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2 Einleitung

Im auf das Jahr 1550 v. Chr. datierten Edwin Smith Surgical Papyrus (Breasted 1930)
vertrat man die Meinung, dass alle Erkrankungen in 3 Kategorien einzuordnen sind:
heilbare-, beherrschbare- und infauste Erkrankungen. Eine Schadigung des
Zentralennervensystems durch Blutungen wurde der dritten Kategorie zugeschrieben-
einer Tatsache, an der sich trotz grol3er medizinischer Fortschritte des vergangenen

Jahrhunderts, wenig geandert hat.

Die Inzidenz des Schlaganfalls liegt in Deutschland bei etwa 250 pro 100.000
Einwohnern.! Intrazerebrale Blutungen (ICB), eine Form des Schlaganfalls, sind fir
10-15% alle auftretenden Falle weltweit verantwortlich.? Zwischen dem Jahr 1990 und
dem Jahr 2000 kam es zu einem Anstieg der Zahl an stationar behandelten Patienten
mit ICB um 18%.2 Mégliche Erklarungen fuRen auf einer Uberalterung der
Bevolkerungsstruktur und einer damit verbundenen Zunahme der Pravalenz der
arteriellen Hypertonie und dem Einsatz anti-aggregierender und anti-koagulierender
Medikamente.* Altere Menschen haben ein hoheres Risiko eine ICB zu erleiden,
deren Inzidenz sich mit jeder Lebensdekade verdoppelt.® Vor dem Hintergrund der
derzeitigen demographischen Entwicklung ist daher zukunftig eine Zunahme der
Haufigkeit der ICB sowie eine Zunahme der resultierenden sozio-Okonomischen
Belastung zu erwarten. Patienten mit ICB leiden unter der hochsten Morbiditat und
Mortalitat aller Schlaganfallpatienten. In einer deutschen Studie mit 586 Patient lag die
30- Tage Mortalitat zwischen 30-50%.6 In anderen Studien lag die 7-Tage Mortalitat
bei 31%, die 1-Jahres Mortalitdt bei 59% und die 10-Jahres Mortalitat sogar bei
89%.578

Abhangig von lhrer zugrundeliegenden Ursache werden spontane Blutungen in
primare und sekundare ICBs unterteilt.>° Wahrend den primaren ICBs keine aueren
Umstande zuzuordnen sind, entstehen sekundare ICBs durch die Einnahme
gerinnungshemmender Wirkstoffe. Beiden Blutungsformen liegen jedoch ahnliche
pathologische Veranderungen der zerebralen Gefafte zugrunde.® Die Blutungen treten
zumeist (sub-)kortikal, im Bereich der Stammganglien, des Thalamus, der Pons oder
des Kleinhirns auf und sind Folge durch einen arteriellen Hypertonus verursachter

Veranderungen oder einer zerebralen Amyloidangiopathie.™



Hypertonie bedingte Blutungen treten vorwiegend im Bereich von Gefalbifurkationen
perforierender Verastelungen der vorderen-, mittleren- und hinteren Zirkulation auf.!’
Betroffen sind zumeist kleinere Gefalde mit einem Durchmesser von 50-700um. Haufig
finden sich multiple Bruchstellen, assoziiert mit Schichten aus Thrombozyten und
Fibrinaggregaten. Mikroskopischen finden sich Briche in der Membrana elastica, eine
Atrophie der Muskulatur der Membrana tunica media, sowie Risse innerhalb der
Wandschichten und eine zellulare Degeneration.®'" Durch die Einlagerung von
Cholesterinestern im Rahmen der Atherosklerose, kommt es vor allem bei alteren
Patienten zu einer weiteren Schadigung der GefalRwand, wahrend subendotheliale
Nekrosen zur Dilatation und konsekutiven Entstehung Ruptur gefahrdeter
Mikroaneurysmata fiihren.!

Die zerebrale Amyloidangiopathie (CAA) ist durch eine Ablagerung von 3- Amyloid und
degenerativer Veranderungen (Mikroaneurysmata, konzentrische Einrisse der
GefalRwand, Entzindungsinfiltrate und Fibrinoide Nekrosen) in den Kapillaren,
Arteriolen und kleineren Arterien des Kortex, des Kleinhirns sowie leptomeningeal
gekennzeichnet.'? Die CAA ist mit Mutationen des fiir Apolipoprotein E codierenden
Gens (APOE) assoziiert und fuhrt bei vorwiegend alteren Menschen zu sporadischen
ICBs. Familiare Formen mit einer Mutation des Amyloid-Vorlauferproteins APP fuhren
auch bei jingeren Patienten das Risiko flir das Auftreten von ICBs zu erhéhen.'314
Durch eine Antikoagulation ausgeloste Blutungen treten gehauft bei Patienten mit
vorbestehender Vaskulopathie aufgrund einer Hypertonie oder Amyloidangiopathie
auf, wodurch eine Aggravation bestehender Risikofaktoren naheliegend erscheint.'®



3 Pathophysiologie

Die Morbiditat und Mortalitat nach ICB wird durch den Primarschaden innerhalb der
ersten 48h und den Sekundarschaden im Verlauf der Blutungsrekonstitution bedingt.
Durch das Blutungsereignis kommt es zur physikalischen Auflosung bestehender
Gewebestrukturen und eines begleitenden Masseneffektes. Der so verursachte
Schaden ist einer kausalen Therapie prinzipiell nicht zuganglich. Obwohl die Blutung
bei ca. 2/3 durch Hamostase und Tamponade kurz nach dem lktus sistiert, kommt es
in 73% zu einer Zunahme des Hamatoms in den ersten 3h."¢ Innerhalb von 24h nach
ICB kommt es zum Auftreten eines perihamatomalen Odems, welches nach 4-6 Tagen
seine groRte Ausdehnung erreicht und bis zu 14 Tagen andauert.’-'® Ein grolRes
perihamatomales Odemvolumen relativ zur BlutungsgroRe gilt als negativer Pradiktor
eines guten klinischen Outcomes.?° In der Literatur wird eine als ,hibernation phase*
bezeichnete, transiente, hypometabole Phase, gekennzeichnet durch mitochondriale
Dysfunktion und metabolisches Versagen des perihamatomalen Gewebes,
beschrieben.?23 Diese Phase der Hypoperfusion scheint in klinischen und pra-
klinischen Studien allein jedoch nicht ausreichend eine Ischamie und sekundare
Zunahme des Schadenvolumens zu erklaren und legt den Einfluss weiterer

Mechanismen an der Schadensentstehung nach ICB nahe.?42°

3.1 Entstehung des primaren Hirnschadens

Primarschaden beschreibt den unmittelbaren Gewebeschaden, ausgelost durch die
akut auftretende Raumforderung mit ZerreiBung des physiologischen Zellgeflges. In
Folge der Einblutung kommt es zu einer mechanischen Unterbrechung und
Deformierung des Zellgefuges von Neuronen und Glia-Zellen mit konsekutiver
Ausschuttung verschiedener Neurotransmitter, mitochondrialer Dysfunktion und
Membrandepolarisation.?6-28 Abhangig vom AusmaR dieser Dysfunktion kommt es zu
transienten metabolischen Veranderungen (Hibernation), zellularer Schwellung oder
Nekrosen. Das an die Blutung grenzende Gewebe wird durch das perifokale Odem,
Apoptose, Nekrose und die Infiltration von Entziindungszellen mit beeinflusst.?®



3.1.1 Der Einfluss des Gerinnungssystems auf das Blutungsvolumen und die
Entstehung des Primarschaden

In 73% der Patienten mit ICB kommt es zu einer sekundaren Blutungszunahme. Bei
1/3 dieser Patienten kommt es wiederum zu einer Zunahme des Blutungsvolumens
von mehr als 33%, einer als kritisch definierten Schwelle, deren Ubertritt zu einer
deutlichen Mittellinienverlagerung, einer Zunahme des intrakraniellen Drucks und
einer neurologischen Verschlechterung beitragt.'®3% Koagulation resultiert aus der
Aktivierung zweier Systeme, dem intrinsischen und dem extrinsischen
Gerinnungssystem, deren gemeinsame Endstrecke durch die Aktivierung des
Gerinnungsfaktors X (FXa) zur Umwandlung von Prothrombin (FIl) zu Thrombin (Flla)
und der Quervernetzung von Fibrin besteht.3! Eine Beeintrachtigung des extrinsischen
oder intrinsischen Gerinnungssystems fuhrt zu einer starkeren Zunahme des
Blutungsvolumens nach lktus.3?

Aktivierter Faktor VII (FVlla), ein Bestandteil der extrinsischen Gerinnungsaktivierung,
vermittelt Hamostase im Bereich von Gefallschaden und fuhrt Uber diesen
Mechanismus zur Pravention eines Blutungsprogress.3®3* In einer prospektiv-
randomisierten Phase Il Studie (FAST,; fVlla for Acute Hemorrhagic Stroke Treatment)
wurde die Wirksamkeit einer Gabe von 20-80 pg/kg rekombinanten fVIla 3h nach Iktus
an insgesamt 821 Patienten (263 Placebo, 265 20ug/kg und 293 80pg/kg) untersucht.
In dieser Arbeit konnte die generelle Wirksamkeit von fVlla zur Verminderung einer
Blutungsexpansion bestatigt werden, jedoch fand sich kein Uberlebensvorteil nach 3
Monaten (24% Placebo, 26%/29% fVlla).3334 Darliber hinaus fand sich keine
Verbesserung des funktionellen Befundes, bei einer Zunahme unerwunschter
Arzneimitteleffekte wie arterieller Verschllsse.?3** Die FAST Studie untermauert durch
ihr Ergebnis die Hypothese des Einflusses weiterer, Uber die initiale mechanischen
Verhaltnisse hinausgehender pathophysiologischer Mechanismen in der Entstehung
des Gewebeschadens und daraus resultierender neurologischer Beeintrachtigungen
nach ICB.

3.2 Entstehung des sekundaren Hirnschadens

Der Sekundarschaden addiert sich dem Primarschaden ubereinen Zeitraum von
mehreren Stunden bis Tagen auf und kann diesen erheblich vergrofRern. Dieser
umfasst die weitere neurologische Verschlechterung durch Zelluntergang in Folge
anfallender Koagulationsprodukte des Blutgerinnungssystem, der Akkumulation
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zytotoxischer ~ Substanzen im Rahmen des Hamoglobinabbaus sowie
Perfusionsschaden durch Vasospasmus. Einzelberichte legen eine besondere
Bedeutung der Serinprotease Thrombin (Flla) an der Schadensentstehung in der Akut-
und Spatphase nach ICB nahe.5%" Innerhalb der ersten 4h nach ICB kommt es durch
Flla zu einer Aktivierung der Mikroglia. Diese fuhren durch die Ausschuttung von
Tumornekrosefaktor alpha (TNF-a) sowie dem Auftreten von Zytokinen und reaktiver
Sauerstoffspezies (ROS) den ultimativen Zusammenbruch der Bluthirnschranke
(blood brain barrier, BBB). Es entsteht ein vasogenes Odem, dass die Apoptose von
Neuronen und Gliazellen induziert.34% Der Einfluss von Thrombin auf die Ausbildung
des Sekundarschadens ist hierbei von besonderer Bedeutung, da der Nachweis von
Prothrombin m-RNA in Zellen neuronalen und glialen Ursprungs die Existenz eines
zerebralen Thrombinsystems, nahelegt.41-43

3.2.1 Der Einfluss von Thrombin auf die Schadensentstehung nach ICB

Thrombin wird aus dem inaktiven Vorlaufer Prothrombin abgespalten, welcher
vornehmlich in der Leber synthetisiert und ins Plasma ausgeschwemmt wird. Die
Hauptaufgabe von Thrombin besteht in der Spaltung von Fibrin zu Fibrinogen. Daruber
hinaus besitzt Thrombin eine wichtige Rolle bei der Aktivierung der p44/42 mitogen-
activated kinase (MAPK). Die Wirkung von Thrombin wird durch verschiedene
Rezeptoren  gesteuert. Diese Rezeptoren sind G-Protein  gekoppelte,
transmembrandse Rezeptoren, welche durch proteolytische Spaltung, nicht durch
Ligandenbindung, aktiviert werden. Zurzeit sind drei solcher Protease aktivierter
Rezeptoren (protease-activated receptors, PARs), PAR1, PAR-3 und PAR-4, bekannt.
Das Vorkommen von PAR-1 erstreckt sich von Neuronen Uuber Astrozyten,
Oligodendro-Gliazellen bis zu mikroglialen Zellen. 444 Es kommt hierdurch zur
Aktivierung intrazerebraler Signalwege wie MAPK, Phosphoinositol und p70. Die Folge
ist ein Anstieg der DNA Synthese, Zellmigration und schlief3lich Neurogenese. PAR-1
fuhrt zu einer moglichen Regulation von Rho, Inositol-1,4,5-trisphosphate,
Diacylglycerol, Adenylat-Zyklase und anderer Signalkaskaden. 4546

Durch den Nachweis von Prothrombin m-RNA in Zellen neuronalen und glialen
Ursprungs legt dariber hinaus die Existenz eines zerebralen/zellularen
Thrombinsystems nahe. 4143 Zerebral wirkt Thrombin als multivalentes Signalmolekdl
und vermittelt den morphologischen Wandel von Neuronen und Astrozyten. Es hat
dabei Auswirkungen auf die Angiogenese (vermittelt durch PAR-1 induziertes



Angiopoietin, hypoxia inducble factor-1 und vascular endothelial growth factor),
Neurogenese (Stimulation endothelialer Progenitor-Zellen des Knochenmarkes und
Stimulation der Sekretion des nerve growth factor aus Gliazellen) sowie der
neuronalen Plastizitat (vermittelt durch synaptische Re-Modulation). Die Bedeutung
von Thrombin fur die Veranderung des Zytoskeletts stellt einen Mechanismus der
Regulation des zellularem Re-Arrangement und der neuronalen Proliferation dar. 4748
Astrozyten besitzen eine wichtige Bedeutung in der Aufrechterhaltung der BBB. Uber
eine Modifikation astrozytarer Strukturen besitzt Thrombin eine direkte Bedeutung fur
die Integritat der BBB und mogliche pathologische Konsequenzen bei der Entstehung
des interstitiellen Hirnddems. Uber eine  N-Methyl-D-Aspartat (NMDA)
Rezeptorbindung wird ein potentiell zytotoxischer Effekt des Thrombins nach ICB
vermittelt. 46 Die Aktivierung von PAR-Rezeptoren auf Astrozyten fiihrt zur Entstehung
von Stickstoffmonoxid (NO) und konsekutiv. zum Auftreten einer lokalen
Entzindungsreaktion. In der Literatur finden sich Hinweise auf eine dosisabhangige
Regulation des perifokalen Odems, eine Limitation der Blutungsgrofie und Pravention
einer sekundaren Blutungszunahme innerhalb von 24h, die Aufhebung der BBB sowie
die Aktivierung des Komplement-Systems und TNF-a mit konsekutiver Entstehung von
Gewebsnekrosen 46:49-51,

Eine direkte Beteiligung von Thrombin an der Entstehung des Sekundarschadens
scheint daher naheliegend.

3.2.2 Komponenten des Liquor cerebrospinales und deren Einfluss auf die

Entstehung des Sekundarschadens nach ICB

Eine intraventrikulare Einblutung korreliert mit schwerwiegenderen neurologischen
Defiziten nach ICB.%? Experimentelle und klinische Studien belegen eine
Entziindungsreaktion im Liquor als Folge einer Einblutung.53%* Diese aseptische
Entzindungsreaktion umfasst Veranderungen der Zellzahl, des Eiweil3gehaltes und
der Glucosespiegel.>® In einer prospektiven Beobachtungsstudie bei 464 Patienten
konnte ein direkter Zusammenhang zwischen intraventrikularer Blutungsmenge,
Degradierung der Blutbestandteile und einer Zunahme der Entzindungsparameter
(Leukozyten, Zellzahl, Glucose) bestatigt werden.®® Es bestand jedoch kein
Zusammenhang zwischen den gemessenen Parametern und dem funktionellen
Neurostatus. Im Rahmen der Clot Lysis Evaluation of Accelerated Resolution of
Intraventricular Hemorrhage (CLEAR) IlI Studie konnte bei 500 Patienten keine
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Verbesserung eines funktionell guten Uberlebens (mRS0-3) nach intraventrikularer
Lysetherapie mit Alteplase gefunden werden. Die Mortalitat bei Patienten, die eine
intraventrikulare Lysetherapie erhielten, war nach 6 Monaten mit 18% geringer, als die

der Patienten mit Placebo-Gabe (29%).56

3.2.3 Cortical spreading depressions und Blutabbauprodukte

Als cortical spreading depolarization (CSD) bezeichnet man Depolarisationswellen der
grauen Substanz, welche sich langsam mit einer Geschwindigkeit von 2 bis 5 mm/min
ausbreiten.®” Im gesunden lassen sich CSDs nur nach Provokation mittels
mechanischer oder elektrischer Stimuli beobachten und fuhren in der Folge zu einer
Unterdriickung der synaptischen Aktivitat fir 5 — 15min.%® Durch Hypoxie, Ischamie
oder Hypoglykamie kommt es 2zu einem spontanen Auftreten dieser
Depolarisationswellen, wobei es meisten zu einer protrahierten Rekonstitution
kommt.%8 CSDs fiihren klinisch zu einer Suppression im Elektroencephalogramm
(EEG). Im Rahmen von CSDs kommt es zu einem Anstieg des extrazellularen K+ bis
60 mmol/L und einem Abfall von Ca2+ auf bis zu 0.1 mmol/L, und einer Reduktion von
Na+ auf 50 bis 70 mmol/L.%® Dieser Zusammenbruch der lonenhomdostase flihrt zu
einem neuronalen Flussigkeitsinflux mit konsekutiver Schwellung vor allem der
Dendriten und stellt einen Mechanismus der neuronalen Beteiligung im Rahmen der
CSDs dar.%® Wahrend der Phase der Depolarisation kommt es darliber hinaus zu einer
Freisetzung der exzitatorischer Neurotransmitter Glutamat und Aspartat.?® In Studien
der Co-Operative Study on Brain Injury Depolarizations (COSBID; see

http://www.COSBID.org) konnte gezeigt werden, dass es bei Patienten mit einer

traumatischen Hirnschadigung innerhalb des geschadigt sowie des lasionsfreien
Hirnparanchyms zum Auftreten von CSDs kommt und diese zur Ausbreitung des
Schadens beitragen.?’ Die Existenz einer perihamatomalen Penumbra im Rahmen
intrazerebraler Blutungen ist noch immer umstritten. Es wird jedoch spekuliert, dass
die durch CSDs angestoliene Neuroinflammation und Entstehung eines perifokalen
Odems zu einer Rekrutierung gesunder Bereiche in den perildsionalen Schaden
vermittelt.®® Ein Einfluss von CSDs wird in der Pathophysiologie und
Schadensentstehung verschiedener intrakranieller Blutungen diskutiert. So kommt es
nach aneurysmatischen Subarachnoidalblutungen zu einer Umkehr der
neurovaskularen Ruckkopplung in Folge von CSDs und damit zu einer lokalen
Vasokonstriktion und konsekutiven Minderperfusion.®? In einem porcinen ICB Modell
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wurde das Auftreten CSDs nach intrazerebralen Blutungen beschrieben.®® Auch nach
TBlI und subduralen Hamatomen wurde das Auftreten sich ausbreitender
Depolarisationswellen beobachtet. 8 Trotz des zunehmenden Verstéandnisses lber die
Entstehung und Auswirkung von CSDs, bleibt das Kausalitatsprinzip- fuhrt neuronaler
Schaden zur Entstehung der Depolarisation oder ist er die Folge derselben, ein
Gegenstand der wissenschaftlichen Diskussion.

Intrakranielle Blutung
Y

Blutungszunahme

- W D

Gewebe- Perivaskulare- . Blutabbau-
schaden ICP 1 niche sCSD Theombin produkte
Herniation CBF | \ CBF | Ham/Fe?*

N / ,,

— Ischamie s “ ROS/O*

Neuronal
damage

<«<——  Entzindungsreaktion

\ Primarer Hirnschaden

Abb. 1: Mechanismen der Entstehung des primaren und sekundaren Hirnschaden
nach intrakraniellen Blutungen (nach Mracsko et. al. Front. Cell. Neurosci. 2014)

Sekundarer Hirnschaden/

3.2.4 Bedeutung von Perizyten und einer aberranten Gefalarchitektur fur die
Entstehung und Rekonstitution nach ICB

Perizyten sind perivaskulare, multipotente Zellen der abluminalen Seite der Kapillaren.
Im Bereich des zentralen Nervensystems treten Perizyten zu Endothelzellen in einem

Verhaltnis von bis zu 1:1 auf.®* Eine derartig hohe Dichte von Perizyten ist dabei fiir
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die Aufrechterhaltung der BBB notwendig.?® Im ZNS erfiillen Perizyten weiterhin eine
Vielzahl unterschiedlichster Aufgaben; der Regulation des zerebralen Blutfluss,
Stammzellreservoir sowie Modulation von Angiogenese und
Entziindungsreaktionen.®® Perizyten stehen Uber eine Vielzahl unterschiedlicher
Signalkaskaden inklusive platelet derived growth factor (PDGF), vascular endothelial
growth factor (VEGF), transforming growth factor beta (TGF-) und Wnt mit den
Endothelzellen der assoziierten Gefalle in Verbindung. Eine Stérung einer dieser
Regelkreise fuhrt zu pathophysiologischen Phanomenen wie Tumorangiogenese oder
diabetische Retinopathie.®>%” Ein Mangel an Perizyten fiihrt zu einer Zunehmenden
Schrankenstoérung Uber die BBB und eine Ausbildung von Mikroaneurysmata.® In
verschiedenen Arbeiten konnte ein Zusammenhang zwischen einem Verlust von
Perizyten und dem Auftreten intraventrikularer-, aneurysmatischer- und Tumor
assoziierter Blutungen nachgewiesen werden.%%’0 Eine aberrante Angiogenese, wie
zum Beispiel im Rahmen des Tumorwachstums auftritt, fihrt Gber eine Unterdrickung
des TGF- B1 Signalweges zur GefalRdysplasien und konsekutiver Einblutung.”""2
Solche Einblutungen sind ein Charakteristikum hirneigener Tumore wie dem
Glioblastom.” Das Glioblastom zahlt zu den am starksten vaskularisierten Tumoren,
vermittelt durch die Expression von VEGF in Folge einer lokalen Hypoperfusion. Die
Uberexpression von VEGF in Glioblastomzellen fiihrt zu einer konsekutiven Zunahme
der fur diese Tumorentitdt pathognomonischen intrazerebralen Blutungen im
Mausmodell.”® Da es ausgel6st durch VEGF zu einer Ablation von gefaRumgebenden
Perizyten kommt, sind diese oft unreif und fragil; einer moglichen Erklarung der
Haufung von ICBs beim Glioblastom.” Im Rahmen einer Gewebsminderperfusion
kommt es aullerdem zu einer Ischamie bedingten Konstriktion der Kapillaren,
ausgelost durch Kontraktion der umgebenden Perizyten und einem damit
verbundenen Gewebsuntergang.”

Trotz einer stitigen Zunahme neuer Hinweise uber die Rolle von Perizyten im Rahmen
der ICB, ist bisher wenig Uber die zugrundliegenden molekularen Mechanismen und
der Beteiligung im Rahmen der Entstehung des Sekundarschadens bekannt.
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4 Behandlung intrazerebraler Blutungen

Ein einheitliches Behandlungskonzept fur ICBs existiert aktuell nicht. Die Therapie
umfasst konservative und invasive Ansatze. Die operativen Verfahren sind breit
gefachert und Dbeinhalten die stereotaktische oder navigierte Aspiration,
Lyseverfahren, die mikrochirurgische Evakuation sowie die dekompressive
Hemikraniektomie. In einem Review von 1421 Patienten mit ICB war das Begrenzen
und Einstellen therapeutischer Bemuhungen der fuhrende Grund der hohen
Mortalitat.”® Die Behandlung auf einer neurologisch-/neurochirurgischen
Intensivstation fuhrte in einer prospektiven Studie zu einem deutlichen Ruckgang der
Mortalitat.””

