 min at room
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temperature, followed by a horseradish peroxidase-con-
jugated donkey anti-goat antibody (1:25; Santa Cruz
Biotechnology) and development using DAB substrate as
chromogen. The sections were counterstained with haemat-
oxylin and examined by light microscopy (Zeiss Axioscop

40; Zeiss).

Chemicals and drugs

Human 31-residue C-peptide (Sigma) was dissolved in
0.5 mol/ acetic acid with further dilutions being made with
0.9% saline, as previously described [15]. Human C-
peptide was applied because of its simple availability and
similar structure compared with rat or mouse C-peptides.
Human C-peptide has been used in several small animal
models and has been shown to induce positive effects on
vascular and neuronal dysfunction as well as on leucocyte—
endothelial cell dysfunction [15, 26]. Streptozotozin
(Sigma) was dissolved in citrate buffer (pH 4.5, 0.1 mol/l)
and used directly following preparation. Percine insulin
was also purchased from Sigma and dissclved in PBS to
final concentrations of 10 and 100 pU/ml. As insulin from
different species interacts with porcine insulin sera to a
similar degree [30], porcine insulin was chosen because it
is more easily available and is cheaper. TRAP was
purchased from Bachem (Bubendorf, Germany) and
dissolved in PBS to yield a 2.5 mmol/l stock solution.
All solutions were stored in the dark at a maximum
temperature of —20°C.

Statistical analysis

After proving the assumption of normality and equal
variance across groups, differences between groups were
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assessed using one-way ANOVA followed by the appro-
priate post hoc comparisen test. All data were expressed as
means = SEM and overall statistical significance was set at
p<0.05. Linear regression analysis was performed to
evaluate significant correlations between kinetics of
thrombus formation and PAI-1 expression. Statistics and
graphics were performed using the software packages
SigmaStat and SigmaPlot (Jandel Corporation, San Rafael,
CA, USA).

Results
In vivo thrombosis model

The effect of systemic application of C-peptide in low
(7 nmol/kg) and high (70 nmol/kg) doses was assessed in
viva by superfusion of microvessels with ferric chloride
solution, which resulted in complete thrombotic acclusion
of the individually exposed vessel.

At baseline, 1.e. before thrombus induction, animals did
not significantly differ between the groups with regard to
the diameter and wall shear rates in arterioles and venules
(Table 1). Thus, the distinct times until complete vessel
occlusion are only barely attributable to differences in
microchaemodynamics.

Effect of low-dose C-peptide on microvascular
thrombosis

Quantitative analysis of ferric chloride-induced thrombus
formation in normal controls, ie. animals that received
heat-inactivated C-peptide, revealed complete occlusion of
venules and artericles at 449455 s and 411£76 s,
respectively (Fig. 1a). C-peptide neither alone nor in

Table 1 Vessel diameters (um) and wall shear rates ¢y; s™°) in mice cremaster muscle microvessels prior to ferric chloride-induced

thrombus formation

Arterioles Venules

Diameter ¥ Diameter ¥
Normal
Control 45+4 116+9 516 73£12
C-peptide 7 nmolkg 52+7 133+£32 72=10 569
C-peptide 7 nmolkgt+insulin 55+4 13449 61+4 99+12
Control 374 129+18 46+4 63=18
C-peptide 70 nmol/’kg 45+4 150£25 504 98+16
C-peptide 70 nmol/kg+nsulin 54+35 127+13 58+35 94=4
Diabetic
Control 48+3 134+12 53+£5 96+8
C-peptide 7 nmolkg 3545 140+9 6616 141+46
C-peptide 7 nmolkgt+insulin 41x6 198440 56+7 73+6
Control 56x6 128+9 566 12014
C-peptide 70 nmol/kg 38+4 136+32 50+4 140+25
C-peptide 70 nmol/kg+insulin 48+7 173+37 61+5 75+9

Values are given as means + SEM; for further information, see Materials and methods
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combination with insulin had a major influence on these
microvascular occlusion times in normal animals (Fig. 1a).
Moreover, microvascular thrombus formation in diabetic
mice did not differ between control animals and those that
received low-dose C-peptide alone or in combination with
insulin (Fig. 1b), ranging between 375 and 510 s for
arterioles and 400 and 570 s for venules.

Effect of high-dose C-peptide on microvascular
thrombosis

In contrast, the application of a high dose of C-peptide
caused a significant delay in arteriolar and venular
thrombus growth and in occlusion time in both normal
(Fig. 2a) and diabetic animals (Fig. 2b). Notably, this
prolongation in microvascular thrombus formation with
high-dose C-peptide exposure was abolished by super-
fusion of the cremaster muscle with insulin in normal mice
and resulted in complete occlusion of arterioles and
venules within the time periods, as observed in controls
(Fig. 2a). As in normal mice, insulin superfusion repressed
the C-peptide-induced delay in thrombotic vessel occlusion
in diabetic mice towards the values found in controls
(Fig. 2b). This effect was also seen when the cremaster
muscle was superfused with insulin and C-peptide, as
indicated by the comparable arteriolar and venular occlu-
sion times in normal and diabetic animals. Insulin super-
fusion alone resulted in even shorter times until complete
vessel occlusion compared with combined insulin and
C-peptide treatment in normal mice, but in particular in
diabetic animals (Table 2).

Flow cytometric analysis of platelet P-selectin
and GPIIb/IIIa expression

Upon incubation with C-peptide alone or in combination
with insulin, spontaneous expression of P-selectin and

a
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7 nmol/kg
+ insulin
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Fig. 1 Occlusion times of arterioles (open bars) and venules (filled
bars) upon ferric chloride-induced thrombus formation in normal
(a) and diabetic (b) mice following treatment with heat-inactivated

GPIIb/MIa did not show a marked change and was below
10%. Moreover, both C-peptide alone and C-peptide
combined with insulin failed to affect maximal P-selectin
and GPIIb/IMIa expression, as induced by TRAP exposure
of platelets (data not shown).

PAI-1 immunohistochemistry

PAI-1 was expressed within the endothelium of arterioles
and venules, while little, if any, immunoreactivity was
detected within the surrounding muscle tissue (Fig. 3a,b).
Immunchistochemistry of cremaster muscle tissue with
low-dose C-peptide exposure in both normal and diabetic
animals exhibited a slight reduction in the fraction of PAI-
expressing vessels when compared to their corresponding
normal and diabetic controls (Fig. 4a,b). Interestingly, in
animals with additional insulin superfusion, the fraction of
PAI-expressing vessels was found to be higher than that in
animals that received C-peptide alone and even exceeded
that found in controls (Fig. 4b).

In normal and diabetic animals that received C-peptide at
the high dose of 70 nmolkg, PAI-1 expression was
markedly reduced, with only 1.5-2% of all wvessels
displaying specific immunoreactivity (Fig. 5a,b). Notably,
insulin superfusion in diabetic animals reversed the C-
peptide-induced repression of PAI-expression towards the
values found in controls {(~10%), while in normal animals
the fraction of PAl-expressing vessels averaged almost
30% upon C-peptide and insulin superfusion (Fig. 5a,b).
Superfusion of the cremaster muscle with both C-peptide
(7 nmol/1) and insulin caused a slight, but not significant,
increase in vascular PAI-1 expression in relation to
systemic C-peptide application plus superfusion with
insulin. Insulin superfusion alone resulted in a marked
and significant increase in endothelial PAI-1 expression
within the cremaster muscle compared with additional
C-peptide treatment (Table 2).

—
—

200 400 600 800 1000 1200 1400 1600

Time (s)

C-peptide (control), C-peptide at low dose (7 nmolkg) and C-
peptide at low dose (7 nmolkg) with additional superfusion of
msulin {100 pU/ml). Values are given as means £ SEM
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Fig. 2 Occlusion times of arterioles (open bars) and venules (fifled
bars) upon ferric chloride-induced thrombus formation in normal
{a) and diabetic () mice following treatment with heat-inactivated
C-peptide (control), C-peptide at high dose (70 nmol’kg), C-peptide

Discussion

The main reason for morbidity and mortality in diabetic
patients is cardiovascular complications. However, the link
between diabetes and macro- and microangiopathic im-
pairment is still not fully understood. Moreaver, sufficient
treatment options have not been established, despite im-
proved glycaemic control of diabetes. To find novel
therapeutic strategies and, in particular, to counteract the
procoagulative status in diabetic patients, we studied the
effect of proinsulin C-peptide administration on microvas-
cular thrombus formation in vivo.

Our results demonstrate that administration of i.v. C-
peptide at 70 nmol/kg leads to a significant deceleration
of microvascular thrombus formation not only in diabetic
but also in normal mice. This provides evidence for a
substantial antithrombotic effect of proinsulin C-peptide.
These in vivo results are further underlined by immuno-
histological findings, demonstrating that C-peptide admin-
istration prompts a decrease in vascular PAI-1 expression.
Of interest, insulin application completely blunted the
anticoagulative effect of C-peptide in normal and diabetic
mice. This is supported by the fact that the percentage of

Time (s)

at high dose (70 nmol/kg) with additional superfusion of insulin
(100 pwU/ml). Values are given as means £ SEM; *¥p<0.05 vs control;
#p<0.05 vs C-peptide high dose (70 nmol/’kg)

PAI-1-expressing vessels within the cremaster muscle
tissue was increased in animals which underwent C-
peptide treatment and consecutive insulin superfusion
compared with animals treated with C-peptide alone. The
effect of C-peptide and insulin treatment was similar
regardless of whether a local or systemic mode of C-
peptide application was chosen. Insulin superfusion alone
caused even faster vascular occlusion times, once more
underlining the prothrombotic effect of insulin.

FACScan analysis of human platelets did not reveal
major changes upen C-peptide and C-peptide + insulin
exposure. Despite differences in size, number and ultra-
structural morphology human and murine platelets have
been shown to exert similar organelle and glycoprotein
subcellular distributions [31]. The GPIIb/[Ila receptor in
particular exerts comparable functions during platelet
activation and aggregation in humans and mice [32].
However, we are aware that species differences cannot be
completely excluded.

Since the discovery of insulin biosynthesis and the
subsequent identification of proinsulin and C-peptide,
numerous studies have been undertaken to characterise a
distinct role for C-peptide apart from being merely a

Table 2 Vessel occlusion times and percentage of PAI-1-expressing vessels in mice cremaster muscle upon ferric chloride-induced

thrombus formation

Arteriolar occlusion time (s) Venular occlusion time (s) PAI-1-expressing vessels (%)

Normal

Superfusion of C-peptide (7 nmol/l}J+insulin  319+101
Superfusion of nsulin 278+68
Diabetic

Superfusion of C-peptide (7 nmol/l)Hinsulin - 510+70
Superfusion of nsulin 182+84

370+101 34.6+2.4
279+76 56.7+8.8
a72+77 17.6£2.8
238+84 63.4+1.4

Values are given as means + SEM; for further information, see Materials and methods and Results
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Fig. 3 Immunchistochemical
staining of PAT-1 expression in
cremaster muscle tissue after
treatment with (a) heat-inacti-
vated C-peptide (control) and
(b) C-peptide at the high dose
(70 nmol/kg). Note the marked
expression of PAL-I in the
control animal with preferen- -1
tial localisation at the vascular

site, while there was little g T
immunostaining for PAL-1 n o
the C-peptide-treated anfmal.
Magnification =400
. e

‘connecting’ peptide [33]. Despite some effects reported on
glucagon release in the rat pancreas [34], it became
common opinion that C-peptide had no biological activity
on its own. However, evidence for multiple beneficial
effects of C-peptide administration in diabetic patients has
been rising over the past decade.

Forst et al. reported positive effects of C-peptide admin-
istration on skin microcirculation in patients with type 1
diabetes [13]. Moreover, C-peptide has been demonstrated
to cause a dilatation of skeletal muscle arterioles that was
probably based on increased NO production and could only
be observed in the presence of insulin [35]. This NO-
releasing effect of C-peptide was confirmed in a study on
leucocyte—endothelium interaction after C-peptide admin-
istration in the mesentery of normal rats [15] and in vitro in
bovine aortic endothelial cells, which showed a time- and
concentration-dependent release of NO [14]. It has further
been demonstrated that C-peptide elicits a concentration-
dependent stimulation of Na*-K*-ATPase activity in renal
tubular cells [36]. Consistent with this, the activity of
Na"-K*-ATPase was reduced in membranes of erythro-
cytes of diabetic patients, which led to a reduced eryth-
rocyte deformability and an increased blood viscosity.

a

Control

C-peptide
7 nmol/kg

C-peptide
7 nmol/kg
+ insulin

C-peptide infusion restored RBC deformability and mi-
crovascular blood flow concomitant with Na"-K'-ATPase
activity [37, 38]. As a consequence it has been assumed
that beneficial effects of C-peptide on microvascular
blood flow and haemorrheology are exerted largely via
stimulation of endothelial NO-synthetase (with subsequent
NO-release) and Na™-K*-ATPase of erythrocytes [39].
Several studies have suggested that PAI-1 plays a major
role in the pathogenesis of atherosclerosis and represents a
risk factor for coronary heart disease [1, 40]. PAI-1 is the
most important physiological inhibitor of tissue plasmino-
gen activator, which activates plasminogen to plasmin and
therefore exerts prothrombotic effects. Its role in the
insulin-resistance syndrome has been defined in the past
[41]. ApoE ! mice with high PAI-1 levels exhibited a
prothrombotic phenotype with shortened time to throm-
botic vessel ocelusion in a model of ferric-chloride-induced
carotid artery imjury [42]. In this study, we provide
evidence that C-peptide possesses antithrombotic effects
that could eventually be related to the biology of PAI-1. We
show that cremaster muscle tissue of control animals and
animals treated with C-peptide and insulin present with
a higher number of PAI-l-expressing vessels compared

b

*

o 10 20 30
PAl-1-expressing vessels (%)

Fig. 4 Immunochistological analysis of vascular PAL-1 expression
represented by percentape of positively stained vessels within the
cremaster muscle for normal (a) and diabetic (b) mice after
pretreatment with nactivated C-peptide (control), C-peptide at low

10 20 20 40

PAl-1-expressing vessels (%)

40 0

dose (7 nmol’kg) and C-peptide at low dose with additional superfusion
of tngulin (100 (UAnl). Values are given as means + SEM; *p<0.05 vg
control; #p<0.05 vs C-peptide low dose (7 mmolke)
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Fig. 5 Immunohistological analysis of vascular PAI-1 expression
represented by percentage of positively stained vessels within the
cremaster muscle for normal (a) and diabetic (b) mice after pre-
treatment with inactivated C-peptide (control), C-peptide at high

with animals given only C-peptide, implying a link
between reduced PAT-1 expression and the antithrombaotic
effect of C-peptide. However, postulation of a direct causal
relationship between C-peptide and PAI-1 requires further
mechanistic investigation.

The effects of insulin on vascular biclogy have been
controversially discussed in the past. Insulin has been
found to mediate NO-induced vasodilatation [43], to
inhibit platelet aggregation by inducing the synthesis of
prostacyclin in endothelial cells, to upregulate prostacyelin
receptors and downregulate o,-adrenergic receptors on
platelets, and to release tissue plasminogen activator from
the platelet membrane [44]. On the other hand, insulin
caused an two-fold upregulation of PAI-1 gene expression
within 3 h in rabbits, is found to be clevated in
hyperinsulinaemic type 2 diabetic patients [6, 45] and
results in overexpression of endothelin in vascular smooth
musele cells [46]. Moreover, insulin but not C-peptide
enhanced platelet fibrinogen binding in vitro in platelets
from type 1 diabetic patients and healthy subjects [47] and
enhanced platelet aggregability and leucocyte CD11b
expression in whole blood from healthy patients [48]. In
line with this, we now show that insulin reverses the
antithrombotic effects of C-peptide in normal and diabetic
mice.

It has repeatedly been stated that positive effects of C-
peptide cannot be detected in healthy humans or animals
but only in diabetic patients or animals that exhibit very
low or missing C-peptide plasma levels [49, 50]. This was
explained by the binding characteristics of a presumed G-
protein-coupled membrane receptor [27] with saturation
already at very low C-peptide concentrations. Thus, in
healthy subjects with saturating physiological C-peptide
levels there will be no additional effects upon exogenous
C-peptide application. In contrast to that, we did not
observe a difference in antithrombotic action of C-peptide
between normal and diabetic animals. However, as it has
been reported that C-peptide-induced prevention of vascu-

0 20 30 40
PAl-1-expressing vessels (%)

40 0

dose (70 nmol’kg), C-peptide at high dose with additional super-
fusion of msulin (100 pU/ml). Values are given as means + SEM;
*p<0.05 vs control; #p7<0.05 vs C-peptide high dose (70 nmol/kg)

lar dysfunction is mediated by non-chiral interactions
instead of stereospecific receptors or binding sites, we
propose that the antithrembotic property of C-peptide and
subsequently the effect of C-peptide on PAI-1 expression is
more likely to be based on non-receptor actions.
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2.3.3 Darbepoetin-alpha (DPO)

Die Therapie mit Erythropoietin (EPO) wird aufgrund des in Folge erhéhten
Hamatokritwertes generell mit prothrombogenen Effekten assoziiert. Die Aussagen
verschiedenster Studien der letzten Jahre sind diesbezuglich jedoch sehr widersprichlich,
teilweise wird von einer Blutungsneigung nach Gabe von EPO oder seinen Derivaten
berichtet. Ziel der vorliegenden Studie war es daher, den Einfluss von DPO, einem 3-fach
l&nger wirksamen EPO-Derivat, auf mikrovaskuldre Thrombusbildung sowie endotheliale und
thrombozytare Funktion zu charakterisieren.

Die Vorbehandlung mit DPO (10 ug/kg) Uber 4 Wochen resultierte in einer
signifikanten Erhéhung von Hamatokrit, Hdmogobinkonzentration und Retikulozytenanteil.
Die mikrovaskulareThrombusformation wurde jedoch nicht signifikant durch DPO beeinflusst.
In Ubereinstimmung damit zeigten sich eine verminderte Thrombozytenaktivierbarkeit und
eine reduzierte endotheliale Aktivierung. Immunhistochemisch und mittels RT-PCR konnte
eine signifikante Hochregulation von eNOS im mikrovaskuldren Endothel nachgewiesen
werden.

In einem zweiten Versuchsschritt wurden daher eNOS -/- M3use in gleicher Weise
mit DPO behandelt. Bei unbehandelten eNOS -/- Tieren zeigte sich bereits eine geringfiigig
beschleunigte mikrovaskuldre Thrombusbildung gegeniber unbehandelten Wildtyp-Tieren.
Die zusatzliche Vorbehandlung der eNOS -/- Tiere mit DPO filhrte zu einer signifikanten
Beschleunigung der Ausbildung mikrovaskularer Thrombosen im Vergleich zu DPO
behandelten eNOS Wildtyp-Tieren.

Somit fihrt die chronische Gabe von DPO zur Reduktion der Aktivierung von
Thrombozyten und Endothelzellen. Diese Reduktion wird wohl tber Hochregulation von
eNOS vermittelt, was als kompensatorischer Mechanismus gegentber der durch
Erythropoese und Hamatokriterhndhung bedingten Prothrombogenitdt von DPO bzw. EPO
interpretiert werden kann. Damit ist gezeigt, dass mit chronischer Gabe von EPO bzw. DPO
nicht notwendigerweise ein erhéhtes thromboembolisches Risiko gegeben ist, solange eine
addquate eNOS Gegenregulation des Endothels im Sinne von Anti-Thrombogenitat

gewabhrleistet ist.

Lindenblatt N, Menger MD, Klar E, Vollmar B

Darbepoetin does not promote microvascular thrombus formation in mice —
role of eNOS-dependent protection through platelet and endothelial cell
deactivation Arterioscler Thromb Vasc Biol 2007; 27: 1191-1198.
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Darbepoetin-Alpha Does Not Promote Microvascular
Thrombus Formation in Mice

Role of eNOS-Dependent Protection Through Platelet and Endothelial
Cell Deactivation

Nicole Lindenblatt, Michael D. Menger, Frnst Klar, Brigitte Vollmar

Objective—FErythropoietin (EPO) treatment has become the standard treatment of renal anemia. Though a link between
hematopoiesis-stimulating drugs and thrombosis has not been proven, it is generally assumed that systemic application
of EPO and its analogues increases the risk for thrombotic events.

Methods and Results—Here we show in C57BL/6] mice that 4-week treatment with the long-lasting EPO analogue
darbepoetin-alpha (DPO) at a dose of 10 ug/kgiweek induces a reduction of platelet reactivity using flow cytometry and
Western blot analysis of tyrosine-specific platelet phosphorylation. Additionally, immunohistochemistry of endothelial
adhesion molecule expression and ELISA of circulating endothelial activation markers demonstrated a reduced
endothelial activation. Immunohistochemistry and RT-PCR analysis revealed a significant (2<20.05) increase of eNOS
expression. Further, DPO did not exert prothrombogenic effects in a murine intravital microscopic thrombosis model of
the cremaster muscle. The role of eNOS in prevention of DPO-mediated microvascular thrombosis is further underlined
by a significantly accelerated thrombus formation on DPO treatment in eNOS (—/—) mice.

Conclusion—Thus, DPO-related erythropoiesis with a raised hematocrit is not associated with an increased risk for
thrombosis as long as endothelial NO production serves as compensatory mechanism. (Arterioscler Thromb Vasc Biol.

2007;27:1191-1198.)

Key Words: endothelium m intravital microscopy m nitric oxide m platelets m thrombosis

he glycoprotein hormone EPO is mainly of renal origin

and acts by binding to the transmembrane EPO receptor
on erythroid progenitors in the bone marrow.!? It increases
the number of circulating red blood cells not only by
promoting proliferation and differentiation, but mainly by
decreasing the rate of apoptotic cell death.* The EPO-induced
increase of red blood cell mass also increases the oxygen
supply to the muscles and aerobic performance, which is the
reason why rhuEPO is increasingly exploited in competitive
sports.* The use of EPO, however, may also be associated
with distinct side effects. Although not clearly demonstrated,
a relationship between an increased red blood cell count and
thrombus formation is generally admitted.

Apart from the increase in hematocrit, EPO has addition-
ally been shown to stimulate endothelial cells, as indicated by
activation of signaling pathways, thrombogenic properties
and tissue factor production in vitro,” and release of plasmin-
ogen activator-inhibitor (PAI)-1 in vivo.® Besides, experi-
mental and clinical studies have demonstrated that EPO
enhances platelet production and reactivity.”-® EPO further
increases thrombin—antithrombin Il complexes'® and platelet

adherence to thrombotic surfaces in vive.!* On the other
hand, elevated hematocrits are not necessarily associated with
increased thrombus formation,'?> and overexpression of EPO
has been shown to reduce blood viscosity!® and to diminish
clot formation in in vitro thrombelastography.'* Additionally,
EPO and its analogues seem to exert protective effects in
studies of stroke and cerebral ischemia.?

Thus, there i1s no clear evidence whether or not EPO and
the EPO-associated erythrocytosis increase the risk of throm-
bus formation.

Methods
Animals and Materials

Animals

Male C57BL/6] mice and eNOS (—/—) mice (B6.129P2/Nos3, bred
on C37BL/6] background) were purchased from Charles River
Laboratories, Sulzfeld, Germany.

Chemicals

Darbepoetin-alpha (DPO) was purchased from Amgen (Amgen Inc)
and dissolved in physiological saline solution. Thrombin was pur-
chased from Sigma (Sigma-Aldrich) and dissolved in PBS to yield a
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20 U/mL stock solution. All solutions were stored at a maximal
temperature of —20°C in the dark.

Experimental Groups

For determination of the dose with the maximum erythropoietic
effect, animals were pretreated with DPO at a dose of 1 ug/kg bw
once per week sc for 4 weeks (DPO1), 10 ug/kg bw once per
week sc for 4 weeks (DPO10), and 25 pg/kg bw once per week
sc for 4 weeks (DPO23). In addition, acute DPO application was
carried out at a dose of 25 pghke bw iv 5 minutes before the
experiment (aDPO25). Controls received saline (10 mL/kg bw NaCl
1 X/week sc for 4 weeks), As a consequence of the maximum effect
at a dose of 10 pg/kg bw DPO, the following in vitro and in vivo
experiments were studied in saline controls and after chronic DPO10
treatment. Induction of microvascular thrombosis in eNOS (—/—)
mice was performed in saline controls (eNOS (—/—): 10 mL/kg bw
Na(l once per week sc for 4 weeks) and after chronic DPO10
treatment (eNOS (—/—) + DP0O10: 10 pg/kg bw once per week sc
for 4 weeks).

Analytical Experiments

Blood Analysis

To determine hematocrit, hemoglobin concentration and fraction of
reticulocytes blood was drawn from the retroorbital venous plexus of
DPO-treated animals and controls. Hematocrit and hemoglobin
concentration were assessed with a Cell Counter (Sysmex KX-21,
Sysmezx). Reticulocytes were counted (Sysmex XE-2100-SP100) and
expressed as percentage of total red blood cell number (%).

Histology and Immunohistochemistry

At the end of each experiment, the cremaster muscle was fixed in 4%
phosphate buffered formalin for 2 to 3 days and embedded in
paraffin. From the paraffin-embedded tissue blocks, 4-;um sections
were cut and stained with hematoxylin-eosin (HE) for histological
analysis. For immunohistochemical demonstration of intercellular
adhesion molecule-1 (ICAM-1), P-selectin, and eNOS, tissue sec-
tions collected on poly-L-lysine-coated glass slides were treated by
microwave for antigen unmasking. Goat anti-ICAM-1 (1:200) and
anti-P-selectin (1:100) (each Santa Cruz Biotechnology, Heidelberg,
Germany) as well as rabbit anti-eNOS (1:50; CalBiochem, San
Diego, Calif) were used as primary antibodies and incubated over-
night at 4°C, followed by a horseradish peroxidase (HRP)- or alkali
phosphatase (AP)-conjugated donkey anti-goat (1:200;, Santa Cruz
Biotechnology) or AP-conjugated goat anti-rabbit/mouse antibody
(1:200; DAKO, Hamburg, Germany) and development using ACE or
fuchsin substrate as chromogen. The sections were counterstained
with hematoxylin and examined by light microscopy (Zeiss Ax-
ioscop 40, Jena, Germany).

ELISA of Circulating Endothelial Markers

Plasma concentrations of circulating, ie, soluble (s) sICAM-1,
sVCAM-1, sP-selectin, and sE-selectin were determined using the
respective enzyme immunoassay kits (R&D Systems). Blood sam-
ples were prepared by centrifugation for 10 minutes at 2000g and
room temperatore (GS-6R Centrifuge, Beckman Coulter).

Preparation of Murine Platelet Rich Plasma

For in vitro testing of platelet function, animals were pretreated
either with saline or DPO10 according to the experimental protocol.
Then 0.5 to 1 mL blood was drawn from the retroorbital venous
plexus of DPO-treated and control mice with 1.5 cm glas capillaries
and collected into a tube containing 300 pL Tyrode buffer solution
(TBS) and heparin (20 U/mL). The sample was centrifuged for 5
minutes at 750g, followed by recentrifugation of the supematant for
6 minutes at 150g, yielding platelet rich plasma (PRP). PRP was
centrifuged again for 5 minutes at 1825g and the cell pellet was
resuspended in 1 mL TBS with 1 gmol/L prostacyclin and 10 U/mL
heparin for subsequent incubation at 37°C for 10 minutes. Centrif-
ugation (5 minutes at 1825g) and resuspension was repeated twice.
Finally, the platelet pellet was resuspended in 450 L. TBS with 2

pL apyrase.l® Platelet suspensions were transferred into a 37°C
waler bath for 30 minutes of resting in order to eliminate isolation-
induced platelet activation.

Floweytometric Analysis of P-Selectin Expression

For evaluation of receptor expression under resting conditions, 5 L
of specific rat anti-mouse P-selectin (Emfret Analytics) or negative
control antibody were incubated with 25 pL platelet suspension for
15 minutes at room temperature. The reaction was stopped by
addition of 400 pL PBS and analyzed within 30 minutes. For
evaluation of receptor expression on stimulation, the same set of
experiments was carried out after exposure to thrombin for maximal
platelet activation (20 U/mL).

FACScan flowcytometer (Becton Dickinson) was calibrated with
fluorescent standard microbeads (CaliBRITE Beads, Becton Dickin-
son) for accurate instrument setting. Platelets were identified by their
characteristic forward and sideward scatter light and selectively
analyzed for their fluorescence properties using the CellQuest
program (Becton Dickinson) with assessment of 20 000 events per
sample. The relative fluorescence intensity of a given sample was
calculated by subtracting the signal obtained when cells were
incubated with the isotype specific control antibody from the signal
generated by cells incubated with the test antibody.

Western Blot Analysis of Tyrosine-Specific
Phasphorylation of Platelet Proteins

For whole protein extracts and Western blot analysis of phospho-
tyrosine (p-Tyr) PRP was prepared asg described above. After 30
minutes of resting in a 37°C water bath 50 pL of platelet sugpensions
from DPO-treated and control animals were analyzed in resting state
and at 30 minutes after exposure to thrombin (20 U/mL). The
platelets were lysed for 30 minutes on ice (exiraction buffer:
50 mmol/L HEPES pH 7.4, 1% Triton-100, 0.15 mol/L. NaCl, 10%
glycerol, 1.5 mmol/L, MgCl,, 1 mmol/L EDTA, 1 mmol/L. Na;NO,,
10 mmol/L Na,P;0,, 1 mmol/L. AEBSF, 10 mmeol/L NaF, 10 mg/L
aprotinin, 10 mg/L. leupeptin) and centrifuged for 15 minutes at
10 000g. Before use, all buffers received a protease inhibitor cocktail
(1:100 v/v; Sigma). Protein concentrations were determined using
the bicinchoninic acid (BCA) protein assay (Sigma) with bovine
serum albumin as standard. 20 pg protein/lane were separated discon-
tinuously on sodium dodecyl sulfate polyacrylamide gels (10% SDS-
PAGE) and transferred to a polyvinyldifluoride membrane
(Immobilon-P, Millipore). After blockade of nonspecific binding sites,
membranes were incubated for 1 hour at room temperature with a
HRP-conjugated mouse monoclonal anti—p-Tyr antibody (PY20)
(1:1000; Santa Cruz Biotechnology). Protein expression was visualized
by means of luminol enhanced chemiluminescence (ECL plus; Amer-
sham Pharmacia Biotech) and exposure of the membrane to a blue light
sensitive autoradiography film (Kodak BioMax Light Film, Kodak-
Industrie). Signals were densitometrically assessed (Quantity One, Gel
Doc XR, Bio-Rad Laboraties GmbH).