4.1 Konservatives Management

Gangige Mallnahmen der konservativen Therapie umfassen die Sicherung der
Atemwege, Aufhebung etwaiger Antikoagulation, sowie eine enge Einstellung des
intrakraniellen Drucks (ICP) und Normalisierung des Blutdrucks.”® Die Senkung des
Blutdrucks auf Zielwerte von 140mHg konnte im Rahmen multizentrischer Phase |l
(ATACH, Antihypertensive Treatment of Acute Cerebral Hemorrhage) und |l
(INTERACT, Intensive Blood Pressure Reduction in Acute Cerebral Haemorrhage)
Studien als sicher und empfehlenswert identifiziert werden.”® In einer
Subgruppenanalyse der INTERACT Studie konnte gezeigt werden, dass Patienten mit
einem initialen Blutdruck von mehr als 181mmHg am meisten von einer konsequenten
Senkung des Blutdrucks profitieren, wenn diese innerhalb der ersten 3h nach lktus
eingeleitet wird. 7980

Mehr als 17% aller intrazerebrale Blutungen stehen in Zusammenhang mit der
Einnahme einer oraler Antikoagulation (0AK).® Bei der Halfte aller Patienten mit ICB
unter oAK kommt es zu einer neurologischen Verschlechterung innerhalb der ersten
48h und einer Mortalitat innerhalb der ersten 6 Monaten von 64%.8' Es wird daher eine
Gerinnungsnormalisierung durch Gabe von Vitamin-K und Prothrombinkomplex
(PPSB) bei Vitamin-K-Antagonisten, Protaminsulfat bei Heparin und Fresh-Frozen
Plasma (FFP) innerhalb von 2h nach Iktus empfohlen.®8? Eine Reduktion der
International normalized ratio (INR) auf unter 1,4 innerhalb von 2h nach lktus tragt zu

einer Reduktion der sekundaren Blutungszunahme bei.8?
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Die Daten der FAST Studie lassen keinen generellen Vorteil der Gabe von rFVIla far
das Gesamtiiberleben und das neurologische Outcome erkennen.®* Die Wirkung der
neuen oralen Antikoagulanzien (NOAKS) lasst sich mit den Standard-Gerinnungstest
nur unzureichend beurteilen, so dass lhre Wirkung anhand der Halbwertszeit und
Elimination abgeschéatzt werden muss.® Spezifische Antidote wie Idarucizumab fiir
den direkten Thrombininhibitor Dabigatran oder Andexanet Alfa fur die Faktor-Xa-
Hemmer Rivaroxaban und Apixaban sind in lhrer Bedeutung zur Behandlung mit
diesen Antikoagulanzien assoziierten Blutungen bisher nicht hinreichend erforscht.8¢-:87
Uneinigkeit besteht Uber den Einfluss der Thrombozytenfunktion auf ICBs. Die
Hemmung der Thrombozyten-Aggregation fuhrte in zwei Beobachtungs-Studien zu
einem haufigeren Auftreten von intraventrikularen Blutungsanteilen, frihen
Nachblutungen, einer Zunahme der Mortalitdt und schlechtem neurologischen
Outcome, wahrend die CHANT (Cerebral Hemorrhage and NXY-059 Treatment)
Studie keine dieser Auswirkungen belegen konnte.88-9°

Durch den raumfordernden Effekt der ICB selbst, sowie des begleitenden perifokalen
Odems, kann es zu einer Beeintrachtigung des zerebralen Blutflusses (CBF) und einer
Erhohung des intrakraniellen Drucks (ICP) kommen. Aus arteriellem Blutdruck und ICP
lasst sich der zerebrale Perfusionsdruck berechnen. Konzeptuell stellt der CPP den
arteriellen Blutdruck dar, mit dem das Hirn effektiv perfundiert wird. Somit kann der
CPP in Naherung als indirekter und globaler Indikator fur den regionalen CBF
angesehen werden. Es gibt Hinweise, dass die Aufrechterhaltung eines CPP von 50-
70 mm HG zu einer Verbesserung des neurologischen Outcomes beitragt. Trotz
fehlender Beweise der Uberlegenheit eines kontinuierlichen Hirndruckmonitorings wird
dies durch die Europaische Schlaganfallgesellschaft empfohlen.®'92 Ziel der Therapie
ist die Senkung des ICP auf Werte < 20 mmHg wobei lediglich ein langerer
Hirndruckanstieg (>15 min) zu einer spezifischen Behandlung fuhren sollte.
Allgemeine MalRnahmen (Stufe 1) zur Senkung des intrakraniellen Drucks beinhalten
die  Verbesserung des vendsen Abstroms durch Oberkdrperhochlagerung um 30°,
der Vermeidung von Fieber, Hypo- und Hyperglykamie, Hypo- und Hyperkapnie, einer
adaquaten Analgosedierung sowie, wenn maoglich, der Drainage von Liquor uber eine
externe Ventrikeldrainage.

Bei Versagen der allgemeinen MaRnahmen, kann die spezifische Therapie (Stufe 2)
durch Gabe von Osmotherapeutika (Mannitol (20%), hypertone Kochsalzlosung (3.2-
23.4%) oder Glycerol (10%)) und Barbituraten eskaliert werden. Hypertones Kochsalz
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fuhrt in einer Konzentration von 3,2 % - 23,4 % zu einer effektiveren ICP — Senkung
als Mannitol in 20 %iger Losung, wahrend Mannitol der alleinigen Nutzung von
Pentobarbital zu Senkung des ICP Uberlegen ist.%> Die Anwendung der kontrollierten
Hyperventilation, auf einen pCO2 < 32mmHg, sollte zur Vermeidung sekundarer
ischamischer Komplikationen nur unter kontinuierlichem Monitoring der interstitiellen

Sauerstoffpartialdruckes (ptiO2) erfolgen.®*

4.2 Operatives Management

4.2.1 Mikrochirurgische Evakuation supratentorieller ICBs

Durch die chirurgische (offene) Evakuation intrazerebraler Blutungen kann die
raumfordernde Wirkung und die sekundare Freisetzung von Blutabbauprodukten
reduziert werden. In der international, prospektiv durchgefuhrten STICH-Studie
(Surgical Trial in Intracerebral Haemorrhage) wurden 1033 Patienten mit ICB
eingeschlossen und innerhalb von 24h in einer der beiden Studienarme: Initial
konservative Therapie (530 Patienten) oder frihe Hamatomevakuation (503
Patienten), randomisiert. Im Verlauf kam es bei sekundarer Verschlechterung der
Vigilanz zu einem Wechsel von 1/4 der Patienten aus der konservativen in die
chirurgische Behandlungsgruppe. Innerhalb der operativen Gruppe kam es in 26% zu
einem funktionell guten Outcome, in der konservativen Behandlungsgruppe in 24%
(odds ratio 0.89 [95% CI 0.66-1.19], p=0.414). Auch in der Mortalitat bestand kein
signifikanter Unterschied.®® Eine Subgruppenanalyse der Kohorte ergab, dass die
frhe chirurgische Therapie fur nicht komatdse Patienten mit oberflachlich gelegenen
Blutungen einen positiven Effekt haben konnte.®® Die klinische Bedeutung dieser
Subgruppe wurde in einer Nachfolgestudie (STICH-II) untersucht. In dieser ebenfalls
international, prospektiv an 78 Zentren in 27 Landern durchgefuhrten Studien, wurden
insgesamt 601 Patienten mit oberflachlichen, nicht tiefer als 1cm von der
Kortexoberflache gelegenen Blutungen ohne Ventrikeleinbruch und mit einem
Volumen zwischen 10-100ml fur frthe Evakuation (307) oder konservative Therapie
(294) randomisiert. Von den eingeschlossenen Patienten hatten 174 (59%) von 297
der chirurgischen Gruppe und 178 (62%) von 286 Patienten der konservativen Gruppe
ein schlechtes Outcome (odds ratio 0,86 [0,62 to 1,20]; p=0,367). Die 6-Monats-
Mortalitatsrate lag bei 18% (Evakuation) und 24% (konservative Behandlung) (odds
ratio 0,71; [0,48-1,06]; p=0,095).°6 Eine Subgruppenanalyse zeigte, dass Patienten mit
einem initialen Glascow Coma Scale (GCS) zwischen 10-12 von einer chirurgischen
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Therapie profitierten.®® Die STICH-Studien konnten somit keinen eindeutigen Vorteil
der chirurgischen Therapie gegenuber einem konservativen Vorgehen belegen.
Lediglich ein kleiner eng umgrenzten Teil der Patienten, profitiert eindeutig von einer
frihen, operativen Evakuation. Die mikrochirurgische Evakuation kann als
Einzelfallentscheidung jedoch als lebensrettende Malinahme bei neurologischer

Verschlechterung erwogen werden.%

4.2.2 Mikrochirurgische Evakuation infatentorieller ICBs

Eine rechtzeitige Evakuation infratentorieller Blutungen vermag die mit einer
Kompression des Hirnstamms verbundene Morbiditat und Mortalitat zu senken. In
einer Analyse des amerikanischen Schlaganfallregisters kam es bei Patienten mit
einer chirurgischen Evakuation der Blutung zu einem besseren funktionellen Outcome,
unabhangig des Alters und der initialen Beeintrachtigung.®” Eine neurologische
Verschlechterung der Patienten ist als Indikation zur Evakuation akzeptiert. Bei
Auftreten einer Liquorzirkulationsstorung durch Kompression des 4. Ventrikels scheint
eine Evakuation vor Eintreten einer Verschlechterung vorteilhaft.® Die Leitlinien der
amerikanischen und europaischen Schlaganfallgesellschaft empfehlen die Evakuation
infratentorieller Blutungen mit einem Durchmesser grof3er 3 cm oder mehr als 20 ml

Volumen,.99:100

4.2.3 Dekompressive Hemikraniektomie

Die Wirksamkeit der Hemikraniektomie beruht auf der Senkung des ICP durch
Entfernung des &uleren Wiederlagers des Neurokraniums. Hierdurch wird eine
Schwellung des geschadigten Hirngewebes nach aullen ermdglicht und eine
Herniation durch Kaudalverlagerung verhindert.’®" Patienten mit groRen, tief unter der
Kortexoberflache gelegenen Blutungen, eintretender Mittellinienverlagerung und
einem GCS < 8 kdnnen von einer dekompressiven Hemikraniektomie profitieren.01-103
Die internationale multizentrische SWITCH-Studie (Swiss Trial of Decompressive
Craniectomy versus Best Medical Treatment of Spontaneous Supratentorial
Intracerebral Hemorrhage) untersucht prospektiv. den Nutzen der frihen
dekompressiven Hemikraniektomie im Vergleich zur konservativen Behandlung bei

ICBs im Bereich der Stammganglien mit einem Volumen > 30 ml (www.switch-trial.ch).
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4.2.4 Minimal-invasive Hamatomevakuation

Minimal-invasive Therapieverfahren stellen eine Moglichkeit zur Hamtomevakuation
unter Schonung des perihamatomalen Gewebes dar. Hierbei werden Katheter
stereotaktisch oder unter Zuhilfenahme einer Neuronavigation in die Blutungshohle
eingelegt.'% AnschlieBend erfolgt die Aspiration und lokale Fibrinolyse des Blutclots.
In Studien von Keric et al konnten die Wirksamkeit dieser Technik durch
Untersuchungen in einem neuartigen in vitro Modell nachgewiesen werden.'%5-1%7 Eine
Sonderform, die endoskopische Blutungsevakuation, wurde bereits in den achtziger
Jahren beschrieben.'%®1%° In der multizentrische Phase || MISTIE-Studie (Minimal
Invasive Surgery Plus rt-PA for Intracerebral Hemorrhage Evacuation) wurden 69
Patienten mittels rtPA-Lyse und 42 konservativ behandelt. In der Gruppe mit rtPA
konnte eine signifikante Reduktion des Hamatomvolumens und des perihamatomalen
Odems ohne Auftreten neurotoxischer Effekte, erreicht werden.'” In der
nachfolgenden, internationalen Multizenterstudie MISTIE Il wurde der klinische
Nutzen der Katheter-basierten rtPA Lysetherapie gegenuber der konservativen
Therapie untersucht. Insgesamt wurden 506 Patienten mit supratentorieller Blutung
>30ml in einem Zeitraum zwischen dem 30.12.2013 und 15.08.2017 rekrutiert und die
Studienarme MISTIE (255) und konservative Therapie (251) randomisiert. Die Studie
konnte die Sicherheit des Verfahrens, jedoch keine Uberlegenheit von MISTIE
gegenuber der Standardtherapie fur das funktionelle Outcome 365 Tage nach lktus
bestatigen.’' Die Optimierung der als sicher etablierten Fibrinolyse zur Behandlung
der ICB durch neue Fibrinolytika bietet Hoffnung auf eine zukunftige, positive

Beeinflussung des funktionellen Outcomes.''?
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5 Zielstellung der Arbeit

Wie nie zuvor in der Geschichte der Behandlung intrakranieller Blutungen, stehen
heute eine Plethora technischer- und pharmakologischer Moglichkeiten, sowie eine
Vielzahl unterschiedlicher Behandlungskonzepte zur Verfugung. Gleiwohl des
immensen Forschungsaufwands der letzten Jahrzehnte, ist es dennoch bisher nicht
gelungen, einen fur die Patienten bedeutsamen Fortschritt in der Therapie dieser
Erkrankung zu erzielen.

Mehr denn je besteht daher der Bedarf, die Mechanismen der Schadensentstehung
nach ICBs zu verstehen und in moderne, multimodale Behandlungskonzepte zu
integrieren. Die Untersuchung dieser Ablaufe wahrend der Schadensentwicklung steht
im Mittelpunkt der vorgelegten Schrift.

Im Einzelnen wurden folgende Fragestellungen untersucht:

1. Existiert ein zerebrales Thrombinsystem und welche Rolle spielt Thrombin in
der Entstehung des neuronalen Schadens nach intrakraniellen Blutungen im
Maus-ICB-Modell?

2. Fuhrt eine Zunahme der zerebralen Thrombinkonzentration im Liquor von
Patienten ICB zu einem schlechteren neurologischen Outcome?

3. Welche Bedeutung hat die Optimierung des Gerinnungssystem fur die
Zunahme der Blutung, dass neurologische Outcome sowie das
Gesamtuberleben bei Patienten mit intrakraniellen Blutungen?

4. Welche weiteren Faktoren Uben einen Einfluss auf die Entstehung des
Gewebeschadens nach ICBs aus: Untersuchung des Einflusses spontaner
kortikaler Depolarisationswellen im Rattenmodell.

5. Welche Rolle spielt die Gefalarchitektur und die Zellen der perivaskularen
Nische fur das Auftreten tumorassozierter ICBs und die Entstehung des

neuronalen Schadens?
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6 Orginalarbeiten

6.1 The Cerebral Thrombin System Is Activated after Intracerebral Hemorrhage
and Contributes to Secondary Lesion Growth and Poor Neurological
Outcome in C57BI/6 Mice.

Krenzlin H, Gresser E, Jussen D, Riede N, Taylor L, Vogelaar CF, Ringel F,
Kempski O, Alessandri B. J Neurotrauma. 2020 Jun 15;37(12):1481-1490. doi:
10.1089/neu.2019.6582. Epub 2020 Mar 11. PMID: 31830857

Hintergrund: Langezeit galt die Leber als einziger Entstehungsort der Serinprotease
Thrombin. In der aktuellen Literatur haufen sich jedoch die Hinweise auf die Existenz
eines zerebralen Thrombinsystems. In einer dosisabhangigen Wirkungsbeziehung
vermittelt Thrombin  Entwicklungsprozesse des zentralen Nervensystems,
Neuroprotektion sowie, in hohen Konzentrationen, neurodegenerative und toxische
Wirkungen. Bisher ist wenig Uber die Rolle von Thrombin bei intrazerebralen Blutungen
bekannt. Es wird angenommen, dass Thrombin die Entstehung des
Sekundarschadens beeinflusst. In der Vorliegenden Arbeit wird die Rolle
physikalischer Veranderungen durch Volumenexpansion sowie der Einfluss von
Blutabbauprodukten auf die Aktivierung des zerebralen Thrombinsystems nach ICB
und dessen Einfluss auf die Entstehung des Sekundarschadens untersucht.

Methoden: Um den Einfluss des Auftretens einer ICB auf die Aktivierung des
zerebralen Thrombinsystem zu untersuchen, wurden entweder 30 ul autologes Blut
oder Silikondl in das Striatum von 20 C57BI/6N-Mausen (Charles River, Sulzfeld,
Deutschland) injiziert. Silikondl, eine synthetische Substanz, die aus sich
wiederholenden Einheiten von Siloxan besteht, wird Ublicherweise in
Versuchsumgebungen und als Tamponade in der vitreoretinalen Chirurgie verwendet,
da es chemisch inert ist. Bei einem Teil der Tiere wurde ein periprozedurales
Neuromoitoring zur kontinuierlichen Aufzeichnung des RR, ICP und CBF durchgefuhrt
(5 Blut, 5 Silikonol, 2 Schein operierte Tiere). Die intrakranielle Blutung wurde unter
Verwendung eines 2-Stufen-Modells erzeugt. Hierbei wurde eine stumpfe 26 G-Kanule
bis zu einer Tiefe von 3 mm unter Duraniveau eingefuhrt. In einem ersten Schritt
wurden 5 pl autologes Blut oder Silikondl unter Verwendung einer Spritzenpumpe mit
10 pl / min injiziert. Die Nadel wurde dann auf 4 mm Tiefe vorgeschoben und weitere
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25 pl injiziert. Zur Beurteilung der Auswirkungen der CB auf das zerebrale
Thrombinsystem wurden coronare Kryoschnitte mit Hamatoxylin und Eosin gefarbt,
um die Lokalisierung und Zusammensetzung der Lasion sichtbar zu machen.
Weiterhin wurden Farbungen fur Prothrombin, Thrombin, PAR-1, neuronales
Kernantigen, fibrillares saures Glia-Protein (GFAP, Marker fur Astrozyten) und
ionisiertes Calcium-bindendes Adaptermolekil 1 (lba-1, Marker von Mikroglia /
Makrophagen) gefarbt. Die Gewebeverletzung wurde durch Farben und Zahlen von
NeuN-positiven Neuronen analysiert und als Prozent der kontralateralen (nicht
injizierten) Seite ausgedruckt.

Verursachte Defizite wurden mit Hilfe von sensomotorischen Funktionstests wie
Rotarod-, Griffstarke-, Beam-Walk- und Beam-Balance-Tests bewertet werden. Die
sensorische und motorische Integritat wurde unter Verwendung eines Neuroscores

getestet

Ergebnisse: Der ICP stieg wahrend der ICB auf 54,0 £ 10 mmHg in der Gruppe mit
autologem Blut und 40,8 £ 9 mmHg in der Silikongruppe an (p = 0,34). In beiden
Gruppen normalisierte sich der ICP innerhalb von 30 Minuten. Umgekehrt fiel der CBF
auf 32,0% = 8,1% nach Injektion von Blut und auf 37,6% + 10,3% bei Tieren, denen
Silikondl injiziert worden war. Der CBF erholte sich nach dem Ende der Injektion
teilweise, blieb jedoch wahrend des gesamten Uberwachungszeitraums vermindert.
Der mittlere arterielle Blutdruck (MAP) stieg wahrend der Injektionsperiode reflexartig
an (Cushing-Reflex). Statistisch signifikante Unterschiede im ICP-, MAP- und CBF-
Verlauf zwischen Blut- und Silikondl fand sich nicht. Im perihamatomalen Gewebe war
die Anzahl der Neuronen bei Tieren, denen Blut injiziert wurde, auf 53,96 + 4,40% (p
= <0,05) und bei Tieren, denen Silikondl injiziert wurde, auf 61,82 + 7,39% (p = 0,02)
verringert. Der neuronale Verlust nahm mit zunehmender Entfernung von der Lasion
ab. Die Analyse ergab keine statistisch signifikanten Unterschiede zwischen Blut- und
Silikonlasionen. 24 h nach ICB konnte ein signifikanter perilasionaler Anstieg der
Thrombinexpession in beiden Lasionsgruppen festgestellt werden. (Abb. 3B) Die HOhe
der Thrombinkonzentration korrelierte hierbei mit dem Verlust an Neuronen
perilasional (spearman co-efficient p = -0.679; p < .001). (Abb. 3C) Um zwischen
lokaler Thrombinexpression und zirkulatorischem Zustrom zu unterscheiden, wurde
eine Immunfluoreszenz-Co-Farbung durchgefuhrt. Hierbei fand sich eine starke Ko-
Lokalisation von Thrombin und NeuN. (Abb. 3A) Thrombin wurde Uberwiegend in
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reifen Neuronen und der extrazellularen Matrix nachgewiesen, nicht jedoch in
Gliazellen. Die Bewertung von Gleichgewicht, Griffstarke und motorischer
Koordination erfolgte mit dem Rotarod®-Leistungstest. Hierbei konnten keine
statistisch signifikanten Unterschiede zwischen Blut- und Silikontieren gefunden

werden, wahrend sich beide von Scheinkontrollen unterscheiden (p <0,0001).
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Abb. 3: (A) Ko-Lokalisation von Thrombin mit Neuronen (NuN) mittels immunfluoreszenz in der
perihdmatomalen Zone nach ICB bei der Maus. (B) Die Konzentration von perihdmatomalen
Thrombin nimmt mit wachsender Entfernung von der Lasion ab. (C) Die Konzentration von
Thrombin korreliert negativ mit der Anzahl an Neuronen in der PHZ. (Krenzlin et. al. Neurotrauma.
2020)

i} )

Diskussion: In der vorgestellten Arbeit konnte erstmal die Aktivierbarkeit des
zerebrale Thrombinsystem nach ICB nachgewiesen werden. Bisher gibt es nur
begrenzte Daten zum lokalen zerebralen Thrombinsystem. Es wird noch immer
kontrovers diskutiert, ob Thrombin infolge von Blutextravasation und Schadigung der
Blut-Hirn-Schranke einstromt oder lokal produziert wird. Die Ko-Lokalisation von
Thrombin mit Neuronen der perihamatomalen Zone belegt das Vorhandensein und
Aktivierung eines zerebralen Thrombinsystems in der Folge einer ICB. Daruber hinaus
konnte gezeigt werden, dass diese Aktivierung unabhangig vom Vorhandensein von
Vollblutbestandteilen ist und zu einer konzentrationsabhangigen neuronalen
Schadigung mit konsekutiv schlechterem klinischem Outcome fuhrt. Die Ergebnisse
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der Studie stimmen mit zuvor veroffentlichten Daten Uberein, die eine Vergleichbarkeit
von subduralen Hamatomen in An- und Abwesenheit von Blutabbauprodukten

nahelegt.

Hauptaussage:

In unserer Arbeit konnte die Aktivierung eines zerebralen Thrombinsystem unabhangig
vom Vorhandensein von Blutabbauprodukten nach ICB nachgewiesen werden. Die
Entstehung des neuronalen Schadens und der Ausbildung neurologischer Defizite in
der Fruhphase nach ICB korreliert mit dem Auftreten von Thrombin. Unsere
Ergebnisse untermauern somit die Existenz eines zerebralen Thrombinsystems und
unterstreichen dessen Bedeutung als potentieller Angriffspunkt einer gezielten ICB
Therapie.

6.2 High CSF thrombin concentration and activity is associated with an

unfavorable outcome in patients with intracerebral hemorrhage

Krenzlin H, Frenz C, Schmitt J, Masomi-Bornwasser J, Wesp D, Kerz T, Lotz J,
Alessandri B, Ringel F, Keric N.

Hintergrund: Durch intrazerebrale Blutungen kommt es zu einer Aktivierung des
zerebralen Thrombinsystems im perihamatomalen Gewebe. Durch die Expression von
Thrombin kommt es in einer konzentrationsabhangigen Dosis-Wirkungsbeziehung zu
einer Zunahme des Sekundarschadens und einem schlechteren neurologischen
Outcome. In dieser Arbeit wurde der Einfluss der Thrombinkonzentration und der
Thrombinaktivitat im Liquor auf das neurologische Outcome bei Patienten mit ICB

untersucht.

Methoden: Von Februar 2017 bis Februar 2019 wurden 20 konsekutive Patienten (9
Frauen und 11 Manner), welche aufgrund einer supratentoriellen ICB eine
extraventrikulare Drainage benotigten, in die vorliegende Studie eingeschlossen. Das
Patientenalter lag zwischen 40 und 80 Jahren (66 + 12 Jahre). Alle Patienten hatten
mindestens eine oder mehrere Grunderkrankungen, wobei arterielle Hypertonie mit
75% am haufigsten auftrat, chronische Herzerkrankungen (35%) und maligne
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Erkrankungen (30%) am zweit- und dritthaufigsten auftrat. Alle Patienten wurden
standardmalig auf Intensivstation gemall den aktuellen klinischen Richtlinien
behandelt. Die Liquorkonzentration von Thrombin, seinem Vorlaufer Prothrombin und
dem Thrombin-Antithrombin-Komplex (TAT) wurden mittels enzymgebundenen
Immunsorbens-Assays (ELISA) gemessen. Daruber hinaus wurde die Konzentration
der Superoxiddismutase (SOD), als Marker von oxidativem Stress, im Liquor bestimmt.
Das initiale Blutungsvolumen und der intraventrikulare Blutungsanteil wurden
basierend auf einer bei Aufnahme angefertigten Computertomographie (CT) bestimmt.
Das neurologische Ergebnis wurde unter Verwendung der erweiterten mRS- und
Glasgow-Ergebnisskala (GOSE) 6 Wochen und 6 Monate nach Auftreten der ICB

erhoben.