RT-PCR of eNOS in Cremaster Muscle Tissue

Total RNA from cremaster muscles was isolated using the RNeasy
Mini Kit (Quiagen) according to the manufacturer’s instructions.
RNA concentration was determined spectrophotometrically. cDNA
was prepared by reverse transcription of 1 pg of total RNA using
oligo (dT); primer (Biolabs) and Superscript II RNaseH-Reverse
Transcriptase (Invitrogen). Mouse endothelial nitric oxide synthetase
(eNOS; 292 bp) was amplified by 35 cycles of PCR using TagDNA
polymerase (Amersham Bioscience) and the following intron-
spaniing primers: 5'-AAG ACA AGG CAG CGG TGG AA-3" and
5'-GCA GGG GAC AGG AAATAGTT-3'. In a comparable aszay,
the RNA integrity and ¢DNA synthesis was tested using mouse
GAPDH as a house keeping gene and the following primers: 5'-AAC
GAC CCC TTC ATT GAC-3' and 5’-TCC ACG ACA TAC trichlo-
roacetic acid (TCA) GCA C- 3'. In parallel, controls with H,0 instead
of DNA were carried out for every PCR reaction. PCR products were
separated by electrophoresis on 2.0% agarose gels. Ethidium-bromide
stained bands were visualized by UV-illumination and densitometrically
quantified (Quantity One).
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Figure 1. Hematocrit (&), hemoglebin concentration (b}, and fraction of reticulocytes (g) of saline controls and on chronic and acute
DPO treatment. d, Intravital fluorescence microscopy of cremaster muscle microcirculation showing a growing venular thrombus
farrowrs; x 200 magnification). Chronic DPO application at & dose of 10 wgAkg bw resulted in a maximal increase of hematocrit, hemo-
globin concentration, and reticulocyte fraction and therefore was chosen as treatment dose for subsequent experiments. Values are

given as means=SEM; *P<0.05 va control; *P<0.05 va DPO1.

In Vive Experiments

Mouse Cremaster Muscle Preparation

For the study of vascular thrombus formation in vivo, we used the
opened cremaster muscle preparation, as originally described by
Baez in ratz!” and used as a model of microvascular thrombus
formation in previcus studies!® Cn approval by the local govern-
ment, all experiments were carried out in accordance with the
German legislation on protection of animals and the National
Institutsz of Health Guide for the Care and Use of Laboratory
Antmely (Institute of Laboratory Animal Resources, MNational Re-
gearch Couneil), Male CSTBL/GT mice with a body weight (k) of 20
to 25 g were anesthetized by an intraperitonsal injection of ketamine
(90 mgfls bw) and xylazine (23 mgikg bw) We intended to study
the effects of chronic administration of DPO on endothelial and
platelet functions in hemostasiz, For chronic exposure mice were
injected with DPO10. The DPO dose was chosen baged on the
doge-finding experiments and on prior reports in animal studies !?
Contrel mice received galine sc corresponding to the fluid amount
applied in the verum experiments,

Befors the preparation of the cremaster nmscle animals wers
placed on a heating pad coupled to a rectal temperature probe. A
midline incision of the skin and fascia was made over the ventral
aspect of the soroturm and extended up to the inguinal fold and to the
distal end of the seroturn. The incised tissues were retracted to
expoge the cremaster muscle sack that was maintained under gentle
traction to carefully separate the remmining connective tizsus by
blunt dissection from around the cremaster sack. Then, the cremaster
rouscls was incized avoiding to cut the larger anastomosing vesssla,
Hemostazis was achieved with 5-0 threads serving also to spread the
tisgue, After dissection of the vessel connecting the crermaster and the
testis, the epididyrniz and testis were put to the side of the preparation.
The preparation was performed on a transparent pedestal to allow
microscopic observation of the cremaster muscle microcirculation by
both transillurnination and epi-illumination techniques.

After the preparation of the cremaster muscle, the animals were
allowed to recover from surgical preparation for 13 minutss, Fluo-
rezcent dyes wers injected wia the retroorbital venous plexus, Thern,

throrbuz formation was induced in randorly chosen venules (n=1
to 2 per preparation) and arterioles (n=1 to 2 per preparation).

Thrombosis Model

Adfter iv injection of 0.1 mL 2% fluorescein izothiocyanate (FITC)-
labeled dexrtran (MW 130000, Sigma-Aldrich) and 0.05 mL 0.2%
rhodamine 6G (MW 476, Sigma) and subsequent circulation for 30
zsconds, the cremmaster muscls microcirculation was visualized by
intravital fluorescencs rmcroscopy using a Zeiss microscope (Zeiss
Axiotech Vario; Figure 1d). The microscopic procedure was per-
formed at a constant room ternperature of 22°C, The epi-illumination
getup included a 100 W HBEOC mercury lamp and an illuminator
equipped with a blue filter (450 to 490 nm/>520 nm excitationf
crizzion wavelengths), Microzcopic images were recorded by a
charge-coupled device (OCDY) wideo carnera (FE 69904 -1C, Pisper)
and stored on videotapss for off-line evaluation (3-WHS Panasonic
AG 7330-E, Matsushita), Using a *20 water immersion objective
(Achroplan *20/050 W, Zeiss) blood flow was monitorsd in
individual artericles (diamnster rangs 30 to 50 pm) and venules
(diameter range 60 to 30 pm), followed by superfusion with 25 gL
ferric chlorde (12.3 mmol/L; Sigma) for induction of microvazcular
thrornboziz %18 Blood flow velocities wers about 1700 to 1900 pmfz
for arterioles and 600 to 700 profs for venules with no significant
differences between the groups studied, Wall shear rates were 160 to
200 ¢! for artericles and 30 to 60 &' for venules, respectively.
Recording of vessels was discontinued after blood flow in the vessel
ceased for at least 60 zeconds because of complete vessel ocelusion,
As rapid spreading of ferric chloride solution allowed studying only
1to 2 arterioles and venulss within sach preparation, both left and
right cremaster muscles were prepared for analysiz of thrombotic
vessal occlusion within each animal.

Analysizincluded the time periods until first standatill of perfusion
and sustained cessation of blood flow because of complets vessel
occlusion. Microcirculatory analyeis further included the determina-
tion of veszel diamester and red blood cell (RBC) velocity befors
thrombug induction with calculation of wvascular wall shear rates,
bazsd on the Newtonlan definition y=8XV/D, with ¥ representing
the red blood cell centerline velocity divided by 1.6, according to the
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TABLE 1. Red Blood Cell {RBC) Velocity (p«m/s), Vessel Diameter (pem), and Wall Shear Rates
(y; 87" in Arterioles and Venules of the Cremaster Muscle Before Induction of Thrombus
Formation and Complete Occlusion Times {s) of Arterioles and Venules Upon Ferric
Chloride-Induced Thrombus Formation in Saline Controls and DPO10-Treated Animals

Arterioles Venules
Control DPO10 4 Control DPO10 P
RBC velocity 1842360 1700342 053 63789 63373 0.92
Vessel diameter 485 44=4 078 605 603 0.97
Wall shear rate 20044 20549 0.94 569 bd =7 0.92
Complete occlusion time 627148 1044146 007 573146 861145 019

Values are given as means=SEM.

Baker-Wayland factor?® and D representing the individoal inner
vessel diameter.

Subaquatic Tail Bleeding Time

Subaquatic bleeding time was measured after standardized dissection
of the tail tip. The tail was cut at a diameter of 0.15 mm and placed
in37°C 0.9% saline solution. Time until cessation of blood flow was
determined.

Statistical Analysis

After proving the assumption of normality and equal variance across
groups, differences between groups were assessed using 1-way
ANOVA followed by the appropriate post-hoc comparison test. All data
revealed normal distribution and were expressed as means=SEM and
overall statistical significance wag set at P<20.05. Statistics and graphics
were performed vsing the software packages SigmaStat and SigmaFlot
(Jandel Corporation).

Results and Discussion
To study the role of EPO in microvascular thrombosis in vivo
we performed intravital fluorescence microscopic studies of
the cremaster muscle preparation in male C57BL/6J mice.
Microvascular thrombus formation was induced in arterioles
and venules by ferric-chloride superfusion. Before the exper-
iments, mice were injected with DPO1 (n=4 animals),
DPO10 (n=4 animals), and DPO25 (n=3 animals) chroni-
cally and with aDPO25 (n=3 animals) 5 minutes before the
experiment to define the dosage with the maximal hemato-
poetic effect in this model. Control mice received injections
of physiological saline. As a consequence of DPO pretreat-
ment hematocrit (Figure 1a), hemoglobin concentrations
(Figure 1b) and fraction of reticulocytes (Figure lc) increased
with a maximum effect at a dose of 10 ug/kg bw (DPO 10).
Thus, the hematopoetic response of mice to DPO application
can be considered as saturable in C37BL/6] mice. Of note,
the hemoglobin concentration of animals treated with DPO10
was comparable to that seen in humans atter EPO treatment
and above the cut-off values of 16 g/dL (females) and 17 g/dL
{males) accepted by the International Ski Federation (FIS).2!
Based on these facts, the dose DPO10 was chosen for the
subsequent experiments. Surprisingly, times until complete
vessel occlusion after ferric chloride superfusion in these
animals (n=7 preparations) were not reduced in cremaster
muscle arterioles and venules when compared with controls
{n="7 preparations), but rather tended to be prolonged (Table
1). This result is in line with studies of the past, describing no
effect of EPO treatment on coagulation and fibrinolysis in
elective hip surgery®® and no prothrombogenic effects of

uremic media on endothelial cells in the presence of EPO.>?
Moreover, an in vitro study investigating the effect of
hematocrits between 20 and 55% on hemostasis as well as
platelet and fibrin accumulation into a collagen-coated tube
under different flow conditions showed no dependence of
thrombus growth on hematocrit under high shear stress and
even a reduced thrombus formation at high hematocrits under
low flow conditions.'? On the other hand, data concerning
therapeutic hemodilution indicate beneficial effects of a
reduced hematocrit on microcirculation in general® and in
particular on thrombotic microvessel occlusion per se* and
after microsurgery.”>?? However, a study investigating the
effect of the hematocrit during deep hypothermic bypass on
cerebral microcirculation in piglets revealed a significantly
higher functional capillary density and number of rolling
leukocytes at a hematocrit of 30% versus 10%.2® Our results
indicate that microvascular thrombus formation is not in-
creased at high hematocrits exceeding 60% after DPO treat-
ment. Moreover, despite a significantly raised hematocrit in
the DPO10 group (Figure la), rheological parameters (RBC
velocity, vessel diameter, wall shear rate) were comparable to
contrels implying the absence of detrimental effects of the
DPO-related raised hematocrit on the microcirculation (Table 1).
Thus, the lack of susceptibility for thrombosis and the un-
changed rheological parameters despite a significantly raised
hematocrit following DPO application may probably be attrib-
utable to protective intrinsic properties of DPO.

To further elucidate the effects of DPO on thrombus
formation in vive we studied the subaquatic tail bleeding time
as parameter for platelet-associated hemostasis. With bleed-
ing times of 188 +20 seconds in controls and 190+ 17 seconds in
DPO10-treated animals, we confirmed that the coagulative
status 1s not increased on DPO.

Because the vascular endothelial function plays a major
role in thrombogenesis, we further were interested in the
mechanisms of modulation of endothelial function attribut-
able to chronic DPO treatment. Stohlawetz et al reported
substantial activation of endothelial cells as a consequence of
treatment with rthuEPO in humans® and Quaschning et al
observed a significant activation of the endothelin system.?®
On the other hand, EPO might have potential beneficial
effects on the endothelium including antiapoptotic, mito-
genic, and angiogenic activities, which may enhance overall
cardiac function.?® To further address this issue, we deter-
mined the circulation of soluble endothelial activation mark-
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Figure 2. a, Plasma concentrations of circulating sP-selectin, sE-selectin, sICAM-1, and sVCAM-1 in saline controls and DPO10-treated
animals. We found a significant reduction of sE-selectin, slCAM-1, and sVCAM-1 after chronic DPO treatment, when compared with
controls. b, Analysis of the endothelial expression of P-selectin and 1CAM-1 in saline controls and DPO1 0-treated animals. Cluantitative
analysis of immunchistochemistry was carried out and expressed as percentage of positively stained vessels within the cremaster mus-
cle tissue, revealing a significant reduction of P-selectin and 1CAM-1 exprassion after chronic application of DPO. Values are given as

means+SEM. "P<0.05 vs control,

ers in plasma samples of DPO10-treated (n=4 animals each)
and control (n=6 animals each) mice. In general, DPO
pretreatment lead to a reduction of endothelial activation,
represented by a moderate decrease of sP-selectin and a
significant decline of sE-selectin, sSICAM-1, and sVCAM-1
in murine plasma (Figure 2a). Immunohistochemical staining
of cremaster muscle sections confirmed a significant down-
regulation of P-gelectin and ICAM-1 on the vascular endo-
thelium after DPC10 application (n =6 specimens per group)
when compared with controls (n=6 specimens per group;
Figure 2b). Thus, DPO10 treatment for 4 weeks appears to
reduce endothelial activation, which correlates with the pro-
longation in time until complete thrombotic vessel occlusion
in vivo.

Next to the endothelial dysfunction, platelet activation and
subsequent aggregation is an important factor in microvascu-
lar perfusion failure and thrombus formation. Wolf at al
suggested that hyperreactive platelets are responsible for a
prothrombotic effect of EPO in an arteriovenous shunt model
in dogs.!! Also, a study investigating the effect of EPO
infusion in healthy human volunteers could demonstrate a
10% to 20% increased platelet count and a 2- to 3-fold

increased expression of P-selectin during EPO treatment.?
On the other hand, thrombocytopenia has been reported af-
ter EPO treatment, suggesting a reduced tendency for clot
formation.? Thus, we further studied the effect of DPO on
platelet count and platelet reactivity. Platelet numbers in the
peripheral blood did not increase after DPO10 treatment
when compared with controls (56169 versus 538+17 X<X10°/L).
In addition, there were no marked differences in spontaneous
platelet activation. However, on thrombin stimmlation flow
cytometric analyses revealed a reduced expression of
P-selectin on platelets from DPO10-treated mice when com-
pared with platelets of controls (Figure 3a). Further, tyrosine-
specific phosphorylation in platelets of DPO10-treated ani-
mals was found reduced, indicating a dampening effect of
DPO on platelet reactivity (Figwre 3b). Thus, reduced
agonist-induced platelet reactivity might further contribute to
the fact that DPO treatment does not boost microvascular
thrombus formation in cur study. However, in light of the fact
that previous studies in humans and dogs showed discrepant
findings, species-related differences of platelet response to
EPO and its derivatives might exist.

In a next step we intended to define the mechanisms for this
unexpected finding. Several studies in EPO-overexpressing
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Figura 3. a, Flow cytometric analysis (representative histograms) of platelet P-selectin expression after pretreatment with saline and
DPO10. Note the reduced expression of P-selectin on the platelet surface as a result of chronic DPO application under resting condi-
tions, but in particular on stimulation by thrombin (20 W/mL). b, Representative Western blot of tyrosine-specific protein phosphoryla-
tion In platelets. The arrowheads denote the most preminent protein bands, migrating with a melecular mass of 84 kDa, 95 kDa, 125
kDa, and 130 kDa. Protein phosphorylation was found to be markedly reduced in platelets of DPO-treated animals.

transgenic mice with a hematocrit of about 80% revealed new
aspects of EPO-associated alterations of physiological functions.
Simply the fact that these mice were viable already contradicted
the assumption that such a high hematocrit invariably results in
thromboembolic complications. However, immunohistological
studies of the brain revealed increased infarct volumes in these
polyglobulic mice after permanent occlusion of the middle
cerebral artery ! In contrast to these findings, subsequent studies
showed a reduced plasmatic coagulation activity in vitro, in-
creased bleeding times, and no evidence of microthrombosis in
several organs of these transgenic mice.* Finally, it was dem-
onstrated that eNOS levels, NO-mediated endothelial-dependent
relaxation, as well as circulating and vascular tissue NO were
significantly increased, which was regarded as a protective
mechanizm, counteracting a potentially increased risk of throm-
bosis.2 Therefore, we studied whether exogenous application of
DPO might also increase eNOS expression in our model. EPO
has been shown to stimulate eNOS expression with the conse-
quence of raised NO production in vitro,** but in vivo studies
linking this effect to a reduced thrombus formation are missing.
To verify, whether DPO influences endothelial expression of
NOS, we performed immunchistology of the cremaster muscle.
eNOS expression in the vascular endothelium was significantly
increased after chronic DPO10 treatment (n=6 specimens per
group) when compared with controls (Figure 4a). These results
could be confirmed by RT-PCR (Figure 4b). We hypothesized
that chronic DP( application itself, or the DPQ-associated rise
of hematocrit leads to an increase of eNOS production with the
consequence of antiadhesive and antithrombogenic effects, re-
sulting in a decrease of endothelial and platelet activation To
further delineate the potential protective effects of eNOS in this
setting, we performed additional in vivo experiments in B6
background B6.129P2/Nos3 knock out mice (eNOS —/—),

which were also pretreated with DPO10 (eNOS (—/—)+
DPO10; n=6 preparations). Control animals received saline
(eNOS (—/—); n=6 preparations) as described above. Tnterest-
ingly, eNOS (—/—) mice responded to the chronic DPO treat-
ment only with a mild increase of hematopoetic parameters
when compared with saline-treated eNOS (—/—) controls {Table
2). The preferential mechanism by which EPO maintains and
mncreases erythropoiesis is the prevention of apoptosis of
erythropoietic progenitor cells.* Because the physiological
continuous production of NO by eNOS has been identified as
an antiapoptotic factor in the past,®->7 the weak effect of
exogenous DPO application in eNOS {—/—) on erythropoie-
sis may be explained by a generally proapoptotic state.
Therefore it might be assumed that a lack of eNOS activity
leads to a reduction of erytlrocyte progenitor cell prolifera-
tion and differentiation capacity. Platelet count n eNOS
{(—/—) mice tended to be higher than in wild-type mice, and
additional DPO treatment resulted in a small, but not signif-
icant, increase.

In vivo, saline-treated eNOS (—/—) animals revealed slightly
accelerated thrombosis times in arterioles and venules
(574=124 seconds and 384+166 seconds) when compared
with wild-type control mice (627 + 148 seconds; P=0.78 and
5732146 seconds; P=0.42). Moreover in eNOS {—/—) mice,
thrombotic vessel occlusion in venules tended to occur faster
than in arterioles (384166 seconds versus 574+124 sec-
onds; P=0.37). This seems to be in line with previous
observations of Broeders and coworkers that the role of
endogenous NO in inhibiting thromboembolic processes is
more important in venules than in arterioles.® In a later study
by this group, it was shown that NO and prostaglandins in
turn synergistically counteract thromboembolism i arte-
rioles, but not m venules, and that the combination of
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Figure 4. a, Immunohistochemical analysis of eNOS expression in controls and DPO10-treated animals. eNOS expression in the vascu-
lar endothdium was significantly increased after chronic DPO treatment. b, RT-PCR of eNOS in cremaster muscle tissue of saline- and
DPO10-treated animals. Chronic treatment with DPO induced a marked increase of eNOS mRNA transcripts (292 bp, upper panel) in
comparison to controls. Mouse GAPDH was coamplified as internal contral (191 bp, lower panel). c and d, Occlusion times of arteriales
and venules in wild-type and eNOS (—/—) mice on ferric chloride-induced thrombus formation in saline controls and after chronic
DPO10 treatment. Values are given as means+SEM. *P<<0.05 vs eNOS (—/-), *P<0.05 vs DPO10. While eNOS (—/—) control mice
already revealed slightly accelerated thrombosis times when compared with wild-type controls, we found a significant prothrombogenic

effect of additional chronic DPO treatment in eNOS {(—/—) mice.

endogenous NO and prostaglandins appears to protect against
enhancement of arteriolar thromboembolism by wall shear.?®
Thus, next to faster thrombotic occlusion attributable to a
generally lower RBC velocity in venules, a synergistic effect
of NO and prostaglanding in arterioles may also be respon-
sible for differences in arteriolar and venular occlusion times
in eNOS (—/—) mice.

Interestingly, additional DPO treatment for 4 weecks sig-
nificantly decreased the time until complete vessel occlusion
in both arterioles (135+34 seconds; P=0.004 versus eNOS
{(—/—)) and venules (148 =25 seconds; P=0.04 versus eNOS
(—/—)) identifying the eNOS-dependent NO production as

TABLE 2. Hematocrit (%), Hemoglobin Concentration {(g/dL),
Reticulocyte Fraction (%), and Platelet Count (x10°/L) in
Saline-Treated eNOS (—/—) Mice (control) and eNOS (—/-)
Mice, That Were Pretreated With DPO Chronically at a Dose of
10 peg/kg bw (eNOS {(—/—) + DPO 10)

eNOS (—/=) eNOS (—/=) +
control DPO10 F
Hematocrit 4h=1 472 0.16
Hemaglobin concentration 127204 14106 0.13
Reticulocyte fraction 2401 2.4=x0.2 0.99
Platelet count 760247 932208 0.63

Values are given as means+SEM.

the crucial compensatory mechanism preventing thrombosis
during DPO treatment (Figure 4¢ and d).

We conclude from these data that DPO-associated eNOS
production with platelet and endothelial cell deactivation
counteracts prothrombotic actions during DPO treatment.
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2.3.4 Nikotin

Das Rauchen von Tabak ist mit einer Erhéhung des Risikos fir myokardiale
Erkrankungen assoziiert. Gleichzeitig wird bei weiblichen Rauchern die Einnahme von
Ostrogenpraparaten mit einem erhdhten Thromboserisiko in Verbindung gebracht. In
Gegensatz dazu fihrt eine transdermale Nikotinapplikation in klinischen Studien zu keinen
negativen Effekten. Ein Zusammenhang zwischen Nikotinexposition und Thrombogenitéat ist
somit bis dato nicht eindeutig gesichert. Ziel dieser Studie war es daher, den Einfluss von
Nikotin auf die mikrovaskuldre Thrombogenitdt geschlechtsabhéngig zu untersuchen und
eventuell zugrunde liegende Mechanismen genauer zu charakterisieren. Es wurde daher das
Modell der chronischen RUckenhautkammer gewahlt und mikrovaskulare Thrombosen

mittels Licht induziert sowie die Thrombozyten- und Endothelzellfunktion analysiert.

Bei Tieren beiden Geschlechts war die Bildung mikrovaskularer Thromben
gegenliber den Kontrolltieren nicht beschleunigt Die durchfluizytometrischen Analysen
ergaben keinen wesentlichen Effekt von Nikotin auf die Thrombozytenfunktion. Allein in
mannlichen Tieren resultierte die chronische Nikotingabe in einer signifikant verminderten
endothelialen Aktivierung. Im Gegensatz dazu resultierte die akute hochdosierte Gabe von

Nikotin in einer signifikant schnelleren vaskularen Okklusion in weiblichen Tieren.

Zusammenfassend lasst sich also sagen, dass eine chronische Nikotingabe keine
prothrombogene Wirkung bei Tieren beiden Geschlechts verursacht. Dahingegen wirkt die
akute Applikation bei weiblichen Tieren thrombogen. Es ist somit eine geschlechtsabhangige

Wirkung von Nikotin in vivo zu vermuten.

Lindenblatt N, Platz U, Hameister J, Klar E, Menger MD, Vollmar B

Distinct effects of acute and chronic nicotine application on microvascular
thrombus formation and endothelial function in male and female mice
Langenbecks Arch Surg 2007; 392: 285-295.
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Abstract

Background and aims Cigarette smoking is linked to
thromboembolic events; however, a relationship between
nicotine exposition and thrombosis has not been estab-
lished. Thus, we intended to study the effect of acute and
chronic nicotine application in an in vivo mouse model.
Mauterials and methods In microvessels of the dorsal skin
fold chamber, light-dye-induced thrombus formation was
analyzed using intravital fluorescence microscopy. Male
and female C57BL/6J mice received nicotine chronically
via the drinking water (100 pg/ml) for § weeks. An
additional series of experiments was performed with acute
iv nicotine freatment (3 mg/kg body weight).

Results No significant differences in microvascular throm-
bus formation were detected after chronic nicotine applica-
tion in male and female animals when compared with
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controls. Accordingly, flow cytometric analysis did not show
significant effects on platelet activity. Chronic nicotine
treatment resulted in a significantly reduced endothelial
activation in male, but not in female mice. In confrast, acute
iv application of nicotine revealed significantly shorter
thrombosis times in arterioles of female mice and a
significantly increased endothelial P-selectin expression in
mice of both genders.

Conclusion Chronic nicotine application does not promote
microvascular thrombus formation in mice of either gender,
whereas acute high-dose iv administration caused a signif-
icant increase of atteriolar thrombosis in female animals
probably via a synergistic effect of increased endothelial
P-selectin expression and female hormone levels. A gender-
dependency of acute nicotine action can be presumed.

Keywords Nicotine - Microvascular thrombosis - Dorsal
skinfold chamber - Endothelium - Platelet

Introduction

Cigarette smoking is the leading cause of preventable
premature death in the developed world [1]. It promotes
atherosclerosis and is associated with an increased risk of
cardiac death, myocardial infarction, angina pectoris,
peripheral vascular disease, and stroke [2]. This predispo-
sition for atherosclerotic diseases is based on the damaging
effects of cigarette smoke on the endothelium [3], increased
platelet activation [4, 5], increased fibrinogen and thrombin
levels, and an activation of plasmatic coagulation [6, 7).
Nicotine is the addiction-causing agent in cigarette fume
and has been suspected to contribute to some of the
negative effects of smoking. For example, acute local
exposure to nicotine was associated with an impaired
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response to endothelium-derived nitric oxide in human
veing [8]. However, a caugal role of nicotine for these
cardiovascular discrders has not been proven [9, 10]. In
fact, nicotine, at concentrations seen in smokers, has been
shown to exert an inhibitory effect on platelet activation in
vitro [11]. Furthermore, nicotine substitution therapy is
considered as a safe aid to smoking cessation and did not
increase adverse cardiac events in a randomized, deuble-
blind placebo-contrelled trial in patients with transdermal
niceting replacement and cardiac disease [12].

To further address this ambiguous issue, we studied the
effect of chronic nicotine treatment on microvascular
thrombus formation in an in vive mouse model applying
intravital fluorescence microcopy of the dorsal skinfold
chamber. Cencomitantly, in vitro experiments were con-
ducted to investigate the influence of nicotine on endothe-
lial cell function and platelet reactivity. All experiments
were performed in animals of either sex to address the
gender differences in the prognosis after ischemic coronary
events [13]. Smoking appears to be the crucial facter for the
increased prothrombotic risk in the centext of oral
contraceptive use, underlining a potential coherence with
female sex hormone levels [14, 15]. Finally, we did not
only study the effects of chronic nicotine exposure but also
chose high-dose intravenocus nicotine expesition to address
the immediate toxicity of nicotine.

Materials and methods

Mouse dorsal skinfeld chamber Upon approval by the local
government, all experiments were carried out in accerdance
with the German legislation on protection of animals and
the National Institutes of Health ‘Guide for the Care and

Fig. 1 a Dorsal skinfold cham-
ber preparation with b the ob-
servation window, allowing the
¢ direct visualization of the
striated muscle microcirculation
d—f Develeping venular micro-
vascular thrombus {arrow
heads) at three different time
points after light-dye-induced
endothelial damags
{magnification »630)

Use of Laboratory Animals® {Institute of Laboratory
Animal Resowrces, National Research Council). C57BL/6T
mice with a body weight (bw) of 23 27 g were anesthetized
by an intraperiteneal injection of ketamine (90 mg/kg bw)
and xylazine (25 mg/ke bw).

For the study of microvascular thrombus formation, we
used the dorsal skinfold chamber, as originally described by
Lehr et al. [16] in mice. Before the preparation, animals
were placed on a heating pad coupled to a rectal prebe.
Briefly, a double skin layer on the back on the animal was
implanted between two symmetric titanium frames. One
skin layer was then completely removed in a circular area
of 15 mm in diameter, and the remaining layers (consisting
of striated skin muscle, suboutanecus tissue, and skin) were
covered with a glass coverslip incorporated inte one of the
titanium frames (Fig. 1la ¢). Animals tolerated the chamber
well and showed no signs of discomfort or changes of
sleeping and feeding habits. Before intravital microscopy,
animals were allowed a recovery peried of 3 days.

In vive thrombosis model On day 4, after the skinfold
chamber preparation, thrombus formation was induced in
randomly chosen wvenules (n=3 4 per preparation) and
arterioles (#k=1 2 per preparaticn). After injsction of 0.1 ml
fluorescein isothiocyanate (FITC)-labeled dextran (2%,
MW 150000, Sigma-Aldrich, Munich, Germany) into the
retro-orbital venous plexus and subsequent circulation for
30 &, microcirculation of the striated muscle tssue was
visualized by mtravital fluorescence microscopy using a
Zeiss microscope (Axiotech vario, Zeiss, Jena, Germany).
The microscopic procedure was performed at a constant
room temperature of 21 23°C. The epi-illumination setup
included a 100-W HBO mercury lamp and a blue filter
(450 490/>520 nm excitadon/emission wavelength). Mi-
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croscopic images wete recorded by a charge-coupled device
video camera (FK 6990A-1Q, Pieper, Schwerte, Germany)
and stored on videotapes for off-line evaluation (S-VHS
Panasonic AG 7350-E, Matsushita, Tokyo, Japan). Using a
*20 water immersion objective (Achroplan *20/0.50 W,
Zeiss), baseline blood flow was monitored in individual
arterioles (diameter range 15-30 um) and venules (diameter
range 20-40 pm). Subsequently, photochemical thrombus
formation was induced by continuous local exposure of
filtered light (450-490/>520 nm excitation/emission wave-
length) and a =63 water immersion objective (Achroplan
*63/0.95 W, Zeiss) to the individual microvessels (Fig. 1d—
f), as described previously [17-19]. The light/dye throm-
bosis model used is based on endothelial injury by
phototoxicity induced by exposure of FITC to excitation
light. The phenomenon is mediated by reactive oxygen
species, in particular singlet oxygen, generated by excita-
tion of the fluorochrom. Microvascular thrombosis in this
model involves endothelial injury, although not widespread
denudation. Thrombi are primarily composed of platelets
and a smaller number of leukocytes [20]. Light exposure
was discontinued after blood flow in the vessel ceased for
at least 60 s due to complete vessel occlusion.