Ergebnisse: Die Konzentrationen von Prothrombin (p <0,005), Thrombin (p = 0,005)
und TAT (p = 0,046) im Liquor von Patienten mit ICB zeigt eine statistisch signifikante
Erhdhung im Vergleich zum Liquor von Patienten ohne ICB. Die Liquor-
Konzentrationen von Thrombin 24 Stunden nach ICB korrelierten mit dem mRS-Index
als Surrogat-Marker des neurologischen Outcome, 6 Wochen (r2 = 0,73; <0,005) und
6 Monaten (r2 = 0,63; <0,005) nach Entlassung aus dem Krankenhaus. (Abb. 2) Die
Thrombinaktivitat7 TAT korrelierte ebenfalls mit dem mRS nach 6 Wochen (r? = 0,54;
<0,01) und 6 Monaten (r> = 0,66; <0,04). Hohe Thrombinkonzentrationen 24 Stunden
nach ICB treten gemeinsam mit hoheren SOD-Spiegeln auf (p = 0,01). Im Gegensatz
dazu hatten Prothrombin, Thrombin und TAT weder zum anfanglichen ICB-Volumen
noch zum IVH-Volumen eine statistisch signifikante Korrelation. Ebenso korrelierten
die Plasmaspiegel von FIl, Flla und TAT nicht mit dem klinischen Ergebnis. Die
Korrelation der Liquorkonzentrationen von Fll, Flla und TAT mit dem Kklinischen
Outcome war unabhangig von der Art der gewahlten chirurgischen Intervention.
Unsere Daten zeigen keine Uberlegenheit einer Blutungsevakuation oder -lyse im
Vergleich zur konservativen medizinischen Behandlung bezogen auf das
neurologische Outcome (p = 0,71). Hohe Konzentrationen von Fll, Flla oder TAT im
Liquor fuhrten nicht zu einer erhohten Notwendigkeit chirurgischer Eingriffe wahrend
der akuten Phase nach ICB.

Diskussion: In dieser Studie konnten wir zeigen, dass die anfangliche
Thrombinkonzentration und -aktivitat im Liquor von Patienten mit ICB nicht mit dem

23



ICH- und IVH-Volumen korreliert und dennoch mit einem schlechteren funktionellen
neurologischen Outcome verbunden ist. Diese Ergebnisse stitzen somit einen vom
Primarschaden unabhangigen Beitrag von Thrombin zur Entstehung des
Sekundarschadens. Die Ko-Inzidenz von Thrombin und ROS legt eine zumindest
partielle Involvierung freie Sauerstoffspezies in der Pathophysiologie der Thrombin
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Abb. 2: (A) Die Konzentration von Thrombin und dem TAT Komplex korrelieren mit dem
neurologischen Outcome (MRS) 6 Wochen und 6 Monate nach ICB. (B) Patienten mit niedrigeren
Thrombinkonzentrationen im Liquor haben eine statistisch signifikant héhere Wahrscheinlichkeit
eines glinstigen Outcome. (nach Krenzlin et. al. Plos ONE. 2020)

vermittelten Schadensentstehung nahe.

Hauptaussage: Die Serin-Protease Thrombin stellt, im zentralen Nervensystem,
einen multivalenten Einflussfaktor vieler, GUber seine Funktion im Gerinnungssystem
hinausgehender, physiologischer und pathophysiologischer Prozesse dar. Wie auch
im Rahmen eines ischamischen Insultes, besteht ein Zusammenhang zwischen hohen
Konzentrationen von Thrombin im Liquor und einem schlechten Outcome nach
intrazerebralen Blutungen. Die Unabhangigkeit der Thrombinkonzentration im Liquor
von der im Blutplasma, der GroRe der Blutung und der intraventrikularen
Blutungsanteile liefert weitere Hinweise auf die Bedeutung des intrazerebralen
Thrombinsystems fur die Pathophysiologie der ICB.
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6.3 Surgical treatment of intraparenchymal hemorrhage during mechanical
circulatory support for heart-failure- a single-center experience.

Krenzlin H, Rosenthal C, Wolf S, Vierecke J, Kowski A, Hetzer R, Vajkoczy P,
Czabanka M. Acta Neurochir (Wien). 2014 Sep;156(9):1729-34. doi:
10.1007/s00701-014-2141-6. Epub 2014 Jun 13. PMID: 24919800

Hintergrund: Intrazerebrale Blutungen stellen eine schwerwiegende Komplikation bei
Patienten mit Ventricular assist devices (VAD) dar, da diese eine standige
Antikoagulation erfordern. Es ist bekannt, dass eine Beeintrachtigung des ex- oder
intrinsischen Gerinnungssystem zu einer starkeren Zunahme des Blutungsvolumens
nach Iktus fuhrt.3? Die Operation und das post-operative Management der ICB unter
Antikoagulation stellt eine besondere Herausforderung die Behandler dar, und birgt
erhebliche Risiken fiir den Patienten.'’® Bei Patienten, bei denen eine obligate
Indikation zur Antikoagulation aufgrund mechanischer Implantate oder im Rahmen
einer vorliegenden Erkrankung besteht, existieren nur wenige klinische
Entscheidungshilfen, eine eindeutige Evidenz fiir ein bestimmtes Vorgehen fehit."
Ziel der vorgelegten Arbeit war es, dass chirurgische und klinische Outcome von
Patienten mit Behandlungsbedurftiger ICB und VAD zu analysieren. Im Mittelpunkt der
Arbeit steht das zentrale Management der Antikoagulation und sein Einfluss auf den
sekundaren Blutungsprogress, post-operative Nachblutung und Funktion des VAD,
sowie das funktionelle Outcome.

Methoden: Im Zeitraum vom 1. Januar 2009 bis zum 1. Januar 2014 wurden 12
konsekutive Patienten mit VAD und raumfordernder supra- oder infratentorieller ICB in
die Studie eingeschlossen. Die Datenerhebung erfolgte anonymisiert, retrospektiv. Die
Nachbeobachtung erfolgte bis 3 Monate nach der Operation oder bis zum Tod der
Patienten. In der Analyse wurden zwei primare Outcome Parameter, das Ausmal} der
Hamatomevakuation und das klinische Outcome anhand der modified Rankin Scale
(mRS), definiert. Sekundare Outcome Parameter waren die Haufigkeit einer
Nachblutung, die Rate der Revisionseingriffe und die Mortalitat im Krankenhaus. Das
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Gerinnungsmanagement wurde anhand der praoperativen INR-Werte (International
Normalized Ratio) sowie der pra- und postoperativen Antikoagulation erfasst.

Ergebnisse: Insgesamt wurden zwolf Patienten (Durchschnittsalter 44 + 18 Jahre, 9
supratentorielle und 3 infratentorielle Blutungen) in die Auswertung eingeschlossen.
Bei 10 Patienten bestand die Behandlung mit einem LVAD mit kontinuierlichem Fluss,
1 Patient wurde mit LVAD und pulsatilem Fluss und ein Patient mit extrakorporaler
Membranoxigenierung behandelt. Eine chirurgische Evakuierung des Hamatoms
wurde bei 11 Patienten durchgefuhrt, ein Patient erhielt eine dekompressive
Hemikraniektomie. Bei allen Patienten bestand eine Antiaggregation mit
Acetylsalicylsdure und eine Antikoagulation mit Marcumar oder Heparin. Der INR zum
Zeitpunkt der ICB war 2,7 + 1,6, die Partielle Thromboplastinzeit (PTT) 63,3 +40 s.
Praoperativ erfolgte bei allen Patienten die Gerinnungsoptimierung durch Gabe von
Blut- und Thrombozytenkonzentraten, Fresh Frozen Plasma und Fibrinogen oder
PPSB. Eine intraoperative Normalisierung der Gerinnung gelang bei 50% der
Patienten. Post operativ erfolgte die PTT gesteuerte Antikoagulation mit Heparin (Ziel
60-80s) bei 8 Patienten, bei 4 Patienten wurde eine vollstandige Normalisierung der
Gerinnung angestrebt. 7 der 8 Patienten mit PTT gesteuerter Antikoagulation verstarb
wahrend des Aufenthaltes im Krankenhaus, 4 Patienten verstarben innerhalb der
ersten 24h. Der einzige Uberlebende konnte mit einem mRS von 5 Punkten entlassen
werden. Bei Patienten mit einer Normalisierung der Gerinnung betrug die Mortalitat
50%, 2 Patienten uberlebten mit einem mRS von 5 bzw 4 Punkten.

Bei allen Patienten konnte durch die Operation eine Teilevakuation der Blutung
erreicht werden. Eine Vollstandige oder insuffiziente Evakuation fand sich bei keinem
der Patienten. Die Nachblutungsrate betrug 75%. Bei drei Patienten wurde eine
Revision durchgefuhrt, bei zwei Patienten wurde eine partielle Hamatomevakuation

und bei einem Patienten eine vollstandige Evakuierung erreicht.

Diskussion: Unserer Studie belegt die Schwierigkeit einer suffizienten chirurgischen
Intervention und das schlechte Outcome bei Patienten mit ICB und mechanischer
Kreislaufunterstitzung. Die praoperative und intraoperative Substitution von
Gerinnungsfaktoren und Blutbestandteilen zeigte keinen ausreichenden Schutz zur
Verhinderung von Nachblutungen und einer deutlich erhohten Mortalitat. Die
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postoperative Normalisierung der Gerinnung scheint jedoch zu einer Verbesserung
des Outcomes beizutragen, ohne die Kreislaufunterstitzungssysteme zu behindern.

Hauptaussage: Bei den Patienten mit LVAD handelt es sich um eine kleine und
schwer vorerkrankte Gruppe von Patienten. Trotz maximaler therapeutischer
Anstrengung ist die Mortalitat nach ICB in dieser Gruppe deutlich erhdht. Die Arbeit
verdeutlicht die Ubergeordnete Bedeutung des Gerinnungssystems und eine
stringente Optimierung desselben, fir das Uberleben und funktionelle Outcome bei

Patienten mit intrazerebralen Blutungen.

6.4 Occurrence of Spontaneous Cortical Spreading Depression Is Increased by
Blood Constituents and Impairs Neurological Recovery after Subdural
Hematoma in Rats.

Krenzlin H, Jussen D, Plath M, Tretzel SJ, Kramer T, Kempski O, Alessandri B.
J Neurotrauma. 2019 Jan 15;36(2):395-402. doi: 10.1089/neu.2018.5657. Epub
2018 Aug 10. PMID: 29756530

Hintergrund: Akute subdurale Blutungen (ASDH) sind haufig und mit schwerer
Morbiditat und Mortalitat verbunden. Im Jahr 1944 entdeckte Ledo eine Unterbrechung
der Elektroenzephalogrammaktivitat, die mehrere Minuten andauerte, wahrend seiner
Forschung zur Epilepsie bei Kaninchen. sCSDs sind ein elektrophysiologisches
Phanomen mit allenfalls geringen Auswirkungen auf gesundes Gewebe. Es wird
jedoch angenommen, dass diese spontanen kortikalen Depolarisationen (sCSD) in der
Entstehung des Sekundarschadens bei ICBs und ASDH eine Rolle spielen. Die
wellenartigen Depolarisationen sind mit Veranderungen des zerebralen Blutflusses,
der Perfusion sowie einer Schwellung der Neuronen und der Dendriten verbunden.
Uber die Entstehung von sCSD und der durch sie ausgeldsten Pathomechanismen ist
bisher nur wenig bekannt. Die vorliegende Arbeit beschaftigt sich mit allgemeinen
Mechanismen der Auswirkung sCSD im Rattenmodell des ASDHs.

Methoden: Die vorliegende Studie enthalt zwei experimentelle Gruppen: Zunachst
untersuchten und charakterisierten wir das Auftreten von sCSD nach subduraler

27



Blutinfusion (300 pl) mittels Gewebeimpedanzmessung (IMP) in einem Rattenmodell.
Zweitens verglichen wir das Auftreten und den Einfluss von sCSD auf das
Lasionswachstum und das neurologische Defizit in Gegenwart und Abwesenheit von
Vollblutbestandteilen. Neurologische Ausfallen wurden mit Hilfe es 10 Punkte
umfassenden ,Neuroscores’, dem Beam-Balance- und Beam-Walk-Test quantifiziert.
Die Ausdehnung des neuronalen Schadens wurde an konsekutiven Coronarschnitten
durch die Lasion der in Paraffin fixierten Hirne, mit Hilfe der Haematoxylin-Eosin

Farbung ausgewertet.

Ergebnisse: Durch die subdurale Blutinfusion kam es zu einen ko-linearen Anstieg
des IMP und ICP. Kein Unterschied im anfanglichen IMP-Anstieg (p = 0,685) oder in
der Dauer (p = 0,084) bestand zwischen Tieren mit und ohne weitere sCSDs. In der
ersten Versuchsgruppe konnten nach Blutung drei IMP-Merkmale unterschieden
werden: kein sCSD, rezidivierende sCSD und konstant erhohtes IMP (anoxische
Depolarisation, AD). Bei 8 Tieren traten die Ersten sCSDs 53,86 + 1,73 min nach lktus
auf, wahrend bei 7 Tieren keine sCSDs beobachtet wurden. Im Durchschnitt wurden
6 £ 0,58 sCSDs beobachtet. Jeder sCSD dauerte 2,66 + 0,31 min, wahrend der Erste
am langsten (3,43 £ 0,34 min) und die Letzte am kurzesten (2,47 + 0,28 min) anhielt.
Wenn sCSDs nachgewiesen wurden, war die Lasionsgrof3e statistisch signifikant
groBer war (56,7 + 10,7 mm3), verglichen mit Tieren ohne sCSDs (27,7 £ 10,4 mm3;
p = 0,01). Zwei als AD klassifizierte Tiere hatten eine mittlere Lasionsgrof3e von 55,8
+ 3,7 mm3. In der zweiten Versuchsgruppe trat sCSD nach autologem Blut im
Vergleich zur Paraffindlinfusion haufiger auf. Das Lasionsvolumen nach 7 Tage Betrug
in der Blutgruppe 27,3 + 6,8 mm?3 und 3,4 + 2,1 mm? in der Gruppe mit Paraffindl. Die
Subgruppenanalyse zeigte bei Tieren mit sCSD eine grolere Lasionsgrof3e als bei
Tieren ohne. DarUber hinaus fuhrte das Auftreten von sCSD in beiden Gruppen zu

schlechteren neurologischen Ergebnissen.
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Abb. 4: (A+B) Nach Eintreten einer ICB kommt es zum gleichsinnigen Anstieg des ICP und der
GEwebeimpendanz und Abfall des CBF. (C) In der Folge kommt es zum Auftreten 3
verschiedener Formen von verlaufen mit unterschiedlichem Outcome: anoxischen
Depolarisation, sCDS oder dem Ausbleiben von sCDS. (D) ASDHs mit Blutbestandteilen fiihren
zu einem ahnlichen neuronalen Schaden wie solche ausgelost durch eine inerte
Volumensubstanz (D), zeigen jedoch deutlich haufiger auftretende sCDS (Krenzlin et. al.
Neurotrauma 2019)
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Diskussion: Unsere Experimente zeigen, sCSDs haufiger, aber nicht ausschlieflich,
in Gegenwart von Blutabbauprodukten beobachtet werden konnen. Obwohl das
Auftreten von sCSDs in allen Fallen mit einem groferen Lasionsvolumen und
schwereren neurologischen Defiziten verbunden war, wurde statistische Signifikanz
nur bei den Tieren erreicht, die eine subdurale Infusion von autologem Blut erhielten.
AD war mit einem vorzeitigen Tod des Tieres verbunden. Die Ergebnisse einer kirzlich
von der COSBID-Forschungsgruppe durchgefuhrten multizentrischen Studie konnte
zeigen, dass sCSD ein kritischer Faktor fur das Outcome bei Patienten mit
verschiedenen traumatischen und spontanen intrakraniellen Pathologien darstellt.
Unsere Daten bestatigen das angenommene Paradigma, des sCSD zur Entwicklung
des Sekundarschadens beitragen. Wir konnten zeigen, dass sCSD frih nach
intrakraniellen  Blutungen auftreten und nicht vom Vorhandensein von
Vollblutbestandteilen abhangen. Anzahl und Grad der sCSD sind jedoch nach

autologer Blutinfusion haufiger und schwerer als bei einer Substanz mit inertem

29



Volumen. Das Auftreten von sCSD fuhrt zu einem Lasionswachstum und konsekutiv
einem schlechteren neurologischen Outcome. Die Ergebnisse sprechen fur eine

Uberwachung und gezielte Behandlung von sCSD nach intrakraniellen Blutungen.

Hauptaussagen: Zusammenfassend liefern wir Hinweise darauf, dass die
Akkumulation von autologem Blut die Wahrscheinlichkeit des Auftretens von sCSD im
Ratten-Modell erhdht. sCSDs korrelieren mit einem beeintrachtigten neurologischen
Outcome in der An- und Abwesenheit von Blutabbauprodukten. Die Ergebnisse
bestatigen sCSDs als wichtigen, aber nicht einzige Faktor der Entstehung des
Sekundarschadens nach intrakraniellen Blutungen.

6.5 Cytomegalovirus promotes murine glioblastoma growth via pericyte

recruitment and angiogenesis.

Krenzlin H, Behera P, Lorenz V, Passaro C, Zdioruk M, Nowicki MO, Grauwet
K, Zhang H, Skubal M, Ito H, Zane R, Gutknecht M, Griessl MB, Ricklefs F, Ding
L, Peled S, Rooj A, James CD, Cobbs CS, Cook CH, Chiocca EA, Lawler SE. J
Clin Invest. 2019 Mar 11;129(4):1671-1683. doi: 10.1172/JC1123375. eCollection
2019 Mar 11. PMID: 30855281

Hintergrund: Das Glioblastom (GBM) ist der haufigste bosartige Hirntumor mit etwa
10.000 Neuerkrankungen pro Jahr. Intrakranielle Blutungen treten bei Patienten mit
primaren Hirntumoren wie dem Glioblastom gehauft auf, auch wenn keine
Antikoagulation vorliegt."’®> Wahrend der Tumorangiogenese kommt es zum
aussprossen von Endothelzellen, gefolgt von eine Perizytenmigration. Die
Gefaldarchitektur erreicht jedoch keine vollstandige Reifung, was zu mehreren
strukturellen und funktionellen Anomalien wie einer starken Desorganisation,
unregelmaBig geformten und undichten GefaRen fiihrt.""® Diese Form der
Tumorangiogenese mit konsekutiven Einblutungen a3t sich auch beim Glioblastom
nachvollziehen. Ziel der Arbeit war die Untersuchung der Auswirkung des
Cytomegalievirus (CMV) auf die Tumorangiogenese durch Beeinflussung
tumorassozierter Perizyten und deren Bedeutung fur den Krankheitsverlauf im

Mausmodell zu untersuchen.
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Methoden: Mittels Transwell-Migration Assays wurde der Einfluss einer Infektion von
Tumorstammzellen und Zellen der perivaskularen Nische auf die Migration von
Endothelzellen untersucht. Mittels Matrigel Assay konnten die Auswirkungen der von
CMV infizierten Zellen sezernierten pro-angiogenetischen Faktoren auf Ihr Potential
zur Induktion einer Neoangiogenese untersucht werden. Die in vitro gewonnen
Erkenntnisse wurden im Glioblastom-Mausmodell bei CMV infizierten Mausen
Uberpruft. Veranderungen auf der Ebene des Transkriptoms wurden mittels RNA
Sequenzierung identifiziert und im Folgenden durch knock-down mittels CRISPR/cas9

Genomeditierung verifiziert.

Ergebnisse: Zur Beantwortung der Fragen wurden zunachst ein neues, syngenes
Glioblastom-Mausmodell, in perinatal mit CMV infizierten Mausen, etabliert. In diesem
Modell konnte ein schnelleres Tumorwachstum und kurzeres Gesamtuberleben in
Abhangigkeit einer latenten CMV Infektion nachgewiesen werden (P <0,001). Als eine
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Abb.5 Tumorbedingte Verdnderungen der GeffaRarchitektur fiihrt zum Auftreten
intrazerebraler Blutungen beim Glioblastom (A) Die Infektion mit CMV fuhrt zur Freisetzung
von Zytokinen und dadurch zu einer Steigerung der Angiogenese im Matri-Gel Assay in vitro.
(B) Tumorgefalle in CMV postiven Mausen mit Glioblastom zeigen eine héhre Gefalireife und
besatz mit perivaskularen Perizyten. (C) Hierdurch kommt es zu einer Steigerung des CBF und
Tumordurchblutung in vivo. (D) Unreife GefaRe und ein Mangel an die Gefalle umgebende
Perizyten fuhrt zu einer Zunahme tumorassozierter Blutungen (linkes Bild).
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Ursache konnten Veranderungen in der Tumorangiogenese identifiziert werden. Bei
CMV positiven Tieren fand sich ein deutlich reifere Gefalarchitektur mit einer Vielzahl
perivascularer Periyten, einem hoheren intratumoralen Blutfluss, weniger
thrombotischen Verschlissen und einer Verringerung intratumoraler Einblutungen.
Mittels RNAseq konnte erstmals der platelet-derived growth factor-D (PDGF-D,
~Wachstumsfaktor aus Thrombozyten®) als ein fuhrender Mechanismus hinter der
CMV vermittelten Angiogenese und Ausreifung der GefalRarchitektur identifiziert
werden. Durch den knock-down von PDGF-D mittels CRISPR/cas9 kam es zu einem
Ruckgang der Angiogenese in vitro und in vivo. In der Abwesenheit von PDGF-D fand
sich eine deutlich unreifere Tumorgefalarchitektur mit

weniger pervaskularen Perizyten und eine Zunahme assoziierter Einblutung. Weiterhin
kam es zu einem Ruckgang des Tumorwachstums und Verlangerung des mittleren

Uberlebens.

Diskussion: Die in der vorliegenden Arbeit gewonnenen Erkenntnisse ermoglichen
ein besseres Verstandnis des Tumorwachstuns und gewahren Einblicke in die
Bedeutung der Gefalarchitektur und Bedeutung von Perizyten fur die Entstehung von
intrazerebralen Blutungen. Es konnte gezeigt werden, dass es durch Perizyten zu
einer Veranderung des zerebralen Blutflusses und Verbesserung der Perfusion
kommt. In Gefalken mit niedrigem Besatz an Perizyten kommt es starkt zum Auftreten
von thrombotischen Ereignissen und Einblutungen kommt. Es ist anzunehmen das
Perizyten einer ahnlichen Funktion auch im perihamatomalen Gewebe wahrnehmen
und hier zur Blutungsexpansion oder der sekundaren Rekrutierung nicht betroffenen
Gewebes in das Schadensareal um ICB beeinflussen.

Hauptaussagen:

Im beschriebenen Tumormodell fanden wir Hinweise, dass ein Verlust perivaskularer
Perizyten zu einer Zunahme unreifer Tumorgefalde, einem verminderten Blutfluss und
einer hoheren Rate intratumoraler Einblutungen fuhrt. Beim Glioblastom wird dieser
Umstand durch den Einfluss des Cytomegalievirus Uber die Signaltransduktion mittels
PDGF-D kompensiert und bewirkt so eine onkomodulatorische Wirkung auf das

Tumorwachstum.
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7 Fazit

Im Rahmen intrakranieller Blutungen kommt es zu zeitlich versetzt ablaufenden
Mechanismen, welche summativ den entstehenden Schaden bedingen. Es lassen sich
grob solche der primaren Schadensentstehung und solche, welche nach der
eigentlichen Blutung, zur Entwicklung des sekundaren Schadens beitragen,
unterscheiden. Zugrundeliegende Faktoren wie eine unreife oder abnorme
Gefaliarchitektur, das Vorliegen einer Mikroangiopathie, eine Blutgerinnungsstorung
sowie durch Ischamie oder Tumor veranderten Gewebes beglnstigen das Auftreten
von Blutungen und pragen den entstehenden Primarschaden mit. Im Rahmen der
Blutung kommt es dann zunachst zu einer Unterbrechung des Gewebeverbandes und
damit verbundenen ZerreiRung von Zellstrukturen. Durch den Austritt und extravasale
Akkumulation von Blut kommt es, entsprechend der Monro-Kelly Doktrin zunachst zu
einer Kompensation durch Verdrangung intrakranieller Kompartimente und, nach dem
Aufbrauchen des Kompensationsraumes, zu einem exponentiellen Anstieg des ICP.
Hierdurch kommt es zu einem Abfall der Perfusion, verbunden mit Ischamie und der
Schadigung von weiterem, initial nicht geschadigtem Gewebe- dem Ubergang zur
Entstehung des sekundaren Blutungsschadens. Durch die mechanischen
Veranderungen von Druck und Perfusion, dem Auftreten von Abbauprodukten der
Blutbestandteile und des Gerinnungssystems, einer eintretenden
Entzindungsreaktion und Aktivierung verschiedener Systeme zum Schutz und

Rekonstitution, kommt es zu Formation und Konsolidierung des Sekundarschadens.