Microcirculation analysis Intravascular thrombus forma-
tion, i.e., change of irmer luminal vessel diameter due to
platelet and/or leukocyte adherence to the endothelium of
the wvessel wall, and microcirculatory parameters (blood
flow velocity, vessel diameter) were quantified off-line by
analysis of the videotaped images using a computer-assisted
image analysis system (Caplmage, Zeintl Software, Heidel-
berg, Germany). Analysis included the following parame-
ters: thrombus formation with determination of the time
periods until (1) first cell deposition (platelets, leukocytes)
was observed along the endothelial lining, (2) the nner
diameter of the microvessel was reduced to 50% by the
growing thrombus, (3) initial occurtence of stasis (at least
5-s duration), and (4) sustained cessation of blood flow due
to vessel occlusion. Microcirculatory analysis further
included the determination of vascular wall shear rates
based on the Newtonian definition v=8% F/D (¥ represents
the red blood cell centerline velocity divided by 1.6
according to the Baker—Wayland factor [21], and D
represents the individual inner vessel diameter).

Experimental design To closely resemble the usnal way of
nicotine uptake, male and female C57BL/6J mice received
nicotine chronically via the drinking water (100 pg/ml) for
8 weeks. Oral intake of nicotine at this dosage has been
shown to induce cotinine levels, the stable major metabolite
of nicotine, similar to those seen in chronic smokers in
previous studies in mice [22, 23]. Additionally, plasma
levels of cotinine were determined to ensure appropriate

levels in this particular study. Control animals of both
genders received normal drinking water. As nicotine
content of the drinking watet with possible alterations in
taste and smell might theoretically deter mice from
consuming this water, drinking bottles were weighted for
both treatment groups to demonstrate an equal amount of
tloid intake over a representative time period of 7 days. To
study the effects of acute nicotine application on microvas-
cular thrombus formation, additional male and female mice
were injected with nicotine (3 mg/kg iv) 5 min before the
beginning of the experiments.

Determination of cotinine levels by gas chromatography
Two handred microliter serum was filled in tubes spiked
with 1 ul of internal standards solution for cotinine-d3
(2 pg/ml). Then, samples were vortexed, allowed to
equilibrate for 5 min, and alkalinized with 100 pl 2.0 M
potassium carbonate. One hundred microliter of a mixture
of trichlormethane, acetonifrile, and ethyl acetate (4:3:2)
were added. Samples were capped and mixed for 5 min on
the vortex mixer and then centrifuged. The organic phase
was used for injection into the GC-MS (Hewlett Packard
GC 6890 Series II with 5971 MSD, Column 12 m Ultra 1,
Hewlett Packard, Boblingen, Germany). For quantification
of cotinine, 98/101 m/z was used. The analyte concen-
trations in the samples were determined using five-point
calibration lines with cotinine concentrations ranging from
0 to 100 ng/ml. Linearity of the calibration lines was good,
with typical #* values of 0.697. The limit of quantification
was 4.9 ng/ml.

Preparation of murine platelet rich plasma For in vitro
testing of platelet function, 0.5-1 ml blood was drawn from
the retro-orbital venous plexus of untreated mice with
1.5-cm glass capillaries and collected into a tube containing
300 ul Tyrode buffer solution (TBS) and hepatin (20 Usml).
The sample was centrifuged for 5 min at 750xg, followed
by recentrifugation of the supernatant for 6 min at 150xg,
yielding platelet rich plasma (PRP). PRP was centrifuged
again for 5 min at 1,825xg, and the cell pellet was
resuspended in 1 ml TBS with 1 uM prostacyclin and
10 U/ml heparin for subsequent incubation at 37°C for
10 min. Centrifugation (5 min at 1,825x%g) and resuspension
were repeated twice. Finally, the platelet pellet was
resuspended in 450 pl TBS with 2 ul apyrase [24]. Platelet
suspensions were transferred into a 37°C water bath for
30 min of resting fo eliminate isolation-induced platelet
activation. Then, platelets were incubated with nicotine
(50 nM) for additional 30 min in water followed by
exposure to thrombin (20 U/ml) and incubation with
saturating amounts of the appropriate antibody. The
nicotine concentration of 50 nM nicotine is comparable to
levels in chronic smokers [11]. Platelets from control
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animals were kept continuously at 37°C without addition of
nicotine.

Flow ecytometric analysis of P-selectin and CDI07a
expression For evaluation of receptor expression under
resting conditions, 5 ul of specific rat anti-mouse P-selectin
(Emfret Analytics, Eibelstadt, Germany) and CD107a (BD
Biosciences, Heidelberg, Germany) or negative control
antibodies and 25 ul platelet suspension were combined
and incubated for 15 min at room temperature. The reaction
was stopped by addition of 400 ul PBS. Analysis was
petrformed within the subsequent 30 min. In addition, the
same set of experiments was carried out affer exposure to
thrombin for maximal platelet activation (20 U/ml).

FACScan flowcytometer (Becton Dickinson) was calibrat-
ed with fluorescent standard microbeads (CaliBRITE Beads,
Becton Dickinson) for accurate instrument setting. Platelets
were identified by their characteristic forward and sideward
light scatter and selectively analyzed for their fluorescence
properties using the CellQuest program (Becton Dickinson)
with assessment of 20.000 events per sample. The relative
fluorescence intensity of a given sample was calculated by
subtracting the signal obtained when cells were incubated
with the isotype specific control antibody from the signal
generated by cells incubated with the test antibody.

Enzyme-linked immunosorbent assay of circulating
endothelial markers Plasma concentrations of circulating,
i.e., soluble (s) sP-selectin, sE-selectin, intercellular adhe-
sion molecule-1 (SICAM-1), and vascular cell adhesion
molecule-1 (sVCAM-1), were determined using the respec-
tive enzyme immunoassay kits (R&D Systems, Minneapolis,
MN, USA). Blood samples were prepared by centrifugation
for 10 min at 2,000xg and room temperature (GS-6R
Centrifuge, Beckman Coulter, Fullerton, CA, USA).

Histology and immunohistochemisiry At the end of each
experiment, a cross-section tissue block of the dorsal
skinfold chamber was fixed in 4% phosphate buffered
formalin for 2-3 days and embedded in paraffin. From the
paratfin-embedded tissue blocks, 4-pum sections were cut
and stained with hematoxylin and eosin (HE) for histolog-
ical analysis. For immunohistochemical demonstration of
P-selectin, I[CAM-1, and PAF-R expression, sections
collected on poly-L-lysine-coated glass slides were treated
by microwave for antigen unmasking. For evaluation of
PAI-1 expression, sections were freated by proteinase K.
Goat anti-P-selectin (1:100), anti-PAF-R (1:400), anti-
ICAM-1 (1:200), and anti-PAI-1 (1:100, all Santa Cruz
Biotechnology, Heidelberg, Germany) were used as prima-
ry antibodies and incubated for 90-120 min at room
temperature. This was followed by a horseradish peroxi-
dase-conjugated donkey anti-goat antibody (1:25; Santa

@ Springer

Cruz Biotechnology) and development using DAB (P-
selectin) and ACE (PAF-R, [CAM-1, PAI-1) substrate as
chromogen. The sections were counterstained with hema-
toxylin and examined by light microscopy (Zeiss Axioscop
40, Zeiss, Jena, Germany).

Statistical analysis After proving the assumption of nor-
mality and equal variance across groups, differences
between groups were assessed using one-way analysis of
vatiance followed by the appropriate post-hoc comparison
test. All data were expressed as means+SEM, and overall
statistical significance was set at p<0.05. Statistics and
graphics were performed using the software packages
SigmaStat and SigmaPlot (Jandel Corporation, San Rafael,
CA, USA).

Results

Influence of nicotine content on intake of drinking water
and cotinine plasma levels Consumption of drinking water
over a time period of 7 days was —9.2+0.5% of the initial
bottle weight for nicotinated water and —9.1+0.4% for
unaltered water (p = not significant), implying an equal
amount of fluid intake irrespective of nicotine content.
Nicotine intake calculated from the animals’ body weights
and usage of drinking water averaged ~15 mg kg ' day .
Cotinine plasma levels amounted to >100 ng/ml in
nicotine-treated mice and <10 ng/ml in control mice. These
data are very similar to those obtained by other groups, and
the model appears to be suitable for exposing experimental
animals to nicotine for several weeks [25].

Chronic nicotine treatment does not influence microvascular
thrombus formation in vivo Red blood cell (RBC) velocities
and wall shear rates did not differ significantly between
chronic nicotine treatment and controls in mice of either
gender (Table 1). In male controls, light-dye mediated
thrombus formation induced complete occlusion of arterioles
and venules after 577+78 and 520+89 s, respectively. After
chronic nicotine treatment, complete occlusion of arterioles
and venules did not differ significantly from these values
(arterioles, 64096 s; venules, 427+51 s; Fig. 2a and b). In
parallel, thrombus formation in female mice was not
significantly influenced by chronic nicetine treatment.
Arteriolar and venular vessels were found clogged at an
average time of 866+24 and 459+61 s in female controls
and at 715+130 and 493+79 s in nicotine-treated females
(Fig. 2a and b). In addition to this, we did not observe
differences in thrombus formation between males and
females either with or without nicotine treatment.
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Table 1 RBC velocity (pums)

and wall shear rates {y; s ') in Artericles Venules

striated muscle arterioles and - -

venules of the deorsal skinfeld RBC velocity o RBC velocity i

chamber before nduction of

thrcr i TR oE M-con 14314102 274442 413486 65+9
M-nic 1196+199 310+72 313+87 53x14
F-con 1162461 222428 566+85 84£9

Values are given as means+ F-nic 1306+181 233431 621496 91+12

SEM. p = not significant

Nicofine exposition does not effect murine platelet P-
selectin and CDI07a expression We studied the effect of
nicotine application at a concentration of 50 nM on murine
platelet activation. Thrombin-stimulation resulted in a
marked increase of the expression of P-selectin and a slight
increase of CD10G7a on the platelet surface of normal and
nicotine-exposed platelets indicated by an increase in mean
fluerescence. In vitre nicotine exposure did not significantly
atfect spontaneous platelet P-selectin and CD107a expres-
sion when compared to controls. In line with this, thrombin-
induced expression of these two platelet activation markers
also was not significantly influenced by nicotine neither in

male nor in female mice (data not shown).

Chronic nicotine application reduces crculation of endothelial
activation markers in male, but not in female mice To
characterize the effect of chronic nicetine exposure on
endothelial cell activation, we determined circulating (solu-
ble) endothelial activation markers. In male mice, nicotine
exposure for 8 weeks resulted in a significant reduction of
gP-gelectin and sE-selectin when compared to controls
(Fig. 3a and b). This effect was not seen in female mice,
although a tendency towards a reduction could he observed.
SICAM-1 was significantly elevated in female control mice
when compared te male control mice, but nicetine

treatment did not affect sICAM-1 circulation in mice of
either sex (Fig. 3¢). There were no substantial differences
concerning sVCAM-1 (Fig. 3d). However, although chron-
ic nicotine exposition did not significantly reduce the
circulation of endothelial activation markers in female
mice, it did, at least, not elicit an increase of these markers.

Chronic nicotine applicafion dampens endothelial acfivation
predontinantly in male mice In general, adhesion melecules
were found expressed within the endothelium of arterioles
and venules, whereas little, if any, immunorsactivity was
detected within the swrounding subeutanecus and muscle
tissue of the dorsal skinfold chamber Endothelial expres-
sion of these molecules was assessed as percentage of
positively stained vessels. Interestingly, chronic nicotine
treatment caused a significant reduction of the endothelial
expression of P-gelectin, PAF-R, and PAT-1 in male mice
when compared to controls (Fig. 4a,b and d). In contrast to
this, a significant reducticn in female mice was merely seen
for PAI-1 after nicotine treatment when compared to female
contrels (Fig. 4d). Once again, the expression of ICAM-1
was not influenced by nicotine in mice of both genders
(Fig. 4¢). Of nots, the expression of PAF-R was signifi-
cantly higher in female mice compared te male mice after
nicotine treatment (Fig. 4b).

a b
M-con | — g —
M-nic 4 - | '
F-con
F-nic
0 200 400 800 800 1000 0 200 400 600 800 1000

complete occlusion time in arterioles (s)

Fig. 2 Occlusion times of arterioles {a) and venules (b) upen light-
dye-induced thrombus formation in male {M-con; n=8) and female {7~
cony #=6) controls (nermal drinking water) and after chronic nicotine

complete occlusion time in venules (s)
treatment of male (M-pic; n=7) and female (F-mic; n=6) mice
[nicotne via drinking water for 8 weeks {100 pg/ml)]. Values ars
given as meanstSEM; p=mot significant
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Acute application of high-dose nicotine acts prothrombotic
in arterioles of female mice To test the direct effect of
nicoting on the endothelium and on thrombogenicity in
vivo, we mmjected nicotine at a dose of 3 mg/kg iv 5 min
before thrombus mduction. Of note, the average dose
during chronic oral nicotine application amounted to
~15 mg ke day™! o approximately 0.01 mg kel min~h.
In males, light-dye mediated thrombus formation induced
complete occlusion of artericles and venules after 419490
and 334+31 s, respectively (Fig. 5a and b). Thrombosis
times did not differ significantly from control mice. In
contrast to thig, arteriolar ccclusion in fernale mice occurred
significantly faster after acute nicotine application than in
contrels (arterioles, 302+63 s, p<0.05 vs controls, 832+
39 s5), whereas acute nicotine exposure did not affect
venular thrombug formation in female mice (Fig. 5b).

Acute application of high-dose nicotine boosts endothelial
activation According to the primary study design, we
determined circulating (seluble) endothelial activation
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Fig. 3 Plasma concentrations of circulating sP-selectin {a) and sE-
selectin (b), sICAM-1 {¢), and sVCAM-1 (d) in male (M con) and
female (F-con) controls (normal drinking water) and after chronic
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molecules after acute nicotine application. Briefly, we did
not observe a reduction of the circulation of these four
markers, but rather an increase of sP-selectin (Fig. 6a), sE-
selectin (Fig. 6b), and sVCAM-1 (Fig. 6d) in both male and
female mice. sICAM-1 was markedly reduced in both sexes
(Fig. 6c). Immumohistochemistry confirmed this proneness
for endothelial activation as a result of acute nicotine
exposition, in particular for endothelial P-selectin expres-
sion (Fig. 7a) and, to a lesser extent, for PAF-R (Fig. 7b)
and ICAM-1 (Fig. 7¢). However, PAI-1 expression was
found to be reduced in these mice (Fig. 7d). In summary,
acute high-dose nicetine exposition in general exerted
activating effects on the vascular endothelium.