Die in dieser Schrift vorgelegten Originalarbeiten beschaftigen sich mit den
unterschiedlichen Voraussetzungen und Mechanismen, die den Prozessen der
Schadensentstehung nach intrakranieller und insbesondere intrazerebraler Blutung
zugrunde liegen. Es konnte gezeigt werden, dass die Gefaldarchitektur und
Komposition der perivaskularen Nische das Auftreten einer ICB begunstigt und direkte
Auswirkung auf den zerebralen Blutfluss und die Perfusion nimmt. Dartuber hinaus
konnte die Bedeutung eines intakten Gerinnungssystems fur die Therapie und das
klinische Outcome nach ICB gegenuber der Indikation zur Antikoagulation bei
Patienten mit VAD gezeigt werden. Es scheint naheliegend, dass dieses Prinzip auch
auf andere Situationen, in denen eine ICB unter Antikoagulation auftritt, erweitert
werden kann. Ein Bestandteil des Gerinnungssystems, Thrombin, konnte in
Abhangigkeit von seiner Konzentration im Liquor als negativer Pradiktor einer guten
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Erholung nach ICB identifiziert werden. Des Weiteren konnte ein bisher nicht
publizierter Faktor, die Aktivierung einer zerebralen Thrombinexpression neuronaler
Strukturen im perihamatomalen Gewebe und dessen Einfluss auf die Entstehung der
sekundaren Hirnschadigung im Mausmodel nachgewiesen werden. Abschlie3end
konnten die Erkenntnisse der COSBID Study Group uber das Auftreten und
Auswirkungen sCSD in Folge von Blutbestandteilen auf die Entstehung des Schadens
in einem ASDH Modell bei Ratten untersucht werden. Diese Erkenntnisse sind
universell, da Form und Folgen der sCSD unabhangig der zugrundeliegenden

Erkrankung zu einer Potenzierung des initialen Schadens fuhren.
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8 Abkurzungsverzeichnis

AD
ASDH
ATACH
BBB
CAA
CBF
CHANT
CLEAR Il
CMV
COSBID
CPP
CRISPR
CSD
EEG
ELISA
FAST
FFP

FIl

Flla
GCS
GFAP
GOSE
IBA1
ICB
ICP
IMP
INR

INTERACT
Haemorrhage

m-RNA
MAPK
MISTIE

Anoxische Depolarisation

Akutes Subduralhamatom

Antihypertensive Treatment of Acute Cerebral Hemorrhage
Bluthirnschranke (blood brain barrier)

Zerebrale Amyloidangiopathie

Zerebraler Blutfluss

Cerebral Hemorrhage and NXY-059 Treatment
Clot Lysis Evaluation of Accelerated Resolution
Cytomegalievirus

Co-Operative Study on Brain Injury Depolarizations
Zerebraler Perfusionsdruck

Clustered Regularly Interspaced Short Palindromic Repeats
Cortical Spreading Depolarization
Elektroencephalogramm

Enzyme-linked Immunosorbent Assay

fVlla for Acute Hemorrhagic Stroke Treatment
Fresh-Frozen Plasma

Prothrombin

Thrombin

Glasgow Coma Scale

Saures Glia-Protein

Glasgow Outcome Scale

Calcium-bindendes Adaptermolekul 1
Intrazerebrale Blutungen

Intracranial pressure

Gewebeimpedanz

International normalized ratio

Intensive Blood Pressure Reduction in Acute Cerebral

Messenger Ribonucleic Acid
Mitogen-Activated Kinase

Minimal Invasive Surgery Plus rt-PA for Intracerebral

Hemorrhage Evacuation

35



mRS

NMDA
NOAKs

0AK

PARs

PDGF

PPSB

ROS

SOD

STICH
SWITCH
Treatment of
Hemorrhage)
TAT

TNF-a

VAD

VEGF

Modified Rankin Scale

N-Methyl-D-Aspartat

Neue orale Antikoagulanzien

Oraler Antikoagulation

Protease-Activated Receptors

Platelet-derived growth factor

Prothrombinkomplex

Reaktiver Sauerstoffspezies

Superoxiddismutase

Surgical Trial in Intracerebral Haemorrhage

Swiss Trial of Decompressive Craniectomy versus Best Medical
Spontaneous Supratentorial Intracerebral

Thrombin-Antithrombin-Komplex
Tumornekrosefaktor alpha
Ventricular assist devices

Vascular Endothelial Growth Factor
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The Cerebral Thrombin System |s Activated
after Intracerebral Hemorrhage and Contributes
to Secondary Lesion Growth and Poor Neurological
Outcome in C57BI/6 Mice

Harald Krenzlin,>" Eva Gresser,"* Daniel Jussen,® Nicole Riede,' Louise Taylor,
Christina Francisca Vogelaar,* Florian Ringel,? Oliver Kempski, and Beat Alessandri’

Abstract

With increasing evidence for the existence of a cerebral thrombin system, coagulation factor Ila (thrombin) is suspected to
influence the pathogenesis of secondary injury progression after intracerebral hemorrhage (ICH). We hypothesized that
mechanisms associated with local volume expansion after ICH, rather than blood constituents, activate the cerebral
thrombin system and are responsible for detrimental neurological outcome. To test this hypothesis, we examine the local
thrombin expression after ICH in a C57BL/6N mouse model in the presence and absence of blood constituents. ICH was
established using stereotaxic orthotopic injection of utologous blood (rn=10) or silicone oil as inert volume substance
(n=10) into the striatum. Intracranial pressure (ICP), cerebral blood flow (CBF), and mean arterial blood pressure (MAP)
were monitored during and 30 min after the procedure. No significant differences between ICP, CBF, and MAP were
found between both groups. Prothrombin messenger RNA expression was upregulated early after ICH. Im-
munohistochemistry showed an increase of perilesional thrombin in both groups (blood, 4.24-fold; silicone, 3.10-fold),
whereas prothrombin fragment (F1.2) was elevated only in the absence of whole blood. Thrombin expression is colo-
calized with neuronal antigen expression. After 24 h, lesion size and neuronal loss were similar. Perihematomal thrombin
correlated with increased neuronal loss and detrimental neurological outcome in vivo. In our study, we demonstrate, for
the first time, that the local cerebral thrombin system is activated after ICH and that this activation is independent of the
presence of whole-blood constituents. In our study, neuronal damage is driven by local thrombin expression and leads to
an adverse clinical outcome.

Keywords: cerebral thrombin system; intracranial hemorrhage; secondary injury; thrombin

Introduction

INTRACEREBRAL HEMORRHAGE (ICH) is a devastating form of
stroke associated with considerable early mortality and long-
term morbidity. ICH accounts for approximately 15% of all deaths
from stroke.! Detailed knowledge about pathophysiology is still
elusive, limiting therapy to mostly symptomatic treatments. An
increasing number of studies indicate a key modulatory role of
thrombin in traumatic brain injury (TBI) as well as ischemic and
hemorrhagic stroke.”

The trypsin-like allosteric serine protease, thrombin, is one
of the major actors within the coagulation cascade. It is derived
from its inactive precursor, prothrombin, by proteolytic cleavage

through the prothrombinase complex.® In the coagulation cascade,
thrombin converts fibrinogen to fibrin, the main constituent of a
blot clot. Further, thrombin acts as a polyfunctional signaling
molecule binding to several substrates with a broad structural di-
versity.* Thus, generation of thrombin leads to receptor-mediated
inflammatory responses, cell proliferation/modulation, cell pro-
tection, and apoptosis.”® The majority of prothrombin is produced
in the liver and in the bloodstream until it is converted into mature
thrombin.” Because of its large, spherical shape, it is unable to pass
the blood—brain barrier (BBB).® In cases of a BBB breakdown (e.g.,
during TBI, severe epilepsy, inflammation, and other pathological
conditions), (pro-)thrombin enters the brain and reaches high
concentrations.>°
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Yet, thrombin and thrombin associated factors, such as FX,
protease nexin-1 (PN-1), AT III, and thrombin-activated receptors,
have been demonstrated throughout the central nervous system
(CNS) of rat and human specimens under various patho- and
physiological conditions.'® Local expression of prothrombin in
neurons and glial cells might be the primary source of brain-derived
thrombin and could, together with its activators and inhibitors,
indicate an important role within the CNS.'%!3

Lately, increasing evidence of protective and harmful thrombin
effects in conditions such as stroke and hemorrhage became evi-
dent. When administered at pico- to nanomolar ranges (10 pM to
10nM), thrombin was shown to be protective against a variety of
cellular insults, such as glucose deprivation (oxygen-glucose dep-
rivation), hypoglycemia, and reactive oxygen species.'*'S In-
tracerebral thrombin administration (thrombin pre-conditioning)
before the occurrence of intracerebral hemorrhage leads to edema
reduction.'® The instillation of thrombin in approximate 10-fold
high concentrations (100nM to 10 uM) increases neuronal death
after ischemia and causes cellular damage de novo and tumor ne-
crosis factor alpha (TNF-«) upregulation, with a consecutive in-
crease of brain edema and neurological deficits in mice.>'” Release
of proinflammatory factors (e.g., TNF-« and nitric oxide) contrib-
utes to neurodegeneration, neuroinflammation, and an increase of
brain edema.'®!°

These deleterious effects of thrombin are mediated by protease-
activated receptor-1 (PAR-1) and matrix metalloproteinase-9 ac-
tivation.® Activation of PAR-1 induces the mitogen-activated
protein kinase pathway, thus leading to astrogliosis and glial scar
formation impairing regeneration after ischemia and ICH.?'~**

We hypothesized that effects associated with local volume ex-
pansion after ICH, not blood constituents, activate the cerebral
thrombin system. We speculated that local thrombin expression,
rather than influx of systemic thombin, is responsible for secondary
injury and detrimental neurological outcome. To test this hypoth-
esis, we examined local thrombin expression after ICH in a
C57BL/6N mouse model in the presence and absence of blood-
derived thrombin. In this study, silicone oil was used as inert vol-
ume substance to replace whole blood and thus circumvent
thrombin influx and altercation by blood constituents. We gener-
ated a stereotaxic ICH mouse model and inoculated either autolo-
gous blood or silicone oil. Sham-operated animals were used as a
control. Intracranial pressure (ICP), cerebral blood flow (CBF), and
mean arterial blood pressure (MAP) were monitored continually
during some operations. Lesion size and localization were exam-
ined using hematoxylin/eosin staining in frozen sections. We per-
formed immunohistochemistry (IHC) to analyze prothrombin and
thrombin expression. Neuronal damage, astrocyte, and microglia
attraction were measured in both lesion groups and compared to
sham-operated animals.

Methods
Experimental design

To investigate the occurrence and influence of ICH on the local
cerebral thrombin system, either 30 uL. of autologous blood or
silicone oil was injected into the striatum of 20 C57BIl/6N mice
(Charles River, Sulzfeld, Germany). Silicone oil is a man-made
synthetic substance composed of repeating units of siloxane. Sili-
cone oil has long been used in experimental settings and as a
tamponade in vitreoretinal surgery given that it is supposed to be
chemically inert.?> It was assumed that silicone oil acts as a
chemically inert substance, thus mimicking the properties of whole
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blood and avoiding the bias of blood constituents.?® In the sham
group, 7 mice received needle insertion only. Monitoring of
physiological parameters, intracranial pressure (ICP), and CBF was
performed on additional mice (5 blood, 5 silicone oil, and 2 sham),
starting with the application of blood or silicone oil respectively
and continued for 30 min. All animals were then returned into their
housing for 24 h. Ultimately, all animals were euthanized and the
lesion size histologically analyzed. For quantitative reverse-
transcriptase polymerase chain reaction (QRT-PCR) analysis, 6
mice were injected with either blood or silicone oil and euthanized
4 h after injection.

Animal care and anesthesia

All experimental animal procedures were planned and per-
formed according to the German guidelines for animal use and care
and approved by the local ethics committee. A total of 45 male
wild-type C57BL/6N mice (Charles River), weighing 25-28 g,
were used in this study. All animals were housed at room temper-
ature of 22 +2°C and humidity >50%. Mice were anesthetized with
medetomidine (0.5 mg/kg), tramadol (350 mg/kg), and midazolam
(5 mg/kg) by intraperitoneal injection in a body-weight—adapted
dosage. Body temperature was closely kept at 37.5°C throughout
the operation using a heating pad (Homeothermic Blanket Unit,
Harvard, UK).

Intracranial hemorrhage

All procedures were performed using sterile techniques. Ani-
mals were fixed in a stereotaxic frame (David Kopf Instruments,
Tujunga, CA). Blood pressure measurement was established using
a CODA Monitor (Kent Scientific Corporation, Torrington, CT).
The tail vein was cannulated for withdrawal of blood in animals
subjected to autologous blood injection. The skull was exposed
through a midline incision. A 1-mm burr-hole craniotomy for
striatal blood injection was performed using a high-speed drill
(Aesculap/B. Braun, Melsungen, Germany) on the left frontal bone
(1 mm anterior to bregma and 2 mm lateral to sagittal suture). For
ICP monitoring, a minicraniotomy of 1x 1 mm was made on the
right parietal bone and a pressure probe (Raumedic, Helmbrechts,
Germany) was placed epidurally. CBF measurement was per-
formed using a laser Doppler probe placed on the ipsilateral
hemisphere posterior to the burr hole (Laserflo BPM2; Vasamedics,
St. Paul, MN).

Briefly, intracranial hemorrhage was established using a two-
step model. A blunt 26G cannula (Becton, Dickinson and Com-
pany, Franklin Lakes, NJ) was inserted to a depth of 3 mm from
dural level. In a first step, 5 uL. of autologous blood or silicone oil
was injected using a syringe pump (KD Scientific Inc., Holliston,
MA) at 10 uL/min. The needle was then advanced to 4-mm depth
and a further 25 ul. was injected. To allow for proper clotting,
the needle was left in place for either 10 min or for the time of
monitoring. After injection, the needle was removed, the burr hole
sealed using tissue glue (Histoacryl; B. Braun), and the scalp was
sutured. All animals were left to recover and then returned to
regular housing for 24 h under continued analgesia. Sham-operated
animals were handled identically, but received no intracerebral
infusion.

Primary neuronal cultures

Dissociated cortical neurons were prepared as previously de-
scribed.”® Briefly, the cerebral cortex of E17 C57BI6 embryos was
digested with trypsin/ethylenediaminetetraacetic acid solution
(Gibco, Grand Island, NY), containing 1% DNase (Roche, Basel,
Switzerland), for 30 min at 37°C. After trituration, 106 cells were
plated in poly-D-lysine—coated (0.5 mg/m; Sigma-Aldrich, St.
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Louis, MO) six-well plates or 24-well plates with glass cover-slips.
Cells were cultivated for 7 days in neurobasal medium (Gibco).

Quantitative reverse-transcriptase polymerase
chain reaction

Total RNA was extracted using TRIzol and treated with RNase-
free DNase (QIAGEN, Hilden, Germany). Messenger RNA
(mRNA) expression analysis was catried out using Power SYBR
Green (Applied Biosystems, Foster City, CA). RNA concentration
was quantified using a Nanodrop RNA 6000 (Thermo Fisher Sci-
entific, Waltham, MA) and analyzed using the Applied Biosystems
StepOnePlus PCR machine (Thermo Fisher Scientific). Primer
sequences were as follows: 18s-forward %’- GTAACCCGTT
GAACCCCATT-3’, 18s-reverse 5’- CCATCCAATCGGTAGTA
GCG-3’; Prothrombin-forward 5’-CTGGGAGTTCTGGGCAAC
TA-3’, Prothrombin-reverse 5- ACCTAAGCAGGCCATTAA
CCC-3".

Histological evaluation

Mice were kept under deep anesthesia and euthanized using
atlantooccipital dislocation. Brains were removed and snap frozen
using methyl butane (isopentane) cooled to —72°C. Coronal sec-
tions (6 um) were cut throughout the visible lesion and stained with
hematoxylin and eosin (H&E) to visualize lesion localization and
composure. Staining for prothrombin (anti-prothrombin fragment
1+2, PAA710Ra01, dilution 1:500; Cloud-Clone Corp, Houston,
TX), thrombin (anti-thrombin, cat. no. sc-23335, dilution 1:500;
Santa Cruz Biotechnology, Santa Cruz, CA), protease-activated
receptor-1 (PAR-1; anti-PAR-1, cat. no. 251324, dilution 1:500;
Abbiotec LLC, San Diego, CA), neuronal nuclear antigen (anti-
NeuN [neuronal nuclei], cat. no. 702022, dilution 1:500; Thermo
Fisher Scientific), glial fibrillary acidic protein (GFAP; marker of
astrocytes; anti-GFAP, cat. no. 556330, dilution 1:500; BD Bios-
ciences), and ionized calcium-binding adapter molecule 1 (Iba-1;
marker of microglia/macrophages; anti-Iba-1, cat. no. 019-19741,
dilution 1:500; Wako Chemicals USA, Inc., Richmond, VA) were
visualized using avidin-biotin-peroxidase complex (Vector VIP
peroxidase substrate kit, cat. no. SK-4600; Vector Laborato-
ries, Burlingame, CA) or matching secondary immunofluorescence
antibodies.

Tissue injury was analyzed by staining and counting NeuN-
positive neurons and expressed as a percent of the contralateral
(uninjected) side. The average of three to four comparable regions
of interest (ROIs; each 0.11x0.22 mm) on three adjacent slides in
an increasing distance from the site of injury was calculated. ROI 1
was placed directly adjacent to the blot or silicone oil clot. Staining

A

within each ROI was quantified using Optimas analyzing software
(Optimas 6.51; VSG; Fig. 1).

Neurological examination

Deficits caused by ICH result from disruption of complex motor
pathways and sensorimotor integration and thus can be assessed
using sensorimotor function tests such as the Rotarod, grip strength,
beam walk, and beam balance tests. Sensory and motor integrity
were tested using a neuroscore by evaluating motor activity, ori-
entation, and reaction to tactile, visual, and auditory stimuli.
Neurological and behavioral testing was performed in a quiet room
in dim light starting 24 h before and repeated daily until 5 days after
ICH.

Statistical analysis

Data are expressed as meanztstandard error of the mean.
Comparison of different groups was performed using the one-way
analysis oif variance or the Kruskal-Wallis one-way variance on
ranks with an o=0.05 (Sigma-Plot 11.0; Systat Software, Inc., San
Jose, CA). Subgroup analysis with autologous blood and silicone
oil injection was performed using the post-hoc Mann—Whitney
U test. Differences were considered statistically significant at
p<0.05.

Results

Neuromonitoring in the acute phase during
and after intracerebral hemorrhage

To characterize our model of ICH in mice, 12 C57BL/6J mice
(blood, n=35, silicone oil, n=35; sham operation, n=2) were sub-
jected to multi-modal monitoring during and after the procedure.
ICP, CBF, and MAP were chosen as standard monitoring param-
eters. ICP increased during ICH induction with peak values of
54.0+ 10mm Hg in the blood and 40.8 9 mm Hg in the silicone
group at the end of the injection (p=0.34). In both groups, ICP
normalized within 30 min. Inversely, CBF dropped to 32.0% *
8.1% of baseline in blood and 37.6%+10.3% of baseline in
silicone-oil-injected animals. CBF partially recovered after the end
of the injection, but remained low throughout the monitoring period
(no statistical significance between blood and silicone oil). MAP
increased reflexively during the injection period (Cushing reflex;
data not shown). No statistically significant disparities were de-
tected between ICP, MAP, and CBF measurements of blood and
silicone oil groups (Fig. 2).

c ipsilateral

contralateral

FIG. 1. (A) 3D-volume rendering of a mouse brain after intracranial hemorrhage induction (hematoma depicted in red). (B and
C) Tissue injury was analyzed by calculating the average of three comparable ROIs with a similar distance from the site of injury (ROI,
0.11x0.22 mm) on three adjacent slides. Multiple sites with increasing distance from the lesion were compared. Staining within each
ROI was quantified using Optimas analyzing software (Optimas 6.51; VSG, Northampton, UK). 3D, three-dimensional; ROI, region of

interest. Color image is available online.
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FIG. 2. Measurement of ICP and CBF during ICH induction. ICP and CBF were recorded from the beginning of the intracerebral
injection of 30 uLL of autologous blood or the same amount of silicon oil and continued for 30 min (n=12/group). (A) ICP showed no
differences in peak values between both groups (p=0.34), but recovered slower in those animals injected with silicon oil. (B) CBF
dropped to 32.0% + 8.1% of baseline in blood and 37.6% £ 10.3% of baseline in silicon-oil-injected animals. No statistically significant
difference was detected in both groups. ICP and CBF returned to baseline within 30 min. CBF, cerebral blood flow; ICH, intracerebral
hemmorhage; ICP, intracranial pressure; LDU, laser Doppler units.

Lesion characteristics and neuronal loss
after intracerebral hemorrhage

To investigate the effects of intracerebral injection of autologous
blood and silicone oil on lesion size, brains were frozen, sectioned,
and H&E stained. Reproducible lesions were found within the ip-
silateral striatum 24 h after ICH induction (Fig. 2). No significant
differences were found between the maximum lesion extension in
both groups (cranial-caudal, 2.0+ 0.4 mm [blood] and 2.3 £0.7 mm
[silicone]; medial-lateral, 0.7£0.1 mm [blood] and 1.0+£0.2m
[silicone]; anterior-posterior, 0.7+0.2m [blood] and 0.9+0.4m
[silicone]). Neuronal loss was analyzed using NeuN IHC staining
as a marker of mature neurons. Adjacent to the lesion, the number
of neurons was decreased to 53.96+4.40% (p=< 0.05) in blood-
injected animals and 61.82+7.39% (p=0.02) in silicone-oil-
injected animals. Neuronal loss decreased with growing distance
from the injection and normalized in both groups within a radius of
440 ym. Analysis revealed no statistically significant disparities
between blood and silicone lesions, whereas both were significantly
lower compared to sham-operated animals (blood vs. sham,
p <0.001; silicone oil vs. sham, p=0.001; Fig. 3).

Neuronal prothrombin expression in vitro and in vivo

To verify whether silicone oil affects neuronal thrombin ex-
pression directly or indirectly by the mass effect, we resorted to
gPCR analysis of prothrombione mRNA expression. In vivo, pro-
thrombin mRNA expression was upregulated 4h after blood or
silicone oil injection in the ipsilateral side compared to contralat-
eral. After 24 h, prothrombin expression was no longer upregulated
(Supplementary Fig. S1A). In vitro, treatment of murine primary
neuronal cells with silicone oil emulsified in neuronal media did not
lead to upregulation of prothrombin mRNA at 10 or 30 min after
addition of the treatment (Supplementary Fig. S1B).

Perilesional thrombin accumulation
after intracerebral hemorrhage

Twenty-four hours after ICH, a significant perilesional increase
in thrombin was detected. Animals receiving blood injections
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FIG. 3. (A) Neuronal loss was analyzed using NeuN IHC
staining as marker of mature neurons. (B) NeuN-positive cells of
three individual ROIs on three consecutive brain sections com-
pared to contralateral. Adjacent to the lesion, the number of
neurons was decreased to 53.96+4.40% (p=< 0.05) in blood-
injected animals and 61.82+7.39 (p=0.02) in silicon-oil-injected
animals. Analysis revealed no statistically significant disparities
between blood and silicon lesions, whereas both were significantly
lower compared to sham-operated animals (blood vs. sham,
p<0.001; silicon oil vs. sham, p=0.001). IHC, immunohisto-
chemistry; NeuN, neuronal nuclei; ROI, region of interest. Color
image is available online.
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showed a 4.24%0.50-fold (p<0.05) increase in perilesional
thrombin compared to contralateral and in those receiving silicone
oil a 3.10+0.54-fold (p<0.05) increase, respectively. Thrombin
decreased in both groups with growing distance from the site of
damage toward the periphery and normalized within a distance of

220 pm to levels equal to sham animals. No statistically significant
differences were found in subgroup analysis comparing blood to
silicone oil (p=0.16; Fig. 4).