Discussion

The majer findings of the present study are that chronic oral
nicotineg exposition in a comparable extent as seen in
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Fig. 4 Immunchistological analysis and exemplary microscopic
images of female mice of the endothelial expression of P-selectin
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female {(F-con) controls (neormal drinking water) and after chronic

smokers does not promote microvascular thrombus forma-
tion in vive in animals of either gender. This might, at least
in part, be due to the fact that nicotine did not cause an
increase of spontanecus or thrembin-induced platelet
activatien in vitro. Furthermore, endothelial activation, as
represented by endothelial expression and bleod circulation
of endothelial activation markers, was largely found to be
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abridged after 8 weeks of chronic nicotine uptake. This
effect predominantly occurred in male mice, except for the
expression of PAI-1 which was significantly reduced in
both male and famale animals. Tn contrast to this, we found
a significantly increased thrombus formation in arterioles of
female mice after acute high-dose exposure of nicetine,
which was associated with a tendency towards enhanced
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expression of PAF-R and ICAM-1 and a significant
increase in endothelial P-selectin expression. Male mice
did not exhibit accelerated thrombosis times after iv
application of nicotine despite similar effects on endothelial
activation. Based on these data, acute nicotine application
at a high concentration has prothrombotic properties
predominantly in females, implying a gender-dependency
of acute nicotine action.

Cigarette smoking continues to be cne of the world’s
most serious public health problems, being the major risk
factor of ischemic heart disease and thrombo embolic
events [26]. Being aware that the smoke of a cigarette
containg more than 4,000 potential noxious substances,
numercus studies have been conducted attempting to
identify the harmful agent in cigarette smoke. Nicotine
exerts sympathomimetic effects and leads to vascconstric-
tion and hypertension [9]. On the other hand, other
components of the cigarette smoeke, among them tar, carbon
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) Springer

monoxide, polycyclic aromatic hydrocarbons, cyanide, and
cadmium, might have detrimental effects, as these have
been shown to increase platelet activation, fibrinogen
levels, and leukocyte adhesion [5, 12, 27]. Thus, it has to
be differentiated between the pessible effects of cigarette
smoke and nicoting itself Cigarette smoking has, in most
cases, been shown to elicit negative effects on platelet and
endothelial function. A clinical study in smokers showed an
impairment of endothelial nitric exide preduction with the
possible consequence of increased thrombogenicity [28].
Cigarette smoke caused leukocyte adhesion to the vascular
endothelium and Increase of xanthine oxidase activity in
harnsters, which could be attenuated by pretreatment with
superoxide dismutase [29]. Platelets from chrenic smokers
express significantly more P-selectin in a resting state and
bind mere fibrinogen via the GP IIb IIla receptor after
activation when compared to platelets from non-smokers
[5]. Additionally, platelet-dependent thrembin generation is
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Fig. 7 Immunchistological analysis and exemplary microscopic
images of female mice of the endothelial expression of P-selectin
ta), PAF-R (b), ICAM-1 (e), and PAT-1 (d) in male (}-conac) and
female {Feonar) controls (saline exposure) and after acute nicotine

enhanced in smokers [7]. However, concerning the intringic
effects of nicotine as the addiction-causing substance itself
on endothelial and platelet activatien and thrombus forma-
tion, In vitro data are controversial, and in vivo studies are
scarce.

It has become commoen assumpticn that nicotine substi-
tution te quit smoking is safe. In a placebo-controlled
double-blind study using nicotine nasal spray in a smeking
cessation program, cardiovascular risk factor could be
significantly reduced without negative effects caused by
nicoting substitution [30]. Thig is in line with a study
showing a rapid decrease of the circulation of the
endothelial adhesion moelecules sSICAM-1, sCD44%5, and
sCD44v6 during chronic nicotine replacement therapy after
smoking cessation [31]. In contrast to this, chronic nicotine
application enhanced focal ischemic brain injury and
reduced tissue plasminogen activator (+PA) in a middle
cerebral artery occlusion medel in rats [32] and increased
the preduction of PAT-1 by human brain endothelial cells in
cell cultures [33]. In line with the effects caused by
cigarette smoke in previous studies [29], acute nicotine
application enhanced selectin-dependent rolling of leuko-
cytes on nicotine-exposed microvessels of lung allografts
[34]. Nicotine impaired endethelium-dependent dilatation
in human veins in vive, implying a defective endothelial
fimction [8]. However, studies dealing with the effects of
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treatrment of male (M-micar) and female (Fmicac) mice (nicotine
3 mg/kg ivat 3 min). n=6-8 animals per group. #=6-8 animals per
group. Values are given as meanstSEM. ¥p<<0.05 vs M-conac,
#p<0.05 vs F-conac

nicotine on platelet function revealed a reduced suscept-
bility of platelets to shear stress after nicotine exposition
[35] and a 75% decline of the shear-dependent platelet
activation [11]. Thus, a rather protective effect of nicotine
on platelet reactivity has been proposed.

The results of this study now indicate that chronic
nicotine consumption does not convey prothrombogenic
effects in vive. Concordantly, negative side effects are not
observed with long-term transdermal nicotine substitution
in the clinical setting. This might partly be due to the fact
that endothelial activation was found to be reduced and that
there was no significant impact on platelet function in both
genders.

In a second step, we questioned whether acute intrave-
ncus nicotine application with a rapid rise in plasma
nicoting levels might have different effects on microvascu-
lar thrombus formation and endothelial activation than
constant uptake of nicotine. A steep increase of plasma
nicotine concentration has been associated with adverse
cardiac events due to its sympathomimetic properties [12].
In fact, cigarette smoking with deep inhalation of fume
results in a rapid absorption of nicotine over the lungs
occurring at a rate similar to that after iv administration
[36]. The acute application of nicetine on HUVECS in in
vitro studies resulted in an increased expression of ICAM-1
and VCAM-1 via a second messenger pathway involving

4\ Springer



Mechanismen der mikrovaskuldren Thrombusbildung

84

Langenbecks Arch Surg

PKC and p38 MAPK-mediated activation of NF-kappaB
and AP-1 [37]. Moreover, acute nicotine exposure induced
MAPK-mediated P-selectin and E-selectin-dependent leu-
kocyte adhesion in allograft lung microvessels in vivo [34].

Based on our results, it can be presumed that a rapid
increase in nicotine levels leads to an increase of endothe-
lial activation. Therefore, it is possible that not the mete
presence of nicotine in the blood, but rather speed and dose
of nicotine exposure is crucial for its prothrombotic effects.
Although the prothrombogenic effect of acute nicotine
administration was seen in mice of both genders in this
study, microvascular thrombus formation was solely in-
creased in female mice. An in vitro study investigating
platelet adhesion in patients prone to arterial and venous
thrombosis in dependence to gender and smoking revealed
that higher platelet activation occurs in men, ex-smokers
and current smokers [38]. However, this study did not show
an increased platelet reactivity in females. On the other
side, numerous clinical and experimental studies link
female hormone treatment to a generally increased risk for
thrombotic and ischemic events [39, 40]. These adverse
effects in particular occurred in smoking women [41]. We
now show that gender differences exist in the context of
acute nicotine application and would like to propose an
increased, possibly MAPK-mediated, expression of endo-
thelial P-selectin in combination with female hormone
levels as underlying mechanism for the prothrombogenic
effect of nicotine in arterioles of female mice. While P-
selectin does not mediate platelet—platelet interaction, P-
selectin provides an anchoring source for leukocytes on
activated platelets and, thus, may play a very important role
in determining the size and stability of the platelet
aggregates in the developing thrombus [42]. In light of
the fact that increased microvascular thrombosis was
observed only in female, but not in male, mice despite a
comparable rise in endothelial P-selectin expression after
acute nicotine application, a relevant impact of female
hormones can be assumed.

In general, unharmful effects of nicotine, independent of
acute or chronic application, were mostly seen in male
mice, whereas microvascular thrombus formation was only
found to be accelerated in female mice.

Conclusion

Chronic continuous nicotine application does not promote
microvascular thrombus formation on mice of either
gender, which is supported by the fact that a general reduction
of endothelial activation and a lack of impact on platelet
activation were observed. In contrast to this, acate high-dose
iv administration of nicotine caused a significant increase of
arteriolar thrombus formation in female, but not in male

@ Springer

animals, and boosted endothelial P-selectin expression in mice
of both genders. Based on these data, acute nicotine
application at a high concentration acts prothrombogenic
particularly in females, probably implying a synergistic effect
between increased endothelial P-selectin-expression and the
presence of female hormones.
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3 Zusammenfassende Diskussion

Die mikrovaskuldre Thrombusbildung mit der Konsequenz einer Zirkulationsstérung
des Gewebes stellt in der Chirurgie ein Problem von hoher klinischer Relevanz dar. Eine
durch Thrombosen der kleinsten Geféalde sich ausbildende Mikrozirkulationsstérung kann im
ungilnstigsten Fall zur Gewebsnekrose mit fir den Patienten potentiell schwerwiegenden
Komplikationen fiihren. In der klinischen Praxis sind mikrovaskulédre Perfusionsstérungen vor
allem in der Wiederherstellungschirurgie nach freien und gestielten Lappenplastiken
geflirchtet [53,54]. Die Rate an primdren und postprimaren Komplikationen kann je nach
Grunderkrankung bis zu 15% betragen. Mikrozirkulationsstérungen spielen aber auch eine
wichtige Rolle in der Transplantationschirurgie und sind prinzipiell eine Gefédhrdung fir die
Wund- und Gewebeheilung nach allen Operationen [55-58]. Weiterhin kommt es bei der im
freien Gewebetransfer unweigerlich auftretenden Ischamie/Reperfusion zur Bildung von
freien Sauerstoffradikalen und Interaktionen von Leukozyten mit dem Endothel, welche die

kapillare Perfusion zuséatzlich beeintrachtigen [59].

Trotz dieses groRRen Einflusses mikrovaskuldrer Perfusionstérungen auf den Erfolg
von operativen Malnahmen bestehen zum jetzigen Zeitpunkt vergleichsweise wenig

praventive und therapeutische Mdéglichkeiten.

Das heutzutage vorrangig praktizierte Prinzip zur Préavention und Therapie
mikrovaskularer Durchblutungsstérungen in der Chirurgie ist die therapeutische Hamodilution
mit kolloiden L&ésungen, wie z.B. Dextran oder Hydroxyethylstdrke [60,61]. Die
normovoldmische Hamodilution konnte eine Verbesserung des mikrovaskularen Blutflusses
im Myokard [62], Gehirn [63], Pankreas [64] und in ischdmischen Lappenplastiken [65,66]
zeigen. Weiterhin zeigten auch kinstliche Sauerstofftrdger oder die gleichzeitige Applikation
von liposomalen Hamoglobin zusatzlich zur Hamodilution in experimentellen Studien einen
positiven Effekt [67,68].

Verschiedenste Studien untersuchen die Effekte einer Reihe von mdglicherweise
rheologieverbessernden Substanzen, wie tPA [69], Aspirin [70], unfraktionertes Heparin [71],
niedermolekulares Heparin [72], Pentoxyphyllin [73], PGIl, [74] oder Antithrombin [75]. Es
waren positive Effekte im Bezug auf die mikrovaskulédre Perfusion nachweisbar, die jedoch
teilweise mit einem erhoéhten Blutungsrisiko einhergingen. Zusatzlich wurde héufig die
mikrovaskulare Perfusion im Allgemeinen und nicht das Entstehen, Wachsen oder die

Beeinflussung mikrovaskuldrer Thromben direkt untersucht.
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Ein weiterer Ort fir die Entstehung einer Thrombose ist die mikrovaskulare
Anastomose, was unter Umstédnden die Revisionsoperation mit dem Versuch der
Thrombektomie notwendig macht [76]. Die Anlage einer Anastomose birgt die Gefahr einer
Endothelverletzung mit Entstehung eines prothrombogenem Fokus und es konnte gezeigt

werden, dass vermehrt vasokonstriktives Endothelin-1 dabei freigesetzt wird [77].

Ziel der vorliegenden Untersuchungen war zundchst die Untersuchung der
Entstehung mikrovaskularer Thrombosen in einem komplexen Tiermodell, um Einsicht in die
pathophysiologisch ablaufenden Vorgange im Rahmen der mikrovaskuldren Thrombogenese
zu erarbeiten. Ein spezielles Augenmerk lag zuséatzlich in der Charakterisierung der Rolle
von Endothelzelle, Thrombozyt und Leukozyt in der mikrovaskuldren Thrombusbildung. Im
Anschluss daran sollten verschiedene physiologische oder pathologische Bedingungen
beziiglich eines prothrombogenen Milieus evaluiert werden, um letztendlich Méglichkeiten

zur Einflussnahme durch applizierbare Substanzen zu entwickeln.

3.1 Einfluss pathologischer Zustidnde auf die Thrombogenese

In dieser Versuchsreihe sollte der Effekt einer reversiblen, klinisch relevanten,
systemischen Hypothermie auf die mikrovaskuldare Thrombusbildung evaluiert werden. Es
wurde die Hypothermie als physiologisch vorkommender Zustand gewéhlt, da hier

wesentliche Kontroversen hinsichtlich des Effektes auf die Thrombogenitat existieren.

Studien der Vergangenheit zeigten auf der einen Seite eine vermehrte Neigung zu
thrombotischen Ereignissen, wie eine erhéhte Herzinfarktrate im Winter [78,79]. Gleichzeitig
bestent bei Hypothermie nach Polytrauma oder auch intraoperativ haufig eine
Blutungsneigung [80,81]. In unserer Untersuchung war bei K&rperkerntemperaturen von
34°C und 31°C in vivo eine deutlich prothrombogene Wirkung nachweisbar, die durch eine
verstarkte Thrombozytenaktivierung mit Konformationsdnderung des Fibrinogen-Rezeptors
GP lIb-llla erklart werden kann. Dieser Effekt war nach Wiedererwdrmung der Tiere bzw. der
Thrombozyten komplett reversibel. In Ubereinstimmung damit weisen die zusétzlich
erniedrigten Fibrinogenspiegel bei hypothermen Temperaturen auf einen Verbrauch von
Gerinnungsfaktoren im Rahmen der Thrombogenese hin.

Ein Problem vieler vorheriger Studien ist, dass die Thrombozytenfunktion oftmals
stark hypotherme Temperaturen von weniger als 25°C jn vitro untersucht wurden. Wir
wahlten hypotherme Temperaturen von mehr als 30°C, um die klinische Relevanz zu wahren

und die Anwendung in einem Tiermodell zu ermdglichen.
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Weiterhin gelang es den Einfluss hypothermer Temperaturen von 34°C und 31°C auf
die Thrombozytenaggregation klarer herauszustellen. Es kam zu einer, mit mehreren
Methoden nachweisbaren, temperaturabhangigen Thrombozytenaktivierung, wie zuvor von
anderen Autoren berichtet wurde [82,83]. Eine zusatzliche Erkenntnis war, dass die P-
Selektin Expression kaum beeinflusst wurde, wahrend es zu einer Konformationsanderung
des GP lIb-llla Rezeptors kam. Dieses ist in Ubereinstimmung mit der Tatsache, dass die
Thrombozyten-Leukozyten-Aggregatbildung nicht signifikant beeinflusst wurde, da dieses
wesentlich durch die Interaktion von thrombozytdrem P-Selektin und leukozytdrem P-
Selektin Glykoprotein Ligand-1 (PSGL-1) bestimmt wird [84].