Perilesional expression levels of the thrombin ligand receptor
(PAR-1) was measured as mean immunoreactivity of three ROIs
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FIG. 4. (A) Perilesional thrombin was measured as mean immunoreactivity of three individual ROIs compared to contralateral.
(B) Twenty-four hours after ICH, animals receiving blood injections showed a 4.24 +0.50-fold increase in thrombin (compared to
contralateral, p <0.05), whereas those receiving silicon oil showed 3.10%+0.54 (compared to contralateral, p <0.05). No statistically
significant differences were found in subgroup analysis comparing blood versus silicon oil. ICH, intracerebral hemmorhage; ROI, region

of interest. Color image is available online.
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compared to contralateral. Twenty-four hours after ICH, no chan-  Perilesional prothrombin expression

ges in PAR-1 expression levels were observed (Fig. 5). after intracerebral hemorrhage

Perilesional expression of thrombin (ROIs 1 and 2) in both
groups positively correlated with a neuronal loss (spearman coef- Prothrombin was increased 2.07+0.39-fold (p=0.02) in
ficient, p=-0.679; p<0.001; Fig. 7). silicone-oil- and 1.37 +0.2-fold in blood-injected animals without
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FIG. 5. (A) Perilesional expression levels of the thrombin ligand receptor, PAR-1, was measured as mean immunoreactivity of three
ROIs compared to contralateral. (B) Twenty-four hours after ICH, no changes in PAR-1 expression levels were observed. ICH,
intracerebral hemmorhage; PAR-1, protease-activated receptor-1; ROI, region of interest. Color image is available online.
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FIG. 6. Immunofluorescence staining of thrombin (anti-thrombin; Alexa Fluor 488), neuronal nuclear antigen (anti-NeuN; Alexa Fluor
594), and GFAP (Alexa Fluor 647; anti-GFAP, dilution 1:500; BD Biosciences, Santa Jose CA). *Thrombin expression colocalizes with NeuN
in the vicinity of intracerebral hemorrhage. GFAP, glial fibrillary acidic protein; NeuN, neuronal nuclei. Color image is available online.
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FIG. 7. (A) Perilesional expression of thrombin positively correlates with neuronal loss (+*=0.23; spearman coefficient, p=-0.679;
p<0.001) and (B) diminished rotarod performance (p<0.001). NeuN, neuronal nuclei.

reaching significance in the latter group. Prothrombin levels in both
groups were within a 660-um perimeter around the lesion. In
subgroup analysis, no statistically significant differences were
found.

Cellular localization of thrombin expression
after intracerebral hemorrhage

To differentiate more precisely between local thrombin ex-
pression and circulatory influx, immunofluorescence costaining of
thrombin and NeuN were performed. A strong colocalization of
thrombin and NeuN after blood as well as after silicone oil was
observed. Thrombin was predominantly detected in mature neurons
and the extracellular matrix, but not in glial cells. No differences
were found between blood versus silicone oil.

Inflammatory response 24 h after intracerebral
hemorrhage

IHC staining for GFAP and IBA-1 showed no differences be-
tween blood or silicone lesions compared to sham lesions. No
different regulation in proximity of the lesion was detected in any
group (data not shown).

Inter-relation of perilesional thrombin
and neurological outcome

Assessment of balance, grip strength, and motor coordination
were done using the Rotarod® performance test. The test was
performed 24 h after ICH to match histological sections. The big-
gest differences between all groups were detected 3 days after ICH.
Mice receiving blood injection remained for 3.25+0.90 sec, those
receiving silicone oil for 1.75+0.90 sec, and sham-operated ani-
mals 71.5+8.8sec. No statistically significant difference was
found between blood and silicone animals, whereas both differed
from sham controls (p<0.0001; Fig. 7).

Discussion

ICH accounts for 10-15% of all strokes and has a dismal prog-
nosis. Brain damage occurs through primary tissue disruption and
secondary detrimental effects of ischemia and accumulation of
neurotoxic substances. Despite extensive research efforts, treat-
ment is restricted to symptomatic therapy. Recent studies turned the
focus on thrombin acting as modulator in ischemia, TBI, and ICH.

Despite the mainly hepatic genesis of prothrombin, smaller
amounts are produced within the CNS by neurons and astrocytes.®
It is hypothesized that thrombin regulates brain maturation, neuron
and astrocyte modification, induces glial cell proliferation, and
exerts, in low concentrations, a neuroprotective influence in cases
of ischemia.?’

We previously showed that subdural infusion with an inert
volume substance (e.g., paraffin oil) resulted in similar alterations
of ICP, CBF, and MAP, compared to autologous blood infusion in a
subdural hematoma model in rats.?® Thus, we inferred that similar
characteristics apply in our stereotaxic ICH mouse model. In this
study, we show that the injection of silicone oil, an inert substance
with blood-like fluid characteristics, leads to similar changes in
ICP, CBF, and MAP compared to autologous blood.>® We further
investigated the varying effects of an intracranial mass lesion on
activation of the cerebral thrombin system in the presence and
absence of whole-blood constituents. We provide evidence that
local thrombin production is initiated after primary brain damage
independently from the influx of whole-blood constituents. Further,
neuronal loss was found to be dependent on the amount of thrombin
expression.

In our study, thrombin production was initiated by ICH, but did
not lead to consecutive increase of astrocytes or microglia. These
findings differ from the current literature, where thrombin-induced
astrogliosis was mediated by PAR-1 activation.’® We were able to
colocalize cerebral thrombin expression to mature neurons around
the initial ICH lesion, whereas systemic thrombin influx accounted
for the lesser part of the perilesional thrombin concentration.

The results of the presented study fall in line with previously
published data demonstrating the comparability of blood and paraffin
oil subdural hematomas in terms of neuromonitoring parameters.”’
Our PubMed research delivered no other study addressing silicone
oil as an inert volume substance to mimic ICH. So far, there are only
limited data addressing the local cerebral thrombin system. It is still
controversially debated whether thrombin is washed in as a result of
blood extravasation and BBB breakdown or produced locally.

Whelihan and colleagues demonstrated that red blood cells
(RBCs) and platelets both contribute to prothrombin to thrombin
conversion.>? In the absence of whole-blood constituents, pro-
thrombin to thrombin conversion might be delayed, leading to in-
creased thrombin synthesis attributable to a putative activation of
the local cerebral thrombin system. Further, prothrombin to
thrombin conversion is increased by RBCs and platelets, thus



Downloaded by UB Mainz from www liebertpub.com at 11/18/20. For personal use only.

THROMBIN CONTRIBUTES TO NEURONAL INJURY AFTER ICH 1489

contributing to prothrombin depletion. It is discussed that contin-
ued deterioration of patients suffering from ICH days after the
initial insult might be attributed to cytotoxic, excitotoxic, oxidative,
and inflammatory effects of intraparenchymal blood.*?

In our study, we observed similar parenchymal damage 24 h
after ICH independent from the presence of blood. Thus, it is
speculated that activation of the cerebral thrombin system might be
an important contributor for secondary brain damage and should
therefore be in the focus of future therapeutic efforts. This hypothesis
is further strengthened by variable reports stressing the inter-relation
of focal thrombin accumulation and neuronal damage.** We found
that thrombin was increased 24 h after ICH. Although not statisti-
cally significant, those animals with blood lesions seem to have had
higher concentrations than those with silicone lesions. These findings
did not translate into more elevated neuronal damage by whole blood
in our study. Similar results were reported by Gong and colleagues,
reporting increased thrombin activity 24 h after ICH in mice. Here,
the average amount accumulated to 3.3 U/g, an amount exceeding
the assumed neuroprotective levels of 1 U/g and capable of inflicting
substantial neuronal damage.*’

Activation of microglia seems to impose detrimental effects
after ischemic stroke and ICH.*® Microglia/macrophage activation
is described upon stereotaxic injection of thrombin (1 U/4 uL 0.9%
NaCl) into the striatum of mice.*” Microglia and astrocyte activa-
tion is observed already 4 h after ICH and peaks at day 3. It then
wears off until day 7 after autologous blood as well as collagenase
injection in murine ICH models.*® Activation could be ameliorated
using anti-inflammatory or -thrombin agents. Mice receiving
thrombin injections without therapy showed no motor, but spatial
memory impairments 5 days after operation. These deficits were
partly reversed under anti-inflammatory or -thrombin therapy.>’
Microglia or astrocyte activation is not essential for thrombin-
induced neuronal damage.>* Besides activation of microglia and
macrophages, no influx of these cells in response to thrombin or
ICH has been reported so far. Microglia migration and proliferation
were reported in response to cerebral microbleeds and began 40 h
after occurrence of these bleedings.® This falls in line with our
observation, given that we observed no increase in GFAP- or IBA-
1-positive cells 24 h after ICH.

In summary, intrastriatal injection of either whole blood or sil-
icone oil produced similar neurophysiological alterations detected
by neuromonitoring. We showed that silicone oil injection is a
suitable replacement in ICH mouse models to analyze ICH path-
ophysiology in the absence of whole-blood constituents. We
demonstrated that the local thrombin system is upregulated after
ICH in a blood-independent manner. Neuronal damage in the early
stages after ICH correlates with thrombin occurrence and does not
coincide with an inflammatory response. In our model, neurologi-
cal deficits after ICH do not depend on the presence of extravasated
blood, but correlate with activation of the cerebral thrombin sys-
tem. Thus, our findings further substantiate the existence of a ce-
rebral thrombin system and highlight its importance as a future
target of targeted ICH treatment efforts.
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Abstract

Background

The cerebral thrombin system is activated in the early stage after intracerebral hemorrhage
(ICH). Expression of thrombin leads to concentration dependent secondary neuronal dam-
age and detrimental neurological outcome. In this study we aimed to investigate the impact
of thrombin concentration and activity in the cerebrospinal fluid (CSF) of patients with ICH
on clinical outcome.

Methods

Patients presenting with space-occupying lobar supratentorial hemorrhage requiring extra-
ventricular drainage (EVD) were included in our study. The CSF levels of thrombin, its pre-
cursor prothrombin and the Thrombin-Antithrombin complex (TAT) were measured using
enzyme linked immune sorbent assays (ELISA). The oxidative stress marker Superoxide
dismutase (SOD) was assessed in CSF. Initial clot size and intraventricular hemorrhage
(IVH) volume was calculated based on by computerized tomography (CT) upon admission
to our hospital. Demographic data, clinical status at admission and neurological outcome
were assessed using the modified Rankin Scale (mRS) at 6-weeks and 6-month after ICH.

Results

Twenty-two consecutive patients (9 females, 11 males) with supratentorial hemorrhage
were included in this study. CSF concentrations of prothrombin (p < 0.005), thrombin (p =
0.005) and TAT (p = 0.046) were statistical significantly different in patients with ICH com-
pared to non-hemorrhagic CSF samples. CSF concentrations of thrombin 24h after ICH cor-
related with the mRS index after 6 weeks (r* = 0.73; < 0.005) and 6 months (r*> = 0.63; <
0.005) after discharge from hospital. Thrombin activity, measured via TAT as surrogate
parameter of coagulation, likewise correlated with the mRS at 6 weeks (r* = 0.54; < 0.01)
and 6 months (r* = 0.66; < 0.04). High thrombin concentrations coincide with higher SOD
levels 24h after ICH (p = 0.01).
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Conclusion

In this study we found that initial thrombin concentration and activity in CSF of ICH patients
did not correlate with ICH and IVH volume but are associated with a poorer functional neuro-
logical outcome. These findings support mounting evidence of the role of thrombin as a con-
tributor to secondary injury formation after ICH.

Background

Intracerebral hemorrhage (ICH) accounts for 10-15% of all strokes worldwide [1]. With an
annual incidence of 10-30 per 100,000 population, it represents a major public health burden
[1]. It is associated with considerable mortality and long-term morbidity [2]. Neuronal damage
after ICH is caused by primary tissue disruption and secondary progression due to detrimental
processes in the perihematomal zone. Despite ongoing clinical and preclinical research efforts,
the underlying pathophysiological mechanisms of secondary deterioration are poorly under-
stood. So far, good prognostic factors and specific treatment targets are missing.

Recently, the importance of the blood coagulation factor Ila (thrombin, FIIa) as key effector
after traumatic brain injury and hemorrhagic stroke has become evident [3-5]. Thrombin sig-
naling is mostly mediated through the family of protease-activated receptors (PARs) causing
inflammatory responses, cell proliferation/modulation, cell protection and apoptosis [6, 7].
The majority of prothrombin is produced in the liver and, due to its large, spherical shape, it is
unable to pass the blood-brain barrier (BBB) [8]. Nevertheless, thrombin and associated fac-
tors such as Anti-thrombin IIT (AT III) have also been detected throughout the central nervous
system under physiological conditions [9]. Within the central nervous system (CNS) thrombin
exerts both protective and detrimental effects. In pico- to nanomolar ranges (10pM- 10nM),
thrombin is protective against a variety of cellular insults, such as glucose deprivation, reactive
oxygen species (ROS) or edema formation after ICH [10, 11]. In high concentrations (100
nM-10 pM) thrombin increases edema by TNF-o. up-regulation, neuronal damage and death
after ischemia in mice [12-14]. These processes lead to extended neuronal injury predomi-
nantly mediated via protease-activated receptor-1 signaling [15]. Interestingly, the majority of
perihematomal thrombin accumulation has been linked to neuronal expression, rather than
systemic influx [16]. The CNS is the only known site of extra-hepatic thrombin production
[17]. Neuronal cell loss within the tissue at risk and neurological deficits are associated with
higher concentrations of thrombin in mice [16]. This supports the potential role of thrombin
as a target of novel therapeutic regimens in the treatment of intracerebral hemorrhage. As
human perihematomal tissue samples are not readily available, other specimens need to be
analyzed to gain insight into the role of thrombin after ICH. It has previously been shown that
thrombin and its inactive precursor prothrombin are detectable in human CSF [5]. However,
no published data are available addressing thrombin within CSF after ICH.

We hypothesized that thrombin accumulation occurs in all compartments including the
cerebrospinal fluid (CSF) after ICH and, in higher concentrations, might contribute to detri-
mental neurological outcome. In this study, prothrombin, thrombin and TAT were analyzed
in the CSF of ICH patients and correlated with their functional neurological outcome.

Methods
Patient population

From February 2017 to February 2019, 20 consecutive patients (9 female and 11 male) that
required extra-ventricular drainage due to space-occupying supratentorial ICH with

PLOS ONE | https://doi.org/10.1371/journal.pone.0241565 November 11, 2020 2/10



PLOS ONE

Thrombin is associated with unfavorable outcome in ICH

ventricular hemorrhage were included in our study. Age ranged from 40 to 80 years (66+12
years). All patients had one or more underlying conditions. Arterial hypertension was most
common and present in 75% of all patients, chronic heart disease (35%) and malignancies
(30%) ranked 2" and 3™ (S1 Table). All patients received standard intensive care medical
treatment according to current clinical guidelines. EVD was established on admission on our
neurosurgical intensive care unit. Patients were followed up until six months after discharge or
until death occurred. CSF and clinical data were collected and analyzed prospectively. All
patients received a thorough clinical examination on admission and before discharge from our
hospital. CT was used to analyze hematoma volume and localization as described before [18].
The clinical data and baseline characteristics are summarized in Table 1. Each patient’s clinical
status was graded according to the modified Rankin scale (mRS) and Glasgow coma scale
(GCS) prior to admission. The neurological outcome was measured using the mRS and Glas-
gow outcome scale extended (GOSE) at 6 weeks and 6 months after ICH occurrence. CSF
from patients with normal pressure hydrocephalus was collected and served as controls.

Sampling procedure

CSF was obtained through extra-ventricular drainage at day 1 and 3 after ICH onset. Concor-
dant blood samples were obtained via an arterial canula. CSF of controls were obtained from
either lumbar drainages placed for normal pressure hydrocephalus evaluation or from intrao-
perative opening of CSF spaces in meningioma and schwannoma patients. Samples were col-
lected in a sterile plastic tube. The tube was centrifuged at 1500 G at 4°C for 5 min. The
supernatant was frozen, and aliquots were stored at -80°C until analysis.

Measurement of analytes in CSF and blood samples

The prothrombin (NBP2-60624, Novus Biologicals, Abingdon, UK), thrombin (NBP2-60590,
Novus Biologicals, Abingdon, UK) and TAT (NBP2-60605, Novus Biologicals, Abingdon, UK)

Table 1. Baseline demographics and patients characteristics.

ICH patients Control subject
No of subjects 22 4
Mean age (SD) 65.6 (12.3) 67.0 (5.7)
Sex
Female 8 2
Male 14 2
ICH score 3(1)
Hematoma localization
frontal 12 n.a.
parietal 8 n.a.
occipital 0 n.a.
Basal ganglia 2 n.a.
Clot volume (cm®) (SD) 26.61 (29.93) n.a.
Intraventricular clot (cm®) (SD) 76.96 (94.88) n.a.
Perihematomal zone (cm3) (SD) 90.54 (44.27) n.a.
CSF concentration (ng/ml)
Prothrombin 20.18 (1.4) 16.68 (1.17)
Thrombin 4.12(1.3) 0.86 (0.36)
TAT 1.95(1.7) 0.57 (0.11)
SOD 2.05 (0.95) 1.21 (0.05)

https://doi.org/10.1371/journal.pone.0241565.t001
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concentration of each sample was measured with an enzyme-linked immunosorbent assay.
SOD and fibrinogen were measured via photometry.

Measurement of hematoma volume

ICH and IVH volumes were calculated by CT, with a slice thickness of 1 mm. On serial slices
in one direction, the intraventricular and intracerebral hematomas were segmented separately,
while the volume were calculated using the Brainlab software (Brainlab, Munich, Germany)
(Tables 1 and 2).

Statistical analysis

Findings were reported as mean or median + SD. For statistical analysis, we used the non-
parametric Mann-Whitney U-test. Relations among FII, FIIa, TAT, SOD and clinical outcome
parameters two-way analysis of variance (ANOVA) with Tukey’s multiple comparison post
hoc test were performed using GraphPad Prism version 8.4.2 for macOS, GraphPad Software,
La Jolla California USA, www.graphpad.com. A value of P < 0.05 was accepted as statistically
significant.

Ethical approval

Data acquisition and analysis was performed in an anonymous fashion and was approved by
the Ethics Committees of the medical association of Rhineland Palatinate and Lower Saxony,
Germany (837.374.16). According to the local laws, no informed consent is necessary for such
kind of analysis.

Results

Patient outcome and follow-up

Median GCS on admission was 10 + 5. The mean ICH score on admission was 3 + 1. Median
historical mRS was 1 + 1. The mRS deteriorated after ICH to 5 + 1 at week 6 after ICH. The
median mRS remained at 5 + 2 at 6 months after ICH. (Table 2)

CSF FII, FIla and TAT of controls and ICH patients

24h after ICH mean CSF levels of thrombin were 4.12+1.3 ng/ml compared to 0.86+0.36 ng/
ml in healthy controls. Likewise, mean levels of prothrombin within the CSF was 20.18+1.4
ng/ml in patients with ICH and 16.68+1.17 ng/ml in controls. Mean TAT levels were 1.95+1.7
ng/ml or 0.57+0.11 ng/ml respectively. A statistically significant difference was evident
between CSF concentrations of prothrombin (p = 0.001), thrombin (p = 0.005) and TAT

(p = 0.046) in patients with ICH compared to healthy controls. (Table 1) Plasma levels of FII
and FIla did not correlate with their corresponding CSF levels. (Table 3)

Table 2. Disability and dependence over time (median; IQR).

Admission / prior to ICH 6 weeks 6 month
GCS 10 (3, 14) n.a. n.a.
mRS 1(0, 1) 5(3,5) 5(3,6)
GOSE n.a. 3(2,3) 1(1,3)

https://doi.org/10.1371/journal.pone.0241565.t002

PLOS ONE | https://doi.org/10.1371/journal.pone.0241565 November 11, 2020 4/10



PLOS ONE

Thrombin is associated with unfavorable outcome in ICH

Table 3. CSF prothrombin, thrombin and TAT of patients with ICH and controls.

Prothrombin (FII) Thrombin (FIIa) TAT
Spearman'‘s p P Spearman'’s p P Spearman’s p p
ICH score 0.69 0.005 0.68 0.004 0.04 0.45
mRS 6 weeks 0.3 0.28 0.61 0.004 0.65 0.013
mRS 6 month 0.33 0.22 0.57 0.009 0.65 0.015
Clot size 0.47 0.07 0.23 .35 0.01 0.53
Plasma / CSF 0.007 0.77 0.08 0.3 - -

https://doi.org/10.1371/journal.pone.0241565.t003

MRS 6 weeks/months
after ICH
S

CSF fibrinogen and SOD after ICH

CSF levels of fibrinogen were 1.57+0.74 ng/ml 24h- and 1.5+0.89 ng/ml 72h after ICH. SOD
levels within the CSF were 2.05+0.9 U/1 24h after ICH and 1.21+0.05 U/l in controls.

While initial levels of CSF fibrinogen and thrombin showed no correlation, both were
inversely correlated 72h after onset of ICH (r = -0.68; p = 0.01). Higher levels of CSF thrombin
correlate with higher levels of SOD 24h after ICH occurrence (r = 0.64; p = 0.095). (Fig 1)

Correlation of CSF FII, FIIa and TAT with clinical outcome

CSF concentrations of FIla 24h after ICH correlated with the initial ICH score (r = 0.68;

p = 0.004), as well as the mRS disability index 6 weeks (r = 0.61; p = 0.004) and 6 months
(r=0.57; p = 0.009) after discharge from hospital. Further, the TAT-complex as surrogate
parameter of coagulation correlated with the mRS disability index at 6 weeks (r = 0.65;

p =0.013) and 6 months (r = 0.65; p = 0.015). (Table 3, Figs 1 and 2) In contrast, Prothrombin,
Thrombin and TAT had no statistically significant correlation neither to the initial ICH vol-
ume nor to the IVH volume. Likewise, plasma levels of FII, FIla and TAT did not correlate
with the clinical outcome. (Table 3)

Thrombin-Antithrombin
complex

Thrombin

Thrombin (ng/dl) TAT complex (ng/dl)

Fig 1. mRS after ICH is dependent on CSF FIIa and TAT concentrations. CSF concentrations of FIla 24h after ICH correlated with the
mRS disability index 6 weeks (r = 0.61; p = 0.004) and 6 months (r = 0.57; p = 0.009) after discharge from hospital. Further, the TAT-
complex as surrogate parameter of coagulation correlated with the mRS disability index at 6 weeks (r = 0.65; p = 0.013) and 6 months
(r=0.65; p = 0.015).

https://doi.org/10.1371/journal.pone.0241565.g001
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Fig 2. Higher CSF concentrations of thrombin are associated with an unfavourble outcome. Higher FIla CSF
concentrations 24h after ICH correlated with an unfavorable outcome after 6 weeks and 6 months.

https://doi.org/10.1371/journal.pone.0241565.9002

Correlation of CSF FII, FIla and TAT with clinical outcome was independent from the type
of surgical intervention. In our data, clot evacuation or lysis did not lead to better neurological
outcome after 6 weeks or 6 months compared to conservative medical treatment (p = 0.71).
High concentrations of FII, FIIa or TAT in CSF did not increase the likelihood of necessary
surgical interventions during the acute phase of hospital care.

Discussion

In our study, higher concentrations of thrombin in the CSF of patients suffering from ICH
correlated with an unfavorable outcome at 6 weeks and 6 months after discharge from hospi-
tal. We further show that prothrombin and thrombin within the CSF does correlate with the
ICH score at the time of admission. This is plausible as thrombin has been shown to be neuro-
toxic both in vitro and in vivo if exceeding a threshold of 100nM [19]. Thrombin is inhibited
by antithrombin III, resulting in an inactive proteinase/inhibitor complex (TAT). Interest-
ingly, exceeding concentrations of antithrombin III are also detrimental to neuronal health
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and might add to adverse thrombin effects [19]. In contrast to thrombin, ATIII mRNA expres-
sion has not been detected within normal CNS tissue and is supposed to be largely derived
from passage across the blood-brain barrier [20]. It is about 100x higher in plasma, than it is in
CSEF. In times of BBB disruption, ATIII might enter then CNS and contribute to neuronal
damage in the wake of ICH [20]. In our cohort, higher concentrations of thrombin and TAT
complex within CSF correlated with a higher mRS at 6 weeks and 6 months after ICH, similar
to those of unbound thrombin. These results fall in line with data published from patients with
SAH where thrombin activity correlated with the degree of SAH (according to Fisher’s CT
classification), the persistence of a subarachnoid clot and the development of vasospasm [14].
In SAH, the Thrombin-Anti-Thrombin complex as surrogate of thrombin activity was found
to correlate with the Hunt and Hess grading on admission. Although not statistically signifi-
cant, larger amounts of TAT persisting over a longer period of time were found to be present
in patients with worse neurological outcome [15]. In a preclinical study, nude mice developed
hydrocephalus after injection of human hemorrhagic CSF [21]. The authors suggest that vari-
ous acellular components of CSF inducing secondary brain injury and post-hemorrhagic
hydrocephalus. However, in our small patient cohort, the severity and volume of ICH and
IVH did not correlate neither with thrombin nor with the occurrence of a post-hemorrhagic
hydrocephalus proving the complexity of the underlying pathophysiology.

It is speculated that thrombin induced neurotoxicity is mediated via Par-1, one of 4 members
of the protease activated receptors family as activation of Par-1 per se has been linked to neuro-
nal cell death [22]. The increases of oxidative stress and reduction of mitochondrial membrane
potential might serve as possible explanation how Par-1 activation subsequently leads to cellular
toxicity [23]. Another pathway leading to reactive oxygen species involves activation of micro-
glial NADPH oxidase by thrombin induced upregulation of NADPH oxidation proteins gp91,
p47-phox and p67-phox [22]. In our study SOD, higher concentration of thrombin coincided
with higher concentrations of SOD at day 1, indirectly indicating the increased occurrence of
ROS. Further, higher concentrations of CSF thrombin lead to decreased amounts of fibrinogen
3 days after ICH. As Inhibition of fibrin formation reduces neuroinflammation and improves
long-term outcome after intracerebral hemorrhage, this might hint at another mechanism lead-
ing to secondary damage induction mediated by thrombin [24].

In contrast to our expectations, thrombin did not correlate with ICH or the IVH volume in
our study. It remains a matter of debate, whether thrombin is washed in as a result of blood
extravasation and BBB breakdown or mainly produced within the CNS as response to various
stressors. Local thrombin expression in the perihematomal zone after ICH might contribute to
thrombin levels in CSF [16]. As numerous MRI studies suggests the existence of a perihemato-
mal penumbra with functionally impaired, but potentially reversible neuronal injury, this thin
rim of 2 mm to a maximum width of 1 cm surrounding the site of injury, might as well be the
area most devastatingly influenced by thrombin [16, 25].

Limitations of the study are due to a rather small and heterogeneous group of patients suf-
fering from severe intracerebral hemorrhage. Limited knowledge of events prior to hospital
admission and the number of concomitant illnesses might constitute an additional limitation
of our study. Further research combining larger patient cohorts and multivariate analysis
could lead to more definitive conclusions on the role of the cerebral thrombin system in the
development of secondary brain injury after ICH.

Conclusion

In summary, in the presented data thrombin concentration and activity correlate with the neu-
rological outcome after ICH. Further, generation of ROS seems to be involved in these
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processes. Our data adds to a mounting body of evidence hinting at the importance of throm-
bin as a contributor to secondary injury formation after ICH.

Supporting information

S1 Fig. Clot volume is independent from CSF FIla and TAT concentrations. CSF concen-
trations of FIla (r = 0.13; p = 0.68) and TAT (r = -0.18; p = 0.51) show no correlation with clot
volume 24h after ICH. Likewise, no correlation between FIla (r = 0.36; p = 0.137) and TAT

(r =0.23; p = 0.422) with intraventricular clot volume were found 24h after ICH.

(TIF)

S1 Table. Underlying conditions.
(DOCX)
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Abstract

Background Cranial intraparenchymal hemorrhage represents
a critical complication of mechanical circulatory support re-
quiring constant antithrombotic treatment. Surgery of
intraparenchymal hemorrhage under anticoagulation repre-
sents a challenge and imposes significant risks for patients.
It was the aim to analyse surgical and clinical outcome of
patients requiring surgical treatment due to intraparenchymal
hemorrhage.

Methods Patients with mechanical circulatory support requir-
ing surgical therapy due to space-occupying lobar
supratentorial or infratentorial hemorrhage from January 1,
2009 to January 1, 2014 were included in our study. Baseline
parameters are preoperative International Normalized Ratio
(INR) values, postoperative anticoagulation regiment, bleed-
ing size and localization. Co-primary outcome parameters
were the extent of hematoma evacuation and the Modified
Rankin Scale at discharge from hospital. Secondary outcome
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parameters included rate of recurrent hemorrhage, rate of
revision surgery and in-hospital mortality.

Results Twelve patients (mean age 44+18 years, nine
supratentorial-/three infratentorial hemorrhages, 11 left ven-
tricular assist devices, and one extracorporeal membrane ox-
ygenation) were included. Surgical hematoma evacuation was
performed in 11 patients, one patient received decompressive
hemicraniectomy. Hematoma evacuation was complete in no
patients, and partial in 11 patients. Initial INR was 2,7+1,6.
Rate of recurrent hemorrhage was 75 %. Revision surgery was
performed in three patients achieving partial hematoma evac-
uation in two patients and complete evacuation in one patient.
Modified Rankin Scale at discharge from hospital was six in
nine patients (in-hospital mortality of 75 %), five in two
patients and four in one patient.

Conclusions Surgical treatment of life threatening, space-
occupying intraparenchymal hemorrhage under mechanical
circulation support is of limited efficacy with high rates of
recurrent hemorrhage and in-hospital mortality. We provide
additional data that postponing anticoagulation is feasible and
may lead to improved clinical outcome and survival.

Keywords Intracerebral hemorrhage - Left ventricular assist
device - Surgical hematoma evacuation - Anticoagulation -
Heart failure - Complication of left ventricular assist device -
Extracorporeal membrane oxygenation

Introduction

Intracranial hemorrhage represents a critical complication of
mechanical circulatory support systems because
anticoagulation may lead to large, space-occupying
intraparenchymal hematomas imposing a decisive therapeutic
dilemma [1-4]. The risk for developing intracerebral
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hemorrhage under mechanical circulatory support ranges from
3%to 11 % [5, 6]. While surgical hematoma evacuation may
be indicated, associated anticoagulation represents a severe
drawback to surgical intervention. With the introduction of the
landmark REMATCH trial (Randomized Evaluation of Me-
chanical Assistance for the Treatment of Congestive Heart
Failure), which demonstrated that patients with advanced
heart failure have a survival benefit and increased quality of
life under treatment with a left ventricular assist device, the
use of mechanical supports systems is steadily increasing [1,
3]. This clinical success has changed treatment of end-stage
left ventricular cardiac failure that consisted of medical sup-
port and ultimately heart transplantation to using mechanical
circulatory support systems as a bridge to transplantation or
long-term destination therapy [3]. Consequently, patients pre-
senting with neurological complications resulting from me-
chanical cardiac assist systems, mostly left ventricular assist
devices (LVADs), are becoming more frequent. However,
clinical treatment experiences of intracranial hemorrhage in
patients with mechanical circulatory support systems are
scarce, and, therefore, there is a massive lack of knowledge
regarding decisive treatment decisions like surgical patient
selection, management of anticoagulation and early estima-
tion of patient prognosis. It was the aim of our study to analyse
patient outcome and the effects of surgical hematoma evacu-
ation in patients with space-occupying intraparenchymal he-
matoma under mechanical circulatory support.

Materials
Study design

From January 1 2009 to January 1 2014, patients that required
surgical therapy for the treatment of space-occupying
supratentorial or infratentorial intracerebral hemorrhage due
to mechanical circulatory support were included in our study.
Clinical data were collected and analysed retrospectively. Data
acquisition and analysis was performed in an anonymous
fashion and was approved by the local Ethics Committee.
Patients required mechanical circulatory support due to
underlying heart failure. All patients received a thorough
clinical examination prior to surgery including a cranial com-
puter tomography (CCT) scan prior as well as directly after
surgery and 24 h after hematoma evacuation. CCT was used to
analyse hematoma volume and localisation as described be-
fore [7]. All patients received standard intensive care medical
treatment according to the underlying pathology and to cur-
rent clinical guidelines. If necessary, further CCT scans were
performed depending on the clinical obligation for further
diagnostics. Detailed medical chart review focusing on coag-
ulation parameters, antiplatelet therapy and anticoagulation

@ Springer

therapy was performed. Patients were followed up until
three months after surgery or until death occurred.

Outcome parameters

Two primary outcome parameters were defined in our study.
The primary surgical parameter was the extent of hematoma
evacuation. This parameter was defined as complete evacua-
tion if in a postoperative CT scan (24 h after surgery) no
remaining blood clots were visualized. Partial hematoma
evacuation was defined as overall reduction of hematoma size
with remaining blood clots. Ineffective hematoma evacuation
was defined as no reduction of hematoma size after surgery.
The second primary outcome parameter focused on clinical
outcome of patients. For this purpose, the Modified Rankin
Scale was assessed when patients were discharged from hos-
pital [8].

Secondary outcome parameters included rate of recurrent
hemorrhage (based on progressive size of intracranial hemor-
rhage in CT scans), rate of recurrent surgery and in-hospital
mortality. Furthermore, we analysed the preoperative
anticoagulation (International Normalized Ratio, platelet
count, partial thromboplastin time (PTT)), antiplatelet therapy
and postoperative anticoagulation regimen.

Results
Patient population

A total number of 12 patients (eight male, four female pa-
tients) were included in our study. Mean age of patients was
44+ 18 years with one paediatric patient (five years of age). In
ten patients a LVAD with continuous flow, and in one patient a
LVAD with pulsatile flow was used as mechanical circulatory
support. In one patient extracorporeal membrane oxygenation
was necessary due to septic respiratory decompensation. Di-
lative cardiomyopathy (DCM) was the underlying pathology
causing heart failure in eight patients, restrictive cardiomyop-
athy (RCM) in one patient, massive virus-induced myocarditis
and sepsis were the underlying pathology in the remaining
patients. In the paediatric patient heart failure due to aortic
stenosis and muscular stenosis of the left coronary artery was
the cardiac pathology requiring mechanical circulatory
support.

Initial GCS was 8 points (range from 3 to 14 points) with an
interquartile range (IQR) of 7 points. Anisocoria was identi-
fied in two patients, whereas isocor pupils were assessed in
nine patients. In nine patients intracerebral hemorrhage and in
three patients intracerebellar hemorrhage occurred. Eleven
patients received surgical hematoma evacuation using an os-
teoplastic supratentorial or infratentorial craniotomy. In one
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patient decompressive hemicraniectomy was performed with-
out hematoma evacuation because of the development of
bilateral mydriasis in the operating theatre prior to craniotomy.

Anticoagulation

All patients were on therapeutic anticoagulation with warfarin
with unfractionated heparin plus antiplatelet therapy before
ictus. INR before surgery was 2,6+1,6 and PTT was 63,3+
40 s. All patients received substitution with red blood cell
concentrate, platelets, fresh frozen plasma, fibrinogen or pro-
thrombin complex prior to surgery as well as intraoperatively.
Perioperative normalization of PTT (<40 s.) and INR (<1,2)
were achieved in 50 % of patients (6/12), whereas 50 % of
patients demonstrated only a moderate increase in PTT and
INR (Tables 1 and 2).

Postoperative anticoagulation regimen aimed at achieving
PTT of 60 s in eight patients using unfractionated heparin.
Four of those patients died in the first 24 h after surgery;
therefore, detailed analysis of postoperative anticoagulation
was impossible (Table 2). Of the remaining four patients, only
one patient survived with a mRS of 4 points at discharge from
hospital. Due to fatal outcome, postoperative anticoagulation
regime was changed to complete normalization of coagulation
parameters in four patients. Obstruction of the left ventricular
assist device was not observed. Out of this patient subpopu-
lation, two patients (50 %) survived (mRS 5 and 4 points).

Surgical hematoma evacuation

The initial size of the supratentorial hematoma was 95+
41 cm® ,and the size of the infratentorial hematoma was 15+
28 c¢cm’. All hemorrhages were lobar hemorrhages.
Localisation of hemorrhage was frontal (five patients), tem-
poral (two patients), occipital (two patients) and cerebellar
(three patients). Intraventricular involvement was observed
in two patients.

Partial hematoma evacuation was achieved in 11 patients
undergoing surgery. Complete or ineffective hematoma evac-
uation was not observed. In 75 % of patients recurrent hem-
orrhage was detected using repetitive CT scans. Three patients
required resurgery aiming at improving hematoma removal.
Resurgery was performed via the existing craniotomy without
extending the surgical approach. In two patients undergoing
recurrent surgery partial hematoma evacuation was achieved,
whereas in one patient total hematoma removal was per-
formed (Table 3).

Clinical outcome
Modified Rankin scale was six with an IQR of 0.5. Nine out of

12 patients died during the acute phase in hospital. Two
survived in a vegetative state (mRS 5) and one with severe

Table 1 Patient characteristics

Type of ICH
Supratentorial Infratentorial Entire cohort
ICH ICH
Patient demographics
No. of patients 9 3 12
Mean age years (SD) 35 52 44(18)
Sex
Female 4 0
Male 5 3
LVAD continuous flow 8 2 10
LVAD pulsatile flow 1 0 1
ECMO 0 1 1
Underlying disease
RCM 1 0 1
DCM 5 3 8
Septic heart failure 2 0 2
Aortic stenosis 1 0 1
GCS (IQR) 8(5) 6(3.5) 8(7)
Hematoma size [crn3 1(SD) 95 (41) 15 (28) n.a.
Hematoma localisation
Frontal (ventricular) 5(0) n.a. n.a.
Temporal (ventricular) 2 (0) n.a. n.a.
Occipital (ventricular) 2 (2) n.a. n.a.
Cerebellar (ventricular) n.a. 3(0) n.a.
Coagulation parameters
INR on admission (SD) 3,08 (1,56) 1,34 (0,07) 2,7 (1,6)
PTT on admission (SD) 71,8 (45,9) 61,7 (13,2) 63,3 (40,0)
Surgical procedure
Evacuation 8 3 11
Hemicraniectomy 1 0 1

*LVAD left ventricular assist device, ECMO extracorporeal membrane
oxygenation, RCM restrictive cardiomyopathy, DCM dilatative cardio-
myopathy, /OR interquartile range, /NR international normalized ratio,
PTT partial thromboplastin time, SD standard deviation, ventricular
ventricular hemorrhage

disability (mRS 4) (Table 3). Patients died either due to
uncontrollable intracranial pressure or therapy restriction in
the light of extensive parenchymal damage with extremely
limited prognosis. Mean survival time was 55+48 h. Surviv-
ing patients were mRS 5 points (two patients) and 4 points
(one patient) at discharge from hospital (Table 3).

Discussion
This series demonstrates reduced surgical and clinical out-

come for patients requiring hematoma evacuation of
supratentorial or infratentorial intraparenchymal hemorrhage
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Table 2 Management of anticoagulation

Type of ICH
Supratentorial Infratentorial Entire cohort
ICH ICH
Preoperative anticoagulation
Aspirin/Dipyridamole 9 3 12
Warfarin 7 8
Heparin 2 2 4
Substitution
PRBC 6 2 8
Platelet concentrate 3 1 4
FFP 5 1 5
PCC 7 1 8
Fibrinogen 2 1 3
Intraoperative Coagulation
PTT <40/INR <1.2 4 2 6
Postoperative Anticoagulation
Normalized 2 2 4
Heparin (PTT >60) 7
Pump Failure 0 0 0

*PRBC packed red blood cells, FFP fresh frozen plasma, PCC prothrom-
bin complex, P77 partial thromboplastin time, /NVR international normal-
ized ratio

under mechanical circulatory support. Preoperative and intra-
operative substitution of coagulation factors and platelets did
not protect sufficiently from recurrent hemorrhage. Postoper-
ative normalization of coagulation parameters may support
surgical therapy and suggests the potential to improve patient
outcome without inducing obstruction of circulatory support
systems.

Table 3 Outcome data

Type of ICH
Supratentorial ~ Infratentorial ~ Entire cohort
ICH ICH
Evacuation
Complete 0 0 0
Partial 8 3 11
Insufficient 0 0 0
Recurrent hemorrhage
(%) 7 (77 %) 2 (66 %) 9 (75 %)
Resurgery 2 1 3
mRS 6 (Mortality %) 6 (66 %) 3 (100 %) 9(75 %)
mRS 5 2 0 2
mRS 4 1 0 1
mRS 1-3 0 0 0

*mRS modified Rankin Scale

@ Springer

Treatment of intracerebral hemorrhage under mechanical
circulatory support represents a major clinical challenge as
patients face intracranial hemorrhage under anticoagulant and
antiplatelet therapy. Treating physicians are forced to oppose
the risk of recurrent hemorrhage or progressive hemorrhage
versus the risk of assist device failure due to clotting and
cerebrovascular embolic events if anticoagulation is
discontinued. This treatment paradox is enforced if surgical
hematoma evacuation becomes inevitable. Surgical treatment
of intracranial intraparenchymal hemorrhage remains a matter
of controversy. The Surgical Treatment for Intracerebral Hem-
orrhage I (STICH I) trial demonstrated no long-term benefit
for surgery versus conservative management in
intraparenchymal haemorrhage [9]. However, a benefit for
superficial lobar hematomas was evaluated leading to the
initiation of the Surgical Treatment for Intracerebral Hemor-
rhage II (STICH 1I) trial [10]. Recent data from this trial
highlight a clinically relevant survival benefit for patients with
superficial lobar intracerebral hematomas [11]. In our study
we included patients with lobar superficial hematomas (in the
case of supratentorial localisation) representing a patient pop-
ulation that might benefit from surgery. However, generaliz-
ing data from the STICH trials to our patients is flawed,
because patients in our study were under enhanced
anticoagulation and mechanical circulatory support. This dif-
ference is best shown by a very large hematoma volume in our
patient population compared to STICH II patients and a re-
duced clinical state (median GCS 8§ points, unilateral mydria-
sis in 2 and bilateral mydriasis in 1 patient) [11]. Therefore,
hemorrhages were of the advanced, life-threatening stage in
our study. Moreover, three patients were treated with cerebel-
lar hemorrhages, which are not represented in the STICH
trials. Current guidelines recommend surgical treatment of
cerebellar hemorrhage in the case of neurological deteriora-
tion and if brainstem occlusion or hydrocephalus is present in
the CT scan [12]. All of our patients fulfilled these criteria
rendering strong indications for surgical hematoma removal.

One reason for the poor outcome of patients in our series
was the fatal clinical situation before surgery. GCS of patients
prior to surgery, anticoagulation, antiplatelet therapy, clinical
signs of herniation and significant comorbidities represent
clinically relevant risk factors that negatively influence surgi-
cal and clinical outcome. Unfortunately, there is hardly any
evidence available helping in patient selection for surgical
treatment of intraparenchymal hemorrhage under mechanical
circulatory support. The largest case series include only very
few patients with intracranial hemorrhage. Different conclu-
sions result from these case series ranging from
recommending the potential life saving effect of surgical
hematoma removal to questioning surgical therapy [4, 13].
Mayer et al., and Wilson et al., demonstrate a lifesaving effect
for the removal of subdural hematomas under LVAD therapy
[2, 4]. However, in the case of intraparenchymal hemorrhage,



Acta Neurochir (2014) 156:1729-1734

1733

an 80 % 60-day mortality rate (four out of five patients) is
reported [4]. Niebler et al., reported similar experiences in the
treatment of paediatric patients with mechanical circulatory
support [13]. One paediatric patient with a subdural hematoma
was treated surgically resulting in survival of the patient with
minimal neurological deficit. In the other patients (all present-
ing with intraparenchymal haemorrhage under a ventricular
assist device) mortality rate was 75 % [13]. Based on these
data, our study currently provides the largest systematic anal-
ysis of patients with intraparenchymal haemorrhage requiring
surgery during mechanical circulatory support. Our study
highlights the high rate of incomplete hematoma removal
and the need for recurrent surgery in patients requiring me-
chanical circulatory support. Our series provides further in-
sights into the role of postoperative management of
anticoagulation. It is shown, that preoperative and intraopera-
tive substitution of coagulation factors and platelets does
correct laboratory coagulation values; however, the rate of
recurrent haemorrhage remains high. In 75 % of patients
(n=28), postoperative partial anticoagulation was performed
(aiming at an aPTT of 60 s) in order to maintain patency of
the mechanical circulatory support system and to reduce the
risk for cerebral ischemia with only one out of eight patients
surviving. Based on this fatal outcome, we changed postoper-
ative management to normalizing coagulation parameters. In
four patients complete normalization of coagulation parame-
ters was maintained postoperatively without signs of assist
device obstruction. Interestingly, 50 % of these patients sur-
vived intraparenchymal haemorrhage and were dismissed for
rehabilitation. In this regard different reports demonstrate that
medical anticoagulation may be withheld from patients with
LVAD treatment for a restricted period of time without occlu-
sion of LVAD [4, 13, 14]. These data support the hypothesis
that postoperative maintenance of normal coagulation param-
eters may support the effects of surgical treatment and may
improve clinical outcome.

Obviously, this series of patients is lacking quality stan-
dards that are applied to randomized controlled clinical trials.
There is a selection bias because decision for surgery was not
randomized but based on clinical arguments explaining the
reduced GCS and large hematoma size of of the patients
included. Therefore, data from this study cannot be general-
ized. It must be noted however, that surgical treatment in the
herein described patients is usually withheld due to
anticoagulation until surgery becomes inevitable due to a
critical hematoma size. Our data provide important initial
insights into hematoma management under critical clinical
conditions and report the results of surgery in a selected group
of patients. This knowledge may form the foundation for
further systematic treatment evaluations in these difficult
patients.

In conclusion, we report reduced surgical and clinical
outcome in patients requiring surgical treatment for large

intraparenchymal haemorrhage under mechanical circulatory
support. Prolonged postoperative maintenance of normalized
coagulation may not exalt the risk of LVAD malfunction but
might be beneficial in these patients in order to improve
outcome after surgical hematoma removal.
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Occurrence of Spontaneous Cortical Spreading
Depression Is Increased by Blood Constituents
and Impairs Neurological Recovery after Subdural
Hematoma in Rats
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Abstract

Acute subdural hemorrhage (ASDH) is common and associated with severe morbidity and mortality. To date, the role of
spontaneous cortical spreading depression (sCSD) in exaggerating secondary injury after ASDH, is poorly understood.
The present study contains two experimental groups: First, we investigated and characterized the occurrence of sCSD after
subdural blood infusion (300 pL) via tissue impedance (IMP) measurement in a rat model. Second, we compared the
occurrence and influence of sCSD on lesion growth and neurological deficit in the presence and absence of whole blood
constituents. In the first experimental group, three IMP traits could be distinguished after ASDH: no sCSD, recurrent
sCSD, and constant elevated IMP (anoxic depolarization [AD]). In the second experimental group, sCSD occurred more
often after autologous blood, compared with paraffin oil infusion. Lesion volume 7 days post-ASDH was 27.3 +6.8 mm>
after blood and 3.4+2.1 mm® after paraffin oil infusion. Subgroup analysis showed larger lesion size in animals with
sCSD, than in those without. Further, occurrence of sCSD led to worse neurological outcomes in both groups. sCSD
occurs early after ASDH and does not depend on the presence of whole blood constituents. However, numbers and degree
of sCSD are more frequent and severe after autologous blood infusion, compared with an inert volume substance. The
occurrence of SCSD leads to lesion growth and worse neurological outcome. Thus, our data advocate close monitoring and
targeted treatment of sCSD after ASDH evacuation.

Keywords: acute subdural hemorrhage; anoxic depolarization; secondary injury; spontaneous cortical spreading depression;
tissue impedance

Introduction

IN 1944, LEAO DISCOVERED a cessation of electroencephalogram
activity, which lasted for several minutes, while studying epi-
lepsy in rabbits.! He later described the phenomenon as a loss of ion
homeostasis spreading throughout the cortex, leading to sponta-
neous cortical spreading depression (sCSD) of electrical activity,
after electrical or mechanical alteration.'™ sCSD has since been
studied in various animal models and humans and was found to
represent cortical excitations followed by a spreading loss of
functioning neurons and astrocytes.* The wave-like depolarization
is associated with changes in cerebral blood flow (CBF), perfusion,
swollen neurons, and alterations in dendritic spines.>

Substances such as potassium, acetylcholine and glutamate, as
well as conditions of hypoxia, hypoglycemia, ischemia, subarach-
noid hemorrhage (SAH), traumatic brain injury (TBI), and seizures
have been identified to cause sCSD.”'* Changes of the ionic ho-
meostasis, the underlying mechanism of sCSD, leads to cellular
swelling after influx of cations, declining extracellular space, and
consecutive loss of membrane potentials.” These changes can be
detected using tissue impedance (IMP) measurement as an indi-
cator for swelling.!' Tt has been shown that each CSD, either
spontaneous or triggered by potassium chloride (KCI), leads to a
transient increase in tissue impedance (average of 2 kOhm).'?
The restoration of the ion homeostasis is energy dependent and
under physiological conditions the brain copes with hyperemia and
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vasodilatation.'>'* Increased energy demands are reflected in the
form of decreased glucose, glycogen, and increased lactate con-
centrations. In sCSD under pathophysiological conditions (e.g.,
focal lesions), the surrounding microenvironment is acidic and high
in potassium, which promotes vasoconstriction, leading to inverse
hemodynamic reactions in regions with already compromised
blood flow.'> These intra-lesional conditions allow the persistent
anoxic depolarization (AD) to become a transient depolarization
spreading through the healthy, surrounding tissue.