Somit konnte mit Hilfe dieser Untersuchung erstmalig in vivo gezeigt werde, dass sich
eine systemische Hypothermie in der Summe im lebenden Organismus in einer verstarkten
Neigung zur mikrovaskularen Thrombusbildung aufiert und die klinisch bestehende
Blutungsneigung wahrscheinlich durch einen erhdhten Verbrauch an Gerinnungsfaktoren
bedingt ist. Die Ergebnisse dieser Studie bestatigen den positiven Effekt einer schnellen
Wiedererwarmung in der Klinik (z.B. polytraumatisierte Patienten) zur Verbesserung der

mikrovaskularen Zirkulation.

Es ist aus friheren Studien bekannt, dass hypotherme Temperaturen im Verlauf einer
Sepsis die Prognose signifikant verschlechtern [85]. Des Weiteren tragt das Auftreten vom
Mikrothrombosen  mit  anschlielender  Hypoperfusion  zur  Ausbildung eines
Multiorganversagens im Rahmen der Sepsis bei [86]. Zusétzlich ist eine Sepsis durch eine
komplexe Interaktion von Entzindung und Gerinnungssystem charakterisiert [87]. Es ist
daher nach wie vor nicht geklart, ob eine Hypothermie wahrend einer Sepsis lediglich eine
Verschlechterung des Gesamtzustandes représentiert, oder ob die Hypothermie selbst direkt
einen negativen Einfluss, wie z.B. eine verschlechterte Organperfusion aufgrund von
Mikrothromben, ausibt. Daher war es fiir uns von Interesse, die Kombination von
Hypothermie und Endotoxindmie hinsichtlich mikrovaskuldrer Thrombogenitat zu
untersuchen. Erneut lag eine zuséatzliche Betonung auf der Evaluierung der thrombozytaren

und endothelialen Funktion.

Die LPS-induzierte Endotoxindmie beschleunigte die Ausbildung der thrombotischen
GeféRokklusion bei 37°C Korpertemperatur signifikant, welches mit einer generell erhéhten
endothelialen und Thrombin-vermittelten thrombozytéren Aktivierung einherging. Dieses ist
,in Ubereinstimmung mit den Angaben mehrerer anderer Autoren, in Anbetracht des in der
Sepsis aktivierten Gerinnungssystem auch zu erwarten [86-90]. Eine zusatzliche

Hypothermie von 31°C fiihrte zu einer signifikant schnellen Thrombusbildung in Arteriolen.
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Interessanterweise ging die zusatzliche Hypothermie lediglich mit einer vermehrten PAI-1
Expression und einem erhéhten sPAI-Ag Spiegel, jedoch nicht mit einer weiteren generellen
endothelialen Aktivierung einher, so dass fur PAI-1 eine spezifische Rolle unter hypothermen
Bedingungen vermutet werden kann.

Wahrend einer Sepsis werden pro-inflammatorische Zytokine, wie Interleukin-1,
Interleukin-6 und Tumor Nekrose Faktor-alpha (TNF-a) gebildet, welche das Endothel
aktivieren [91]. Die entziindliche Antwort des Endothels umfasst die Hochregulation von P-
Selektin, ICAM-1, VCAM-1. E-Selektin wird verzégert mobilisiert. Alle Molekiile werden ins
Blut abgegeben und sind dort in Iéslicher Form detektierbar [92]. Neue Studien konnten
zeigen, dass Endothelzellen eine entscheidende Rolle in der Pathogenese der Sepsis
spielen, indem sie PAI-1 und TF freisetzen [87]. In der vorliegenden Studie konnte erstmalig
Anhalt dafiir gegeben werden, dass die durch Endotoxinamie verursachte PAI-1 Expression
durch eine zuséatzliche Hypothermie noch verstarkt wird und somit ein Faktor in der
Prognoseverschlechterung bei Hypothermie sein kdnnte. Als Konsequenz fur die Klinik ergibt
sich, dass bei einer Sepsis angestrebt werden sollte, die Kdrpertemperatur konstant zu

halten und insbesondere Hypothermiephasen zu vermeiden.

3.2 Beeinflussung der Thrombogenese durch Induktion endogener Enzyme

In einem weiterflhrenden Projekt zur Untersuchung der mikrovaskularen
Thrombusbildung am Cremastermuskel der Maus wurde das Enzym HO-1, welches den
letzten Schritt des Abbaus von Ham mit Freisetzung &aquimolarer Mengen an Eisen,
Biliverdin/Bilirubin und CO katalysiert, untersucht. Verschiedene Studien zu HO-1 Induktoren
konnten zeigen, dass Gewebe, die viel HO-1 exprimieren, weniger anfallig fir oxidativen
Stress oder proinflammatorische Zustdnde sind [93,94]. Da die freie Radikalbildung mit der
Folge von oxidativem Stress auch eine wichtige Rolle in der Pathogenese thrombotischer
Ereignisse spielt, war es Ziel der Studie zu kléren, ob die Induktion von HO-1 die Bildung
mikrovaskularer Thromben moduliert und damit die Athrombogenitat des Endothels erhdht
werden kann. Auf diese Weise sollte untersucht werden, in wieweit der Organismus selbst in
der Lage ist, protektive Mechanismen, wie die vermehrte Bildung von anti-adhdsivem CO

und anti-oxidativem Bilirubin, durch einen externen Stimulus hochzuregulieren.

Hamoxygenasen existieren in verschiedenen Isoformen, wobei HO-2 konstitutiv
exprimiert wird und HO-1 induzierbar ist [95,96]. Nach Vorbehandlung mit Hadmin, einem HO-
1-Induktor, zeigten Western Blot Analysen eine deutliche Induktion von HO-1 Protein im
Cremastermuskel, welche mittels Immunhistochemie vor allem im Bereich des vaskuldren
Endothels von Arteriolen und Venolen lokalisiert werden konnte. Bei diesen Tieren war die

Bildung arterioldrer und venuldarer Thromben signifikant gegeniber der Kontrollgruppe
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verzégert. Diese verminderte Thrombogenitat wurde durch die Gabe des HO-1 Inhibitors
Zinn-Protoporphyrin-IX komplett aufgehoben. HO-1 exprimierende Tiere zeigten mittels
Western Blot Analyse im Vergleich zu Kontrolltieren eine reduzierte Expression von P-
Selektin Protein im Cremastermuskel. Die Rolle von P-Selektin in der Thrombogenese wurde
durch eine Versuchsreihe mit P-Selektin-Knock-out-Mausen bestétigt, wobei die
Thrombusformation bei den P-Selektin-defizienten Tieren signifikant verzégert war. Somit
konnten wir den protektiven Effekt einer HO-1 Induktion letztendlich auf eine Reduktion der
endothelialen P-Selektin Expression zuriickfiihren. Diese Annahme wird durch eine Studie
unterstltzt, in der die LPS-vermittelte P-Selektin Hochregulation durch Behandlung mit

Hamin verhindert werden konnte [97].

Zuséatzliche Experimente mit Bilirubinsuperfusion des Cremastermuskels ergaben
eine deutliche Verzégerung der Thrombusbildung, so dass davon auszugehen ist, dass der
protektive Effekt von HO-1 neben den Effekten des CO vor allem Uber das freigesetzte, anti-
oxidative Bilirubin vermittelt ist. Dieses ist in Ubereinstimmung mit Studien der
Vergangenheit, welche potente anti-oxidative und anti-adhasive Eigenschaften des
Biliverdins bzw. in reduzierter Form des Bilirubins nachweisen konnten [98,99]. Dennoch
sind auch die anti-koagulativen Eigenschaften von CO zunehmend Gegenstand der
Diskussion. So konnte eine verminderte PAI-1 Expression mit verbesserter Fibrinolyse nach

Inhalation von CO im Lungengewebe nach Ischédmie gezeigt werden [100].

Es konnte in diesem Projekt erstmalig eine anti-thrombotische Wirkung durch
Induktion der Hdmoxygenase-1 charakterisiert werden. Dieser Ansatz kdnnte die Grundlage
fir eine vektorbasierte Therapie in der Klinik sein, um das vaskuldre Endothel in einen

weniger thrombogenen Zustand im Rahmen von Risikooperationen zu versetzen.

3.3 Beeinflussbarkeit der Thrombogenese durch Substanzen

Die vorherigen Studien untersuchten den Einfluss kdrpereigener Zustdnde oder
Mechanismen auf die mikrovaskuldre Thrombogenese. Im Weiteren war es jetzt unser Ziel,
die Thrombusfomation durch verschiedene exogen applizierte Substanzen zu modulieren.
Dabei wurden zum einen prinzipiell als protektiv angesehene Molekile, wie das anti-
oxidative Ebselen und C-Peptid, angewendet, zum anderen erfolgte die Applikation von

fraglich pro-thrombogenen Verbindungen, wie Darbepoetin-alpha und Nikotin.

Ebselen
Verschiedene Untersuchungen der Vergangenheit vermuteten einen Zusammenhang

zwischen einem Mangel des Spurenelementes Selen und dem Risiko flir akute koronare
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Ereignisse [101,102]. Selen ist Bestandteil des Enzyms Glutathionperoxidase, welches
Zellen gegen oxidativen Stress schitzt. Niedrige Selenspiegel sind in der Regel mit einer
niedrigen Aktivitdt der Glutathionperoxidase und somit mit einem erhéhten Niveau an freien
Radikalen assoziiert [103].

In einer Untersuchung am Cremastermuskel der Ratte konnten wir jetzt erstmals in
vivo eine anti-thrombotische Wirksamkeit der selenhaltigen Substanz Ebselen nachweisen.
Weiterhin zeigten sich nach Gabe von Ebselen eine signifikant verminderte thrombozytére P-
Selektin-Expression nach Stimulation mit H>O, und eine Reduktion der Thrombozyten-
Leukozyten-Aggregatbildung. Es konnte in einer frilheren Studie gezeigt werden, dass die
Akkumulation von Leukozyten in einen wachsenden Thrombus Uber thrombozytares P-
Selektin vermittelt wird [104]. AulRerdem wirkt P-Selektin prothrombogen, indem es die
Synthese von TF in Monozyten induziert [105].

Die dosisabhangige Reduktion der H,O»-induzierten Thrombozytenaktivierung in vitro
durch Ebselen legt die Vermutung nahe, dass dessen anti-oxidative Eigenschaften die
Folgeerscheinungen des oxidativen Stresses wie GefaBwandschaden,
Thrombozytenaktivierung und Zell-Zell-Interaktion vermindern.

Damit konnte die von uns erstmals aufgezeigte anti-thrombogene Wirkung von
Ebselen auf eine Reduktion der P-Selektin-abhangigen Zell-Zell-, in Sonderheit
Thrombozyten-Leukozyten-Interaktion zurlickgefihrt werden. Angesichts dieses neuen
Wirkprofils kénnte Ebselen von hohem praventiven und therapeutischen Wert in der

Behandlung von thrombotischen Erkrankungen sein.

C-Peptid

Die hohe Morbiditat und Mortalitdt diabetischer Patienten wird hauptsachlich durch
vaskuldre Komplikationen bestimmt. Die Pathophysiologie der diabetischen Vaskulopathie
beinhaltet die endotheliale Dysfunktion mit vermehrter Produktion von PAI-1, reaktiven
Sauerstoffverbindungen  und  verminderter  Produktion von NO sowie eine
Thrombozytendysfunktion und ein Ungleichgewicht plasmatischer Gerinnungsfaktoren [106-
111]. Das Insulinspaltprodukt C-Peptid wurde in der Vergangenheit als biologisch inaktiv
angesehen. Neuere Studien zeigten jedoch molekulare und physiologische Effekte, welche
auf eine Bioaktivitdt des Peptids hinweisen [112]. Von verschiedenen Autoren wurde ein
vasodilativer Effekt von C-Peptid auf Skelettmuskelarteriolen beobachtet und eine NO-
Freisetzung als Ursache nachgewiesen [113,114]. Ziel unserer Studie war daher, den
Einfluss einer C-Peptid Applikation hinsichtlich mikrovaskuldrer Thrombusbildung und
thrombozytarer und endothelialer Funktion in gesunden und diabetischen Tieren zu

untersuchen.
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Die Gabe von C-Peptid in hoher Dosierung von 70 nmol/kg fihrte zu einer
signifikanten Verzégerung der mikrovaskuldren Thrombusbildung in gesunden und
diabetischen Tieren. Dieser Effekt wurde durch die gleichzeitige Gabe von Insulin jedoch
unterdrickt. Als urséchlich ist eine verminderte PAI-1 Expression auf dem vaskuldren
Endothel anzusehen. Die Thrombozytenfunktion wurde durch C-Peptid nicht beeinflusst.

In  frlheren Studien konnte durch C-Peptid eine Verbesserung der
Skelettmuskeldurchblutung [115,116], der glomerularen Filtration [117,118] und der
Nervenfunktion [119] gezeigt werden. Mit der vorliegenden Arbeit ist gezeigt, dass C-Peptid
zusatzlich einen Einfluss auf die mikrovaskuldre Thrombusbildung ausiibt. PAI-1 wurde
bereits in der Vergangenheit als prothrombogener Faktor identifiziert [120,121]. Aufgrund der
Ergebnisse der vorliegenden Untersuchung ist eine Rolle von PAI-1 in der anti-
thrombogenen Wirkung von C-Peptid wahrscheinlich. Ebenso ist bekannt, dass Insulin die
PAI-1 Expression verstarkt und zu einer erhéhten Endothelinproduktion fiihrt, was mit der
vermehrten Thrombogenitat nach Insulinsuperfusion in dieser Studie vereinbar ist [122,123].
Es wurde mehrfach beschrieben, dass die positiven Effekte von C-Peptid nur in Typ 1-
diabetischen Individuen nachweisbar sind [119,124]. Dieses wurde mit der Sattigungskinetik
des C-Peptid Rezeptors unter physiologischen Bedingungen erklart [125]. Da in dieser
Studie die anti-thrombogenen Effekte von C-Peptid sowohl in diabetischen, als auch in
gesunden Tieren beobachtet wurden, ist von einer nicht-rezeptorvermittelten Wirkung
auszugehen. Dennoch erscheint die Gabe von C-Peptid beim diabetischen Patienten zur
Therapie der Vaskulopathie nicht von Vorteil, da Typ-1 Diabetiker auf Insulingaben
angewiesen sind. Eine therapeutische Gabe beim Nicht-Diabetiker zur Verminderung

mikrovaskularer Thrombusbildung wéare jedoch denkbar.