Due to a poor neurovascular coupling, the raised energy demand in
the wake of sCSD cannot be met; therefore, areas of watershed are at
risk for becoming ischemic.'® This undersupply may render more
tissue susceptible to sCSD."”"'® Consequently, ischemia and elevated
energy demands lead to cell death in the peri-ischemic area and thus,
secondary lesion growth.'® The COSBID (Co-Operative Studies on
Brain Injury Depolarizations) research group focuses on the causes
and consequences of sCSD in lesion development under various
pathological conditions (e.g., TBI, aneurysm/SAH and stroke).'*°
Several COSBID studies demonstrate that electrocorticography
(ECoG) depressions, identical to CSD in animal models, occur with a
higher likelihood in patients with TBI and are estimated to be occur in
as many as 56% of all patients with TBL.?!**> Further, in clinical
studies sCSD has repeatedly been proven by real-time monitoring of
electrophysiology, blood flow, and cytotoxic edema to cause sec-
ondary damage.® It is reported that similar events might contribute to
secondary lesion development after acute subdural hemorrhage
(ASDH), an entity often associated with TBI, where extravasated
blood causes elevated intracranial pressure (ICP) and consecutive
ischemia.?* It seems that factors other than merely volume mass le-
sions are important for cell death and lesion development, as subdural
infusion of inert volume substances showed no substantial lesion
formation despite similar ICP and CBF characteristics.”> As ASDH
pathophysiology comprises focal ischemia as well as the impact of
blood constituents, sCSD may play a decisive role in secondary lesion
progression and thus might be targeted by N-Methyl-D-aspartate
(NMDA) antagonists (e.g., ketamine), anti-epileptic drugs (e.g., le-
vetiracetam), NO donators, calcium channel blockers (e.g., nimodi-
pine), or induced hypothermia.”**28

Our study was designed as a two-tailed approach to (1) char-
acterize the occurrence of sCSD after ASDH and (2) to address
whether sCSDs occurrence, lesion size, and neurological outcome
depend on the presence of whole blood constituents rather than
disturbances of ICP and CBF alone.

Methods
Experimental design

Experimental group 1. To investigate the occurrence and
influence of sCSDs on the outcome after subdural hematoma,
300 uL autologous blood was injected subdurally in 20 male
Sprague-Dawley rats. Monitoring of physiological parameters,
ICP, and tissue IMP was performed starting 10 min prior to ASDH
induction and continued for 180 min. All animals were then re-
turned to their housing for 7 days. Ultimately, all animals were
sacrificed and the lesion size was histologically determined.

Experimental group 2. To analyze the influence of whole
blood constituents on sCSD occurrence, consecutive lesion size,
and neurological outcome, paraffin oil was used as inert volume
substance to form a subdural mass lesion lacking blood constitu-
ents. Twenty-eight male Sprague-Dawley rats were randomly as-
signed to sham, autologous blood, or paraffin oil infusion. Monitoring
of vital parameters, as well as extended neuro-monitoring of ICP and

KRENZLIN ET AL.

tissue IMP was performed, starting 10 min prior to ASDH induction
and continued for 180 min. All animals were then returned to their
housing for 7 days and ultimately sacrificed for determination of the
lesion volume.

Animal care and anesthesia

A total of 48 male Sprague-Dawley rats (Charles River, Ger-
many) were used in all experiments. All animals were housed at
room temperature of 22+2°C and humidity >50%. Animals were
anesthetized by intraperitoneal (i.p.) injection of chloral hydrate.
The initial dose was 36 mg/ 100 g body weight. To keep the animals
under anesthesia, the same dose was given hourly through a per-
manently placed i.p. catheter. The animals were intubated and
mechanically ventilated and their body temperature was closely
monitored and kept at 37.5°C throughout the operation using a
heating pad and a rectal thermometer (Homeothermic Blanket Unit,
Harvard, Kent, UK). All experimental procedures were approved
by the local ethics committee and were in accordance with the
German guidelines for animal use and care.

Surgical preparation for ASDH

The tail artery was cannulated for blood pressure measurement
and sampling of blood for blood gas analysis (BGA). The volume
needed for each BGA was 210 uLL (ABL615/EML105, Radiometer,
Copenhagen, DK). A catheter was placed in the jugular vein to
obtain blood for subdural infusion. Animals were harnessed in a
stereotaxic frame; a craniotomy with a diameter of 3 mm was made
between the bregma and lambda suture on the left side as previously
described.?® Briefly, the dura was opened and a bent, L-shaped,
blunt cannula (23G) was inserted and secured with tissue glue
(Histoacryl; B Braun, Melsungen, Germany) and dental cement.
Two further burr holes were drilled anterior to the bregma suture
(anterior-posterior: 2 mm, midline: 2.5-3 mm) to insert the IMP
electrodes (two stainless-steel wires covered in polyvinyl chloride
for electrical insulation except for the sharp-pointed tips). IMP was
measured at 1 kHz (10 mV, bias-free). Changes in tissue IMP were
accompanied by direct current shifts during sCSD occurrence. ICP
was measured intraventricularly through a 26G needle on the
contralateral side. All probes and needles were also fixed with
tissue glue. A laser Doppler probe was placed on the ipsilateral
hemisphere frontal to the bregma (Vasamedics Laserflo BPM2,
Vasamedics Fiber-Optic Probe 8*%200 mm; St Paul, MN). All pa-
rameters were recorded continuously every minute during a 10-min
baseline, subdural infusion of 300 uL autologous non-heparinized
blood or paraffin oil at a flow rate of 50 uL./min (6-min period) and
continued for 180 min after ASDH induction. After injection, the
catheter was removed and the scalp was sutured; the animal could
recover and was returned to regular housing. The sham-operated
groups received no infusion.

Evaluation of behavioral and neurological deficits

Then, a Euroscore was compiled to quantify sensory and motor
integrity by evaluating motor activity, orientation, and reaction to
tactile, visual, and auditory stimuli.?° To determine the Neuroscore,
10 items were assessed and scored separately, and then totaled to
derive the overall Neuroscore. Each item was scored in a relatively
binary fashion (present/absent, normal/abnormal) and assigned a
score of 0 or 10 with 10 denoting an abnormal finding, and totaled
to a maximum total Neuroscore of 100, with a higher Neuroscore
denoting a more severe neurological deficit.

The neuro-status was assessed on the day before the experiment
and on day 7. The beam-walk and beam-balance test were con-
ducted in a quiet room in dim light on day 7 after ASDH induction.
Before the operation, all animals were trained to walk along a beam
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(diameter 1.8 cm, length 1m, 2.5cm between bars, 50 cm above
ground) while the time to reach a black box was measured.?’

Neuro-histological evaluation

The animals were transcardial-perfusion fixed with 0.9% saline
and 4% paraformaldehyde (pH 7.4). Brains were carefully re-
moved, post-fixed for 24h, and embedded in paraffin wax. Se-
quential 3-um thick coronal sections were cut 250 um apart
throughout the visible lesion space and stained with hematoxylin
and eosin. The lesion on each section was quantified using Optimas
6.1 software combined with a CCD Super Color CV950 camera
(Denmark) mounted on a Zeiss Axiopod 2Plus. From the measured
area (A, [mm2]) on each section and the distance (d=0.25 mm)
between the consecutive sections the entire are of damage was
calculated and expressed as the lesion volume (V, mm®) by the
following equation:

V=Y (A, x d).

Statistical analysis

Data are expressed as mean=stand error of the mean (SEM).
Comparison of the different groups was performed using a one-way
analysis of variance (ANOVA) or standard ¢ test (Sigma-Plot 11.0,
Systat, CA). Differences were considered statistically significant at
p<0.05. Subgroup analysis was performed comparing animals
with and without sCSDs.

Results
ASDH elicits sCSDs (Experimental group 1)

To investigate the occurrence and influence of sCSDs on the
outcome after ASHD, 300 uL autologous blood was subdurally
injected and the physiological parameters, ICP, and tissue IMP
were monitored starting 10 min prior to ASDH induction and were
continued for 180 min. Arterial blood gases taken before and after
infusion of blood remained stable with physiological boundaries
over the course of the experiment.

Mean arterial blood pressure (MAP) showed peak values 10 min
after ASDH induction (80.9%3.44 mm Hg, p=0.017) and recov-
ered within 60 min to baseline levels of 61.08 £5.5 mm Hg (Fig. 1).
No MAP increase was observed in sham operated animals. The ICP
increased during ASDH induction with peak values of
47.14+£13.32 mm Hg at the end of the infusion (Fig. 1). Thereafter,
it dropped to values twice as high as baseline and remained elevated
during the entire monitoring period. As the ICP increased during
ASDH induction, MAP showed a slightly shifted sinusoidal course
as manifestation of the Cushing reflex (Fig. 1).

After ASDH induction, all animals displayed an initial increase
of the tissue IMP, whereas no increased IMP was detectable in
sham operated animals (Fig. 2A). The cerebral perfusion pressure
(CPP) was inversely correlated to the IMP (Fig. 2B). Overall, three
different traits of IMP were observed: (1) no sCSDs (n=7), (2)
detectable sCSDs (n=8), and (3) continuous IMP elevation as
equivalent of AD (n=5) (Fig. 2C). IMP recordings were calibrated
to 2254.44 £ 61.50 Q as baseline readings and normalized to 100%.
Subdural blood infusion initiated a collinear increase of IMP and
ICP. No statistically significant difference in the initial IMP in-
crement (p=0.685) or duration (p=0.084) was detected between
animals with and without further sCSDs. Peak value of
172.55+17.60% of baseline was reached at the end of infusion and
IMP decreased within 30 min after ASDH induction. First sSCSDs
occurred 53.86 £ 1.73 min after ASDH in eight animals, whereas no
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FIG. 1. Measurment of ICP and MAP during ASDH induction.
MAP and ICP were measured starting 10 min prior to the subdural
injection of 300 uL autologous blood and continued for 180 min
(n=20). The MAP showed peak values 10 min after ASDH induc-
tion (80.9 £ 3.44 mm Hg, p=0.017) and recovered within 60 min to
baseline levels. No MAP increase was observed in sham operated
animals (n=3). ICP increased during ASDH induction with peak
values at the end of the infusion (47.14+13.32 mm Hg). ICP and
MAP showed slightly shifted sinusoidal curves as manifestation of
the Cushing reflex. ASDH, acute subdural hemorrhage; ICP, in-
tracranial pressure; MAP, mean arterial blood pressure.

sCSDs were observed in seven animals. On average 6+ 0.58 sCSDs
were observed. In five animals a continuous IMP elevation with
peak values of 166.67 +21.01% of baseline was observed. Three
of these animals died within 24 h after ASDH. All recorded
sCSDs revealed similar traits. Each lasted 2.66%0.31 min,
whereas the first one lasted longest (3.43 £0.34 min) and the last
one shortest (2.47 +£0.28 min). The mean elevation of baseline was
15+0.02 % and was consistent for each animal.

To evaluate the overall lesion volume, sequential coronal sections
were cut throughout the visible lesion and stained with hematoxylin and
eosin. The overall lesion volume for all animals was 46,2+ 17.1 mm>. If
sCSDs had been detected, the lesion size was found to be larger by a
statistical significance (56.7 % 10.7 mm?®), compared with those without
initial sCSDs (27.7x10.4 mm?; p=0.01) (Fig. 3). Two animals
classified as AD had a mean lesion size of 55.8+3.7 mm°.

sCSDs are more frequent and severe after autologous
blood infusion leading to increased lesions and worse
neurological outcomes (Experimental group 2)

In the second experimental group, paraffin oil was used as an
inert volume substance to form a subdural mass lesion lacking
blood constituents. Within this group the influence of whole blood
constituents on sCSD occurrence, consecutive lesion size, and
neurological outcome was analyzed. Twenty-eight animals were
randomly assigned for autologous blood (n=13), paraffin oil
(n=12), or sham (n=3) operation. All peri-procedural parameters
were measured comparable to the first experimental group.

MAP rose from 64.8+3.1 mm Hg to peak values of 80.1%
7.3 mm Hg 6 min after the end of the infusion in the blood-infused
animals. During paraffin oil infusion, MAP increased from 76.4 +2
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FIG. 2. IMP and ICP changes during and after subdural blood infusion. Depicted are the tissue IMP measurements in % of baseline.
(A) IMP and ICP increased linearly in all animals during the subdural blood infusion and returned to elevated baseline levels within
30 min. (B) A CPP decrease was observed, while the IMP increased. (C) During the monitoring period, animals either exhibited continuous
slightly elevated baseline IMP (no sCSD, n = 8), intermittent sharp IMP elevations (SCSDs, n =8), or continuous high elevated IMP recordings
(AD, n=4). AD, anoxic depolarization; ICP, intracranial pressure; IMP, impedance; sCSD, spontaneous cortical spreading depression.

to 80.6 £4.7 mm Hg showing no differences between both groups.
ICP increased similarly during blood and paraffin injection and
peaked at the end of the infusion (sham: 9+2mm Hg; blood:
526 mm Hg; paraffin: 41+6 mm Hg). CBF dropped in both
treatment groups, reaching minimum values at the end of the in-
fusion (blood: 26.9+7.7% of baseline; paraffin: 35.4+6.8% of
baseline) (Fig. 4). During the observational period CBF temporarily
exceed the baseline level after 15 min, before flattening of below
baseline (blood: 74.1£9.3 %; paraffin: 62.9+4.3% after 180 min
post ASDH induction). All CBF changes were of statistical sig-
nificance within each group compared with baseline (p <0.001),
whereas there was no significant difference between blood
and paraffin oil infusion. Further, subgroup analysis revealed
no significant difference in CBF between animals with and with-
out sCSD.

Measurement of tissue IMP confirmed the classification of dif-
ferent IMP traits as observed in the first experimental group. Animals
displaying no sCSDs, sCSDs, or AD were observed equally after
autologous blood (no sCSDs, n=4; sCSDs, n=4; AD, n=5) or
paraffin oil infusion (no sCSDs, n=4; sCSDs, n=3; AD, n=5). IMP

recordings ranged from 1487 to 3023 Q (2229+358 Q). All values
were normalized to each individual baseline (100%). In those ani-
mals receiving autologous blood, an initial IMP increase of
149.8+12.8% (p=0.008) compared with baseline levels was reg-
istered. Peak values were recorded 8.8 + 1.6 min after the start of the
infusion. In those animals receiving paraffin oil, peak values were
registered after 5 min and reached 128.5+10.6% of baseline levels.
IMP remained elevated during the time of monitoring (blood:
106.09+1.8 % [p=0.015]; paraffin: 108.0£2.2% [p=0.008]).
sCSDs were detected in both groups (blood, n=4; paraffin oil, n=3).
After paraffin oil infusion, the first sCSD occurred after
14.9£6.9 min (peak 118.2£5.9%). An average number of 1.7 sCSD,
which lasted for 11.2+1.9min, were detected in this group. In
contrast, after blood infusion the first sCSD occurred after
91.11+26.36 min (peak 114.8+£2.7%). In this group, an average of
6.8 sCSD, with a mean duration of 5.84 £0.69 min were detected. No
sCSD occurred in sham operated controls. AD occurred after blood
(n=15) and paraffin infusion (n=5). All AD animals died either in-
traoperatively or before the primary end-point of our study, and were
therefore excluded.
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FIG. 3. Lesion size differs with the occurrence of sCSD. Lesion
size of animals with sCSD showed significantly (p=0.01) larger
cortical lesions 7 days after ASDH induction compared with an-
imals without sCSD. ASDH, acute subdural hemorrhage; sCSD,
spontaneous cortical spreading depression.

Lesion volumes were significantly larger after blood infusion
(27.3+£6.8 mm?> ) compared with paraffin infusion (3.4+2.1 mm3)
(p=0.004) (Fig. 5A). A subgroup analysis showed that the lesion
volumes largely differed within both groups between animals with
sCSD (blood: 43.2+5.8 mm?; paraffin: 4.4+2.4 mm?) and those
with no sCSD (blood: 11.5+3.5mm?®; paraffin: 2.4+0.8 mm?>).
Although the differences within the blood group reached statistical
significance (p=0.003), the differences within the paraffin infusion
group did not (Fig. 5B).
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FIG. 4. Comparison of CBF in blood and paraffin oil treatment
groups. The CBF was measured starting 5 min prior to the sub-
dural injection of 300 uL autologous blood (n=13) or paraffin oil
(n=12) and continued for 180 min. Measurment of CBF shows no
significant variations between blood and paraffin oil treatment
groups. CBF, cerebral blood flow.
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A Neuroscore assessment was used to evaluate motor and be-
havioral deficits in relation to the subsequent analyzed lesion size.
In both groups, animals with large lesions scored higher 7 days after
ASDH, compared with those with smaller lesions (blood: p <0.001,
1>=0.95; paraffin: p=0.014, r*=0.59), representing more severe
deficits (Fig. 6A). Subgroup analysis revealed a linear association
of sCSD and poorer scoring values (p <0.001, = 0.96), however
not in the no sCSD group (p=0.12, r2=0.35) (Fig. 6B). Animals
needed significantly longer to solve the beam-walk test after au-
tologous blood infusion (53.4 +2.6 sec), compared with those with
paraffin lesions (30.4%3.0sec) (p<0.001). Additionally, all sub-
groups showed a significant correlation between a shorter beam-
walk time and a larger lesion size (blood: p=0.0068, r*=0.73,
paraffin: p=0.025, *=0.66; sCSD: p=0.0034, r*=0.85; no sCSD:
p=0.0019, r*=0.82). Finally, the beam-balance test revealed sig-
nificant deficits in correlation to the lesion size in both treatment
groups and the subgroup analysis (blood: p=0.0003, ?=091;
paraffin: p=0.0013, r*=0.89; sCSD: p=0.006, r*=0.88; no sCSD:
p=0.045, r*=0.52). A further subgroup analysis revealed that an-
imals with sCSD balanced for a shorter time, compared with those
without sCSDs (sCSD: 17.6x3.6sec; no sCSD 44.4%4.4sec;
p=0.005) confirming that animals with sCSD have more severe
neurological defects than these animals without SCSD.

Discussion

Our experiments demonstrate that sSCSD occur in the wake of
ASDH in rats. These sCSDs are more often, but not exclusively,
observed in the presence of whole blood constituents. Although the
appearance of sSCSDs was in all cases associated with a larger lesion
volume and more severe neurological deficits, statistical signifi-
cance was only reached in those animals receiving subdural infu-
sion of autologous blood. AD was associated with pre-term death of
the animal.

sCSDs is an electrophysiological phenomenon with little impact
on healthy tissue. However, cerebral ischemia seems to trigger
sCSDs under various pathological conditions, leading to a supply-
demand mismatch that creates a vicious circle propagating the
delayed cerebral ischemia syndrome.*! In compromised micro-
vasculature, the attempted vasodilatation often fails, leading to a
vasoconstriction and depolarization in this region instead.? If the
spreading depolarization-induced perfusion deficit is so severe that
it delays the energy-dependent recovery from sCSD, it leads to a
prolonged change of the cortical slow potential indicating pro-
longed neuronal calcium overload.'*?%*? This inverse hemody-
namic response to spreading depolarization locally converts a
harmless short-lasting depolarization into a harmful intermediate or
even terminal depolarization.?® The resulting perfusion deficit ag-
gravates the need for energy substrates and increases the tissue at
risk.?! Under pathological conditions such as cerebral ischemia, TBI,
or SAH, sCSD are known to increase O, consumption, resulting in
neuronal swelling and contributing to neuronal injury.>"** The
swollen neurons become acidic and lose their hyperpolarization,
leading to the release of glutamate among other neurotransmitters
and thus causing excitotoxicity of the surrounding tissue while
propagating the spread.’® sCSDs can last from several minutes to
hours and cause vasoconstriction and consecutive lesion growth, >+~
Additionally, the accumulation of hemolysis products hemoglobin
and potassium after SAH can induce spreading ischemia, an inverse
hemodynamic response to sCSD in tissue at risk, thus expanding
cortical infarction.>” In our experiments, the largest lesion size in the
no sCSDs group was comparable to the smallest lesion in the sCSD
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FIG. 5. Lesion size is larger after the occurrence of sCSDs. Lesion volume differed between autologous blood and paraffin oil
injection and within the subgroups sCSD and no sCSD. (A) Representative paraffin section of cortical lesions stained in hematoxylin
and eosin after blood and paraffin oil infusion. (B) Animals in the blood group showed larger lesions compared with paraffin oil,
whereas subgroup analysis showed that lesion size was increased after the occurrence of sCSD (blood, p =0.003; paraffin oil, p=0.956).
sCSD, spontaneous cortical spreading depression. Color image is available online at www.liebertpub.com/neu

group. Thus, the initial lesion size is not solely responsible for the  servation is reinforced by another COSBID study, where spreading
occurrence of SCSDs and other contributory factors, such as blood  depolarization was found to cycle around an ischemic lesion and
constituents, are necessary to trigger their occurrence. Artificial in-  contribute to its perpetual enlargement.>® In our experimental groups,
duction of sCSDs after SAH, using cortical KCl, lead to significantly  increased numbers of sCSDs likewise coincided with larger lesions
larger lesions in rats.® In 13 patients with SAH, hypoperfusion was  and more severe neurological deficits.

coupled to the clustered occurrence of sCSD, resulting in local de- Similar predisposing factors as described for the occurrence of
velopment of ischemic stroke.®® These observations advocate a  sCSD after SAH, can also be observed after ASDH. We could
driving role of sCSD in lesion growth after TBI and SAH, rather than ~ demonstrate that ASDH elicits sCSDs, which occur more often in
being an epiphenomenon of more severe brain damage. This ob-  the presence of blood constituents, rather than in the presence of
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FIG. 6. Linear correlation between Neuroscore, beam-walk, and beam-balance test with the lesion volume 7 days post-operation. The
association was analyzed between autologous blood and paraffin oil injection (A) and between the subgroups sCSD and no sCSD (B).
The Neuroscore does correlate with the lesion size in blood and the sCSD subgroups, not in the absence of sCSD. The beam-walk test
and the beam-balance showed a significant correlation with the lesion volume in all subgroups. sCSD, spontaneous cortical spreading
depression.
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paraffin oil. Further, sSCSD occurred independently of changes in
CBF or ICP. In our study, lesion size and neurological deficit
correlate more closely with the occurrence of SCSD in the presence
of autologous blood and, subsequently, blood hemolysis products,
than in the presence of paraffin oil. Number, frequency, and dura-
tion of sCSD were higher in animals injected with whole blood,
underlining a possible interrelation of hemolysis products and
sCSD pathogenesis. Nevertheless, neither the occurrence nor the
number of sCSDs was a sole predictor of larger lesion volumes and
neurological deficits in the absence of blood constituents. We
demonstrated that larger lesion size does not necessarily lead to
sCSD occurrence but rather is shaped by those spreading depres-
sions. These results fall in line with the recent literature while
broadening the scope by introducing ASDH as disease influenced
by the occurrence of sCSD.>°

It has long been thought that increased ICP was the main cause
for the damage development underneath the blood clot. Recently, it
became more evident, that this expansion is not solely due to ele-
vated ICP, generated by a subdural volume, but a result of the
interplay of ICP, CBF, and blood-derived products in the acute
phase of hemorrhage.*® MAP and ICP has been previously shown
to follow similar traits after subdural infusion of blood or paraffin
oil, although difference in lesion size is eveident.*' Lesion volume,
development of neurological deficits, and the occurrence of sCSD
seem dependent on the presence of whole blood constituents such
as thrombin, complement, and other blood-derived products. In
contrast, direct intra-parenchymal thrombin injection, subdural
infusion of lysed blood, or cortex superfusion with a mixture of
hemoglobin and potassium caused a slow CBF decrease and
sCSD.*%#243 CSD elicitation by KCI injection causes a similar
expansion of focal venous ischemic injury.'? In our study, animals
receiving paraffin oil instead of autologous blood as subdural
volume substance, not only had smaller lesion volumes, but also
performed better in neurological outcome assessments. sSCSD oc-
curred more seldom in the absence of blood constituents but still
correlated with a poorer neurological outcome. It was recently
shown that a combination of acute ICP increase, local CBF re-
duction, and the presence of blood constituents are critical for the
damage caused by ASDH.*' We detected no dependency of sCSD
occurrence from CBF or ICP. On the contrary, it has recently been
shown that each sCSDs increases the peri-infarct area where the
CBEF is reduced by 19%.3%** Pharmacological prevention of these
periodical CBF drops leads to decreased lesion volumes 24 h after
onset.>* Thus, the occurrence of sCSDs represents an influencing
factor, which might also determine the lesion size and neurological
outcome after ASDH. It is noteworthy that no interrelation of sSCSD
and lesion size has been detected after controlled cortical impact,
where no subdural blood collection was present.**

Results from a recent multi-center approach by the COSBID
research group demonstrated that sCSD is a critical factor for
outcome in patients with various traumatic and spontaneous pa-
thologies.'® Our presented data argue in a likewise fashion and
emphasize that the largely excepted paradigm of SCSD contribution
to secondary lesion development also applies to ASDH. In the light
of these findings, clinical decision-making should consider a
combination of blood removal to prevent the negative influence of
blood constituents released by its degradation and monitoring of
sCSD using ECoG. The invasive nature of monitoring sCSD over a
prolonged period of time does currently hamper a broader usage.'”
Nevertheless, recognition and monitoring of sCSD might lead to a
paradigm shift in our understanding of the pathophysiology of
several brain injuries and thus pave the way for targeted anti-sCSD
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therapies including weak NMDA antagonists such as ketamine, NO
donors, or nimodipine.19

In conclusion, we provide evidence that the accumulation of
autologous blood increases the likelihood of sCSD occurrence in a
rat ASDH model. sCSDs correlate with compromised neurological
outcome in the pre- and absence of whole blood. Lesion growth was
increased by sCSDs in animals receiving subdural autologous
blood, whereas it only remained a trend in the animals receiving
paraffin oil. We postulate that sCSDs are a contributing factor, but
not the sole driver of lesion development and neurological deficit
after ASDH.
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Introduction

Glioblastoma (GBM) is the most common malignant brain tumor,
with approximately 10,000 new cases per year in the US. There
is no effective treatment, and patient survival remains dismal (1,
2). The standard-of-care treatment combining maximal surgical
resection, irradiation, and temozolomide has a median survival
of 14.6 months (3), and 5-year survival rates are below 10% (4).
Despite remarkable progress in our understanding of the genet-
ics and cell biology of GBM (1, 2), little progress has been made
in improving patient survival. Major clinical challenges include
tumor invasiveness and the delivery of drugs across the blood-
brain barrier as well as inter- and intratumoral heterogeneity and
drug resistance. Recent work has suggested a potential role for
human cytomegalovirus (HCMV) in GBM growth, although this is
not well understood at present.

HCMV is highly prevalent in human populations, and fol-
lowing resolution of primary infection, persists for the lifetime
of its host in a latent state, periodically reactivating during peri-
ods of stress and immunocompromise (5). Interestingly, HCMV
proteins and nucleic acids have been identified in up to 90%
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Cytomegalovirus (CMV) has been implicated in glioblastoma (GBM); however, a mechanistic connection in vivo has not

been established. The purpose of this study is to characterize the effects of murine CMV (MCMV) on GBM growth in murine
models. Syngeneic GBM models were established in mice perinatally infected with MCMV. We found that tumor growth was
markedly enhanced in MCMV* mice, with a significant reduction in overall survival compared with that of controls (P < 0.001).
We observed increased angiogenesis and tumor blood flow in MCMV* mice. MCMV reactivation was observed in intratumoral
perivascular pericytes and tumor cells in mouse and human GBM specimens, and pericyte coverage of tumor vasculature

was strikingly augmented in MCMV* mice. We identified PDGF-D as a CMV-induced factor essential for pericyte recruitment,
angiogenesis, and tumor growth. The antiviral drug cidofovir improved survival in MCMV* mice, inhibiting MCMV reactivation,
PDGF-D expression, pericyte recruitment, and tumor angiogenesis. These data show that MCMV potentiates GBM growth in
vivo by increased pericyte recruitment and angiogenesis due to alterations in the secretome of CMV-infected cells. Our model
provides evidence for a role of CMV in GBM growth and supports the application of antiviral approaches for GBM therapy.

of GBM specimens (6-10) as well as in some other cancers (11,
12). Accumulating clinical data support the relevance of HCMV
in GBM (13-19), with some encouraging responses reported
with HCMV-targeted immunotherapies (14-18). Vaccination
with DCs pulsed with tumor lysates led to expansion of mostly
anti-CMV T cells in 1 responder (14), and CMV pp65 mRNA-
pulsed autologous DCs showed promising long-term survival
data in GBM (15-17). Ex vivo expansion of anti-CMV T cells and
their administration in combination with temozolomide led to
increased long-term progression-free survival (18). Data from
primary GBM patients suggested that the antiviral drug valganci-
clovir could prolong median overall survival (19).

Although various HCMYV proteins increase GBM cell prolif-
eration, invasion, and angiogenesis (20, 21), a mechanistic link
between HCMV and cancer in vivo has not been established,
and the role of HCMV in GBM remains a subject of debate, with
some groups unable to detect the presence of CMV in tumor spec-
imens (22, 23). The use of mouse models to investigate the role of
CMV in tumor growth would therefore be helpful in understand-
ing the potential importance of CMV in GBM as well as provid-
ing an opportunity to rationally investigate antiviral therapeutic
approaches. Using a genetically engineered GBM mouse model,
we previously showed that systemic murine CMV (MCMV) infec-
tion accelerates malignant glioma progression (24), but no mech-
anism was established. To address this question, here we devel-
oped and characterized an MCMV GBM mouse model based on
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Figure 1. MCMV infection accelerates GBM growth in mice. (A) Experimental overview. (B) Kaplan-Meier curves of GL261Luc2 tumor-bearing mice. Unin-
fected, n = 20; MCMV*, n =19. P < 0.0001, log-rank test. Median survival is indicated on plot and shown in parentheses. (C) BLI and (D) MRI analysis of
tumor-bearing MCMV* and control animals 30 days after tumor implantation. (D) Tumor volume rendering from MRI images (left), tumor volume over time
(right). n = 3. Box extends from the 25th to 75th percentile, and the median is indicated by a horizontal line. The whiskers represent the maximum and
minimum values. Statistical analysis was performed by 2-way ANOVA with Bonferroni's correction. *P < 0.05; ***P < 0.005. (E) H&E staining of GL261Luc2

tumors at end points. Scale bars: 1 mm (left panels); 50 pm (right panels).

orthotopically injected murine GBMs in a syngeneic background.
Our data demonstrate that tumor growth is significantly faster in
the presence of MCMYV and that angiogenesis is significantly (P <
0.005)elevated in these tumors, with a striking increase in peri-
cyte coverage of tumor-associated blood vessels. We identified
PDGF-D as an essential mediator of these effects. The angiogen-
ic phenotype was reversed by the antiviral drug cidofovir. These
data support a role for CMV in accelerating GBM growth via a
proangiogenic mechanism and provide a rationale for the use of
antiviral therapies in CMV-associated tumors, such as GBM.

Results

CMYV accelerates GBM growth in a mouse model. To investigate the
role of CMV in GBM in vivo, C57BL/6 mice were infected at P2
with Am157 Smith strain MCMV (MCMV*) and allowed to resolve
over atleast 15 weeks (24) (Figure 1A). We stereotactically implant-
ed luciferase-expressing murine GL261Luc2 GBM cells intracra-
nially in MCMV* and naive control mice. MCMV* mice had signifi-
cantly shorter survival than controls (P < 0.001) (Figure 1B) and
earlier onset of clinical signs of deterioration, including weight
loss (Supplemental Figure 1A; supplemental material available
online with this article; https://doi.org/10.1172/JCI1123375DS1).
Bioluminescence imaging (BLI) revealed significantly faster
tumor growth in MCMV* mice compared with controls (Figure 1C
and Supplemental Figure 1B). This was confirmed by T2-weighted
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MRI, which showed significantly larger tumor volumes in MCMV*
mice (Figure 1D and Supplemental Figure 1C). Histologic analysis
showed increased hemorrhage and poorly defined tumor margins
in MCMV* mice compared with controls (Figure 1E).

Increased angiogenesis in MCMV* murine GBM. Further histo-
logical examination showed a pronounced increase in Ki67 and
CD31 staining in MCMV" mice, suggesting enhanced cell pro-
liferation and tumor angiogenesis (Figure 2, A and B). Consis-
tent with this, image analysis (25) showed that total blood vessel
length, total area of vessel coverage, and vessel branching were
significantly increased in MCMV* mouse tumors (Figure 2B).
We confirmed this MCMV-associated phenotype using a second
murine GBM cell line, CT-2A (26), which also displayed signifi-
cantly shorter survival and increased blood vessel parameters in
MCMV* mice compared with controls (Figure 2, C and D). Accord-
ingly, increased intratumoral blood flow was observed in MCMV*
mice compared with controls by arterial spin-labeling-functional
MRI (ASL-fMRI) (Figure 2E). Thus, our data show that the pres-
ence of preexisting MCMV infection is associated with increased
angiogenesis, elevated intratumoral blood flow, and faster tumor
growth in a mouse GBM model.

Detection of CMV in pericytes and tumor cells in both mouse
and human GBM. HCMV immediate early 1 (IE1) and pp65 gene
products have been detected in human GBM (6-10). Similarly, we
detected MCMV expression by immunofluorescence microscopy
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Figure 2. MCMV infection accelerates
GBM blood vessel formation in mice. (A)
Ki67 (green) immunofluorescence in brain
sections taken from animals at the end
point of survival studies. DAPI-stained
nuclei are shown in blue. Scale bar: 50 pm.
Graph shows Ki67-positive nuclei counts
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samples. ***P < 0.005, Student’s t test.
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the murine CT-2A GBM cell line. Unin-
fected (n = 6) vs. MCMV* (n = 6). P < 0.01,
log-rank test. Median survival is indicated
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in GBMs from MCMV* but not control mice (Figure 3A and Sup-
plemental Figure 2A) and observed a time-dependent increase of
the MCMV IE1 homolog m123 mRNA by quantitative reverse-tran-
scriptase PCR (QRT-PCR) after tumor implantation (Figure 3B).
MCMV immunostaining was mostly localized in tumors and was
heterogeneous. Extratumoral MCMV immunostaining was con-
fined to the choroid plexus and ventricular regions and was oth-
erwise absent from normal brain tissue, consistent with previous
observations (24, 27) (Supplemental Figure 2B). No MCMV reac-
tivation was detected in lung tissue from MCMV* tumor-bearing
mice (Supplemental Figure 2C). Costaining of tumors from MCMV*
mice for the endothelial cell marker CD31 localized MCMV in the

Turlnor
border

perivascular niche (Figure 3C). MCMYV is known to infect pericytes
(28), and immunostaining also colocalized with the pericyte mark-
er NG2 in close proximity to tumor-associated blood vessels (Fig-
ure 3C). Additionally, MCMV colocalized with tumor cell markers
CD133 and luciferase (Supplemental Figure 2D). Thus, MCMV is
present in both tumor cells and the perivascular niche of GBMs in
MCMV* mice.

Immunostaining for NG2 revealed striking differences
between MCMV* mice and controls, with extensive coverage
of tumor vasculature with NG2* cells in MCMV* mice only (Fig-
ure 3D). Immunostaining and flow cytometry showed a marked
increase (up to 400%) of intratumoral NG2* cells in MCMV* mice
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Figure 3. CMV associates with vascular pericytes in GBM. (A) CMV (green, Virusys CA150-1 antibody; red, Virusys CA003-100 antibody) immunofluores-
cence staining in brain sections from animals at the end point of survival studies. DAPI-stained nuclei are shown in blue. Scale bar: 50 pm. (B) Real-time
gPCR analysis of MCMV IE1/m123 mRNA levels in GL261Luc2 tumors from MCMV* and naive mice. n = 3. Box extends from 25th to 75th percentile, and
median is indicated by horizontal line. Whiskers represent maximum and minimum values. *P < 0.05; ***P < 0.005, Holm-Sidak test. (C) CMV (red,
Virusys CA003-100), CD31 (green), and NG2 (green) immunofluorescence in tumor sections from MCMV* mice. DAPI-stained nuclei are shown in blue.

Scale bar: 50 um. (D) CD31 (red), NG2 (green), and nuclei (blue) immunofluorescence in tumors from MCMV* mice. Scale bar: 50 um. (E) NG2 fluorescence
intensity in 12 independent fields of view from murine GBMs. n = 3. Box extends from 25th to 75th percentile, and median is indicated by horizontal line.
Whiskers represent maximum and minimum values. Scale bar: 50 um. ***P < 0.005, Student’s t test. (F) CMV (red, Virusys CA003-100), CD31 (green), and
NG2 (green) immunostaining immunofluorescence in human GBM. Scale bar: 50 um. Pearson’s rank colocalization. n = 3. Box extends from 25th to 75th

1674

percentile, and median is indicated by horizontal line. Whiskers represent maximum and minimum values.

(Figure 3E and Supplemental Figure 2E). NG2 staining in MCMV*
animals strongly colocalized with the pericyte marker PDGFR-f,
whereas no colocalization was observed with Olig2, a classic mark-
er of NG2-positive glial cells (28), confirming that these MCMV/
NG2-positive cells are pericytes and not glial cells (Supplemental
Figure 2F). Together, these data show MCMV-associated accumu-
lation of pericytes in GBM vasculature and suggest that these peri-
cytes can harbor CMV in vivo.

To confirm our findings in human GBM, we immunohisto-
chemically visualized HCMV (Figure 3F and Supplemental Fig-

jci.org  Volume129  Number4  April 2019

ure 3, A and B). HCMV pp65 and IE1 were not detected in normal
human brain by immunofluorescence (Supplemental Figure 3C).
In human tumor specimens, HCMV colocalized with GBM mark-
ers CD133, Olig2, and vimentin (Supplemental Figure 3, D and E).
Also, strong colocalization of HCMV with perivascular NG2* cells,
but not CD31* endothelial cells (Figure 3F and Supplemental Fig-
ure 3D), was observed in human GBM, a finding consistent with
HCMV association with pericytes. Furthermore, IE1 was detected
in 17 out of 18 GBM samples and absent in pooled cortical control
RNA (Supplemental Figure 3F). In summary, our data show wide-
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Figure 4. Conditioned medium from CMV-infected GBM cells increases pericyte migration and endothelial cell tube formation. (A) Transwell migration
of HBVPs and MBVPs. Data are presented as mean + SD. ***P < 0.005, Holm-Sidak test. (B) HBMEC tube formation on Matrigel performed in the presence
of conditioned media from HCMV-infected human GSCs or HBVPs. Data are presented as mean + SD. ***P < 0.005, Holm-Sidak test. (C) Aortic ring assay
performed using conditioned media from uninfected and CMV-infected GL261Luc2 cells or MBVPs. Graphical representation shows number of sprouting

vessels. Data are presented as box and whisker plot. Box extends from 25th to
sent maximum and minimum values. ***P < 0.005, 2-way ANOVA. Scale bars:

spread detection of HCMV in GBM, and while the perivascular
niche seems to be a major site of CMV infection, infected cells are
observed throughout the tumor tissue in all specimens (1 = 5) ana-
lyzed. Colocalization of NG2 and pp65 was estimated as very high
(86.2% *11.1%). Thus, in human GBM, HCMV staining patterns
are similar to those observed in the MCMV* mouse GBM model.
The CMV-infected cell secretome increases pericyte migration
and angiogenesis in vitro. Pericytes have been implicated in GBM
and are known to participate in angiogenesis, vessel stabiliza-
tion, and regulation of cerebral blood flow (29-32). We there-
fore studied how CMV might mechanistically enhance pericyte
accumulation and angiogenesis in GBM. Because CMV is readi-
ly detectable in both human and murine tumor cells, we hypoth-

75th percentile, and median is indicated by horizontal line. Whiskers repre-
50 uM (B); 1 mm for (C).

esized that CMV-infected tumor cells might attract pericytes.
Using Transwell coculture assays, we confirmed that brain vas-
cular pericytes migrate faster toward CMV-infected tumor cells
compared with uninfected controls in both human and murine
contexts (Figure 4A). To further investigate the effects of CMV
infection of pericytes and GBM cells on angiogenesis, we cul-
tured human brain microvascular endothelial cells (HBMECs)
with conditioned media from HCMV-infected patient-derived
GBM stem-like cells (GSCs) or human brain vascular peri-
cytes (HBVPs). Both media induced significant increases in
tube formation compared with control media, and when con-
ditioned media from HCMV-infected GSCs and HBVPs were
combined, tube formation was further enhanced (Figure 4B).

jei.org  Volume129 Number4  April 2019



RESEARCH ARTICLE

The Journal of Clinical Investigation

A B C D
c 1000 k% s 20.-
S = *
£g 100 o  0kD-l  [PDGF-D 3 15 50kD-|_ .| PDGF-D
2s 40kD - ~42kD 28 40KD - | == _42kD
az 10 S5 10-
5c A<
Qo 1 w2
e _ 08 37
o 40 kD - | == == |Actin o _ 40 KD - || Actin
o 0.1 c 0+—7 B
. CMV- . CMV-
Naive infected oW Naive infected * oWV
PN GSCs PN GSCs GL261/fluc GL261/fluc
E 30 *%k%k F 15 *k% G
—_ *k%k o~ *%k% v
3= v > *dk v ©
5 ~— k% omn ~— I
£ x 20 = x 10 “ 5
22 . >3 - 8
=3 d_& v £a e
cx 10 g ! TR 5 . v 2
20 lit—' 52 ' o
=8 . a5 R - &
0 0 | wi £
=)
CMV-infected - + + - CMV-infected - + + - T
Ant-PDGF-D - - + - Ant-PDGF-D - - + -
fPDGF-D - - - + fPDGFD - - - +
H | J
75 kD S 15-
- Phospho-p65 Q@
50 kD - El ~65kD § 10 50 kD - PDGF-D
(0] U — R ~
75kD - El p65 £ 40 kD - 42 kD
50 kD - ~ 65 kD ]
. % 0.5 4
40kD - E’ Actin 2 === 40 KD - | = | = | Actin
-+ CMV codl
| siRNA siRNA siRNA siRNA

scramble p65

scramble p65

Figure 5. PDGF-D upregulation by CMV in GBM. (A) gqRT-PCR for PDGF-D in GSCs after HCMV infection. Box extends from 25th to 75th percentile, and median
is indicated by horizontal line. Whiskers represent the maximum and minimum values. Outlier is shown by a green circle. (B) Western blot for PDGF-D in GSCs
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represented as mean + SD. *P < 0.05; ***P < 0.005, Student’s t test (A and C). (E and F) Transwell migration of HBVP and MBVP in the presence and absence
of PDGF-D-neutralizing antibodies, or recombinant PDGF-D (rPDGF-D), as indicated. CMV-infected GBM cells and controls were grown on the bottom of a
12-well plate, as shown. Data are represented as mean  SD. ***P < 0.005, Holm-Sidak test. (G) PDGF-D (red) and CMV (green) immunofluorescence showing
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(lower images). (H) Increased phosphorylation of NF-kB p65 subunit RelA in G44 GSCs 24 hours after infection with HCMV Towne strain. (I) siRNA-mediated
knockdown of RelA in G44 GSCs 48 hours after transfection. Box extends from 25th to 75th percentile, and median is indicated by horizontal line. Whiskers
represent maximum and minimum values. (J) PDGF-D downregulation in response to HCMV infection after RelA knockdown in G44 GSCs.

When explanted mouse aortic rings were exposed to media
from MCMV-infected GL261Luc2 cells or infected mouse brain
vascular pericytes (MBVPs), there was increased endothelial
cell sprouting, with the combination of both media showing the
greatest effect (Figure 4C). Taken together, these data suggest
a model in which CMV infection of GBM cells and/or pericytes
induces a proangiogenic secretome.

CMV-induced PDGF-D regulates pericyte recruitment and angio-
genesis in vitro. Consistent with the effects of CMV-conditioned
medium on angiogenesis, RNA-Seq of human GSCs after HCMV
infection showed angiogenesis as a prominent Gene Ontology
(GO) term. To prioritize genes further, we compared upregulat-
ed genes after HCMV infection of G44 GSCs with a curated list
of secreted proangiogenic proteins. This identified 6 mRNAs
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with potential proangiogenic roles upregulated in HCMV-infect-
ed GSCs: BMP4 (33), CCL2 (34), CXCLS8 (35), LIF (36), WNT4
(37), and PDGFD, as shown in Supplemental Table 1. Of these,
PDGF-D, a known regulator of pericyte function (38-40), has not
been studied in GBM. Because of the pronounced effect on peri-
cytes in our mouse model, we further investigated the potential
role of PDGF-D in mediating the observed phenotypes. Indepen-
dent validation confirmed that PDGF-D was upregulated in GSCs
after HCMV infection at both the mRNA and protein levels, and
this upregulation persisted over time in human GSCs after HCMV
infection (Figure 5, A and B, and Supplemental Figure 4, A and
B). Pdgfd mRNA and protein upregulation were also observed in
MCMV-infected murine GL261Luc?2 cells (Figure 5, C and D).
Functional studies showed that migration of both human and
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Figure 6. PDGF-D mediates the effects of MCMV in murine GBM. (A) Western blot for PDGF-D in GL261cas9-Pdgfd-KO cells. (B) Transwell migration

assay of MBVPs toward GL261cas9-POGFD-KO cells. Data are represented as mean + SD. ***P < 0.005, 2-way ANOVA. (C) Kaplan-Meier curves of naive
and MCMV* mice intracranially implanted with GL261Cas9 (n = 4), GL261cas9-Pdgfd-KO (guide 3) (n = 4), or GL261cas9-Pdgfd-KO guide 5 (n = 4). Median
survival is indicated on plot and shown in parentheses. (D) T2-weighted MRI at day 30. Box extends from 25th to 75th percentile, and median is indi-
cated by horizontal line. Whiskers represent the maximum and minimum values. *P < 0.05, 2-way ANOVA. (E) CD31 (red), NG2 (green), and nuclei (blue)
immunofluorescence in GL261Pdgfd-KO tumors at end points. Scale bar: 50 um. (F) Quantitative analysis of angiogenesis and vessel morphology in tumor
sections. Data are represented as mean + SD. **P < 0.01; ***P < 0.005, 2-way ANOVA.

murine pericytes toward CMV-infected GBM cells was abolished
by a PDGF-D-neutralizing antibody, while recombinant PDGF-D
induced vigorous pericyte migration (Figure 5, E and F). In addi-
tion, endothelial tube formation by HCMV-infected GSC-con-
ditioned medium was partially blocked by PDGF-D-neutral-
izing antibodies, and recombinant human PDGF-D induced
tube formation, although to a lesser extent than CMV-infected
cell-conditioned medium (Supplemental Figure 4C). Immuno-
fluorescence showed that PDGF-D was widespread in MCMV*
GL261Luc2 tumors and in human GBM specimens, where it
partially colocalized with HCMV pp65 staining (Figure 5G and
Supplemental Figure 4D). In contrast, intratumoral PDGF-D was
barely detectable in MCMV-naive controls (Supplemental Figure
4D), and in normal human brain, PDGF-D staining was confined
only to vasculature (Supplemental Figure 4E). Taken together,
these data suggest that CMV-induced PDGF-D expression may
play an important role in GBM biology.

To further investigate the upregulation of PDGF-D expres-
sion after CMV infection, we examined the potential signaling
pathways involved. It has been previously reported that CMV
infection leads to activation of the NF-kB-signaling pathway (41,
42). It has also been reported in ChIP-Seq studies that PDGF-D
expression may be NF-kB regulated (43); therefore, we investigat-
ed this pathway in our GSCs. Western blotting against the phos-
phorylated p65/RELA subunit of NF-kB 24 hours after infection

of G44 GSCs with HCMV indicated that the pathway was acti-
vated (Figure 5H). Treatment of G44 GSCs with siRNA against
RELA/p65 efficiently knocked down RELA (Figure 5I) and ablat-
ed upregulation of PDGF-D in response to HCMV infection, as
shown by Western blotting (Figure 5]). Thus, NF-kB is involved in
PDGF-D upregulation by HCMV in GSCs.

Pdgfd knockdown impairs GBM growth in vivo. To further
investigate the role of PDGF-D in CMV-induced GBM growth,
Pdgfd was knocked out (Pdgfd-KO) in GL261 cells using CRISPR/
cas9 technology (Figure 6A). Loss of PDGF-D expression was
verified by Western blotting (Figure 6A). CMV infection did not
restore PDGF-D expression in Pdgfd