Darbepoetin-alpha

Das Hormon Erythropoietin, kurz EPO, wird in der Medizin zur Therapie der renalen
Anamie eingesetzt und ist in den letzten Jahren zunehmend durch Doping im Leistungssport
in der Offentlichkeit bekannt geworden [126]. Es erhéht die Zahl der roten Vorlduferzellen im
Knochenmark durch anti-apoptotische Effekte [127]. Der Einfluss auf die Thrombogenitat des
Blutes unter der Therapie mit EPO wird zunehmend kontrovers diskutiert. Zum einen wurde
von einer vermehrten endothelialen Aktivierung, erhéhter Produktion von TF, vermehrter
PAI-1 Expression und erhéhter Thrombozytenaggregation berichtet [128-130]. Zum anderen
wurde in EPO-lUberexprimierenden M&usen eine geringere Blutviskositdt und verminderte
Gerinnselfestigkeit beobachtet [131,132]. Die Klarung dieser Frage ist von grol3er Relevanz,
da insbesondere im Leistungssport auch Falle aufgetreten sind, bei denen ,Schutzsperren®

allein aufgrund eines héheren Hamatokritwertes verhdngt wurden, ohne dass EPO-Doping
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nachgewiesen werden konnte. Dieses Vorgehen wurde mit einer Gefahrdung der Athleten

durch eine erhéhte Thrombosegefahr begriindet.

Wir untersuchten daher das EPO-Derivat DPO im Tiermodell. Es zeigte sich, dass die
4-wéchige Behandlung mit DPO in Hamatokrit-erhéhenden Dosen zu keiner signifikanten
Steigerung der mikrovaskuldaren Thrombogenitat flihrte, solange eNOS als
kompensatorischer Mechanismus zur Verfiigung stand. So hatten eNOS knock-out Tiere
eine signifikant verstdrke Thromboseneigung unter DPO-Behandlung. Die durch eNOS
Hochregulation erhdhte Produktion von NO flihrte zu einer endothelialen und thrombozytéren
Deaktivierung. Interessanterweise zeigten sich auch keine negativen Effekte auf
Blutflussgeschwindigkeit und Scherstress durch den erhéhten Hamatokrit. Dieses wurde
bereits zuvor in einer in vivo Studie beschrieben, in der bei Hamatokritwerten von 20 bis 55%
unter verschiedenen Flussbedingungen keine erhdhte Thrombusbildung beobachtet wurde
[133].

Eine vermehrte Expression von eNOS war bereits in transgenen EPO-Mausen
beschrieben worden und als Schutzmechanismus gegen die endogen erhdhten hohen
Hamatokritwerte von ca. 80% gewertet worden [134]. Wir konnten erstmals in vivo zeigen,

dass die eNOS Produktion auch durch die exogene Gabe von DPO stimuliert werden kann.

Somit fiihrt die Behandlung mit DPO nicht zu anti-thrombogenen Effekten, sie ist aber
auch nicht prothrombogen, solange die Gegenregulation durch eNOS funktioniert. Dieses
kénnte auch erkldren, warum erhéhte Hamatokritwerte, wie z.B. nach Doping im

Leistungssport, nur in einzelnen Fallen zu fatalen Komplikationen fiihren.

Nikotin

Schlussendlich sollte der Einfluss von Nikotin auf die mikrovaskuldre Thrombogenese
im geschlechtsspezifischen Tiermodell untersucht werden. Das Rauchen stellt die
Hauptursache fiir vermeidbare Todesfélle in der industrialisierten Welt dar [135]. In Studien
der Vergangenheit wurde vermutet, dass Nikotin ein das kardiale Risiko negativ
beeinflussender Faktor ist. Zusétzlich ist die Einnahme von oralen Kontrazeptiva mit einem
2- bis 4-fach erhéhten Risiko fur eine tiefe Venenthrombose (TVT) assoziiert und somit eine
geschlechtsspezifische hormonabhangige Pradisposition Thrombosen zu entwickeln,
wahrscheinlich [136]. Trotzdem wird ein direkter kausaler Zusammenhang bis dato
kontrovers diskutiert [137,138].

Wir untersuchten daher ménnliche und weibliche Mause in Bezug auf mikrovaskulare
Thrombogenitat durch Nikotin. Die chronische Vorbehandlung mit Nikotin induzierte bei
beiden Geschlechtern keine vermehrte mikrovaskuldre Thrombusbildung. Bei ménnlichen,

jedoch nicht bei weiblichen Tieren, war dieses mit einer endothelialen Deaktivierung
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verbunden. Im Gegensatz dazu resultierte eine akute hochdosierte Nikotingabe in einer
signifikant schnelleren Thrombusbildung in Arteriolen weiblicher Tiere, was unter anderem
mit einer erhéhten endothelialen P-Selektin Expression vergesellschaftet war. Es konnte in
Studien gezeigt werden, dass Nikotin zu einer Stérung der NO-vermittelten Vasodilatation in
Arteriolen und Venolen fiihrt [139]. Des Weiteren war nach Nikotinexposition ein Anstieg von
Plasminogen-Aktivator-Inhibitor-1 (PAI-1) in Endothelzellen nachzuweisen [140]. Auf der
anderen Seite wurde unter Substitution von Nikotin-Nasenspray, Nikotin-Kaugummi oder
Nikotin-Pflaster nach Einstellung des Rauchens eine deutliche Verbesserung des
Cholesterinspiegels und kein Einfluss auf Blutdruck, Thrombozytenzahl, Blutviskositdt oder
AT llI-Spiegel beobachtet [140,141]. In der vorliegenden Arbeit konnte gezeigt werden, dass
eine akute Hochdosisapplikation, nicht aber eine chronische Nikotinexposition mit niedrigen
Dosen, thrombogen in vivo wirkt, wobei dieser prothrombogene Effekt nur in weiblichen
Tieren zu beobachten war. Die negativen Effekte des Rauchens, die auch bei mannlichen
Individuen beobachtet werden, sind demnach weniger auf das Nikotin an sich, als vielmehr
auf einen der vielen anderen schédlichen Substanzen im Zigarettenrauch zurlickzufihren.
Nikotin selbst hingegen wirkt bei schneller Anflutung in hoher Dosierung prothrombogen in
weiblichen Tieren. Diese unterstitzt die These einer geschlechtspezifischen Wirkung von
Nikotin.



Mechanismen der mikrovaskuldren Thrombusbildung 95

4 Zusammenfassung

Die mikrovaskuldre Thrombusbildung und deren zugrunde liegenden molekularen,
zelluldren und humoralen Mechanismen wurden bislang selten in komplexen in vivo
Modellen untersucht. Eine suffiziente mikrovaskuldre Perfusion ist die Vorraussetzung fir
das Gelingen samtlicher chirurgischer Eingriffe, insbesondere aber fiir das Uberleben von
Lappenplastiken, und bestimmt wesentlich das Outcome des Patienten. In der Klinik wiirde
ein verbessertes Verstdndnis der wahrend der mikrovaskuldaren Thrombogenese
ablaufenden pathophysiologischen Vorgdnge von groRem Vorteil sein und potentiell neue
Therapiemdglichkeiten nach sich ziehen. Bezuglich der Identifizierung neuer anti-
thrombogener Substanzen hat es in den letzten Jahren kaum Forschritte in der Forschung
gegeben, so dass weiterhin auf alt bekannte Therapie- und Préventionsstrategien
zurtickgegriffen wird. Diese sind teilweise jedoch auch mit negativen Effekten, wie z.B. einem

vermehrten Blutungsrisiko, verbunden.

Ziel der vorliegenden Studien war es daher, primar die Mechanismen der
mikrovaskuldren Thrombusbildung im komplexen Tiermodell zu charakterisieren und
endotheliale und thrombozytdre Funktion durch zuséatzliche in vitro Methoden zu
identifizieren. Danach sollten verschiedene Faktoren, die in diesem Zusammenhang
potentiell einen Einfluss ausiben kénnten, wie z.B. eine pathologisch auftretende reversible
Hypothermie, eine pathologische Endotoxindmie oder die Induktion eines Enzymsystems,
wie Hamoxygenase-1, evaluiert werden. Schlussendlich sollten dann verschiedene
Substanzen hinsichtlich ihres Einflusses auf die mikrovaskuldre Thrombogenitat untersucht
werden, um Kklinisch einsetzbare Praventions- und Therapiemdglichkeiten daraus zu

entwickeln.

Die Untersuchung der mikrovaskularen Thrombogenitdt unter hypothermen
Bedingungen ergab einen prothrombogenen Effekt bei Kérperkerntemperaturen unter 34°C,
welcher nach Wiedererwarmung komplett reversibel war. Dieses konnte auf eine verstarkte
Aktivierung des thrombozytdren Fibrinogenrezeptors wahrend der Hypothermie
zurtickgefiihrt werden. Die Ergebnisse dieser Studie unterstreichen die Bedeutung
normothermer Temperaturen in der Chirurgie, sowohl nach traumatischen Ereignissen, als
auch im Rahmen elektiver Operationen. Sie zeigen zusatzlich, dass eine verstarkte
Thrombogenitdt auch reversibel und somit einfach beeinflussbar sein kann, wenn die
ablaufenden pathophysiologischen Mechanismen bekannt sind.

Die zusatzliche Induktion einer Endotoxindmie bei hypothermen Tieren zeigte in einer

weiteren Untersuchung, dass die Kombination aus Hypothermie und Endotoxindmie einen



Mechanismen der mikrovaskuldren Thrombusbildung 96

pro-thrombogenen Einfluss Uber eine spezifische Hochregulation von PAI-1 auf dem
Endothel bzw. eine vermehrte Sekretion von sPAI-Ag ausiibt. Dahingegen war eine
Endotoxindmie ohne Hypothermie generell mit einer vermehrten unspezifischen
endothelialen Aktivierung vergesellschaftet. Somit konnte erstmalig gezeigt werden, dass
eine zusatzliche Hypothermie wahrend einer bestehenden Endotoxindmie die
mikrovaskulare Thrombusbildung verstdrkt und daher ein unabhangiger Faktor fir die
Verschlechterung der Prognose septischer Patienten sein kdnnte. Daher sollten prinzipiell
normotherme Temperaturen bei septischen Patienten zur Vermeidung mikrovaskularer
Perfusionsstérungen angestrebt werden.

In einer weiteren Studie konnte gezeigt werden, dass protektive anti-thrombotische
Mechanismen auch durch die Hochregulation endogener Enzymsysteme verstarkt werden
kénnen. So konnte durch die Applikation eines Hamoxygenase-1 Induktors eine verminderte
mikrovaskulare Thrombogenitat erzielt werden. Diese war vor allem auf die vermehrte
Produktion von anti-oxidativem Bilirubin zurlickzufihren, was eine verminderte P-Selektin
Expression auf dem Endothel bedingte. Die lokale Induktion der Hdmoxygenase-1 kénnte
durch vektorbasierte Therapie in der Klinik nutzbar gemacht werden und von praventivem
und therapeutischem Wert flr Krankheitsbilder mit einem erhéhten thrombotischen Risiko
sein.

Im Folgenden stellte sich die Frage, in wieweit die mikrovaskuldren Thrombusbildung
durch die Applikation kérpereigener und synthetischer Substanzen beeinflusst werden
kénnte. Zunéchst erfolgte die Untersuchung des Effektes von Ebselen unter besonderer
Bertcksichtigung der Thrombozytenfunktion. Es konnte gezeigt werden, dass Ebselen
dosisabhdngig die Thrombozytenaktivierbarkeit hemmte, was mit einer verminderten
mikrovaskuldren Thrombusbildung einherging. Ebselen stellt somit eine potentiell wirksame
Substanz zur Vorbeugung mikrovaskularer Thrombosen dar.

Besonders haufig treten mikrovaskuldre Komplikationen bei diabetischen Patienten
auf. C-Peptid wird bei der Insulinbiosynthese abgespalten und wurde lange als inaktives
Nebenprodukt angesehen. Nachdem mehrere neuere experimentelle und klinische Studien
positive Effekte des C-Peptids in diabetischen Individuen zeigten, lag die Vermutung nahe,
dass eventuell auch die diabetische Mikrothrombogenitdt durch C-Peptid positiv beeinflusst
werden kénnte. Es fand sich eine signifikant verlangsamte Thrombusbildung bei
hochdosierter Gabe von C-Peptid, ein Effekt, welcher jedoch nach Gabe von Insulin
aufgehoben werden konnte. Als ursachlich wurde eine verminderte Expression des pro-
thrombogenen PAI-1 auf dem Endothel identifiziert. Eine klinische Anwendbarkeit erscheint
in diesem Fall durch die Antagonisierung der positiven C-Peptid Effekte durch Insulin
allerdings unwahrscheinlich.

Erythropoietin und seine langlebigeren Derivate, wie Darbepoetin-alpha, werden in
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der Klinik zur Steigerung der Hamatopoese bei niereninsuffizienten Patienten verwendet,
gleichzeitig aber auch zunehmend im Leistungssport missbraucht. Obwohl allgemein
angenommen, war bisher nicht klar, inwiefern tatsachlich die Therapie mit diesen
Substanzen zu vermehrten Thrombosen fuhrt. Es konnte in einer weiteren Studie erstmalig
gezeigt werden, dass die exogene Applikation von Darbepoetin-alpha zu einer signifikanten
Hochregulation der anti-thrombogen wirksamen eNOS fiihrt, und dass dieser Mechanismus
entscheidend zur Vermeidung thromboembolischer Komplikationen beitragt. Das Wissen um
diese Zusammenhange ist in der Klinik von gro3er Bedeutung, da Patienten mit defizienter
Synthese von NO einem hohen prothrombogenen Risiko ausgesetzt sind. Dieses kénnte
auch erklaren, warum Darbepoetin-alpha bei Tumorpatienten, welche potentiell eine gestérte
endotheliale Funktion mit insgesamt prothrombogenem Status aufweisen, zu einer héheren
Mortaliat fihrt und daher zur Behandlung der tumorassoziierten Anadmie nicht mehr
zugelassen ist. Auf der anderen Seite ist der Einsatz von NO-Donatoren bei diesen Patienten
in Betracht zu ziehen und sollte in diesem Zusammenhang weiter untersucht werden.

Das Rauchen wird mit einer erhéhten Rate an thromboembolischen Ereignissen in
Verbindung gebracht. Es ist jedoch nach wie vor nicht geklart, ob das suchtverursachende
Nikotin oder einer der vielen anderen Komponenten des Zigarettenrauchs dafir
verantwortlich ist. Ebenso scheint das Thromboserisiko in Zusammenhang mit der Einnahme
von weiblichen Geschlechtshormonen erhéht. Eine Untersuchung zur mikrovaskuldren
Thrombogenitdt an méannlichen und weiblichen Tieren ergab keinen signifikanten Effekt
chronischer Nikotinapplikation in Tieren beiden Geschlechts, jedoch fUhrte die hochdosierte
intravendse Nikotingabe bei weiblichen Tieren zu einer signifikant schnelleren
Thrombusbildung. Dieses ging einher mit einer erhdhten endothelialen Aktivierung. Aufgrund
dieser Ergebnisse kann eine geschlechtsspezifische Wirkung der nikotinvermittelten
Thrombogenitdt vermutet werden. Daher sollte in der Klinik der Einsatz der

Nikotinsubstitution zur Raucherentwéhnung vor allem bei Frauen kritisch Uberdacht werden.

Die vorliegenden Untersuchungen zeigen, dass eine Beeinflussbarkeit der
mikrovaskuldren Thrombogenitat in Kenntnis der zugrunde liegenden molekularen, zellularen
und humoralen Vorgénge auf verschiedensten Ebenen mdglich ist. Die Anwendung der in
dieser Arbeit charakterisierten Beeinflussungsmdéglichkeiten in klinischen Studien kénnte zur
Entwicklung neuer und viel versprechender Praventions- und Therapieoptionen in der

Chirurgie beitragen.
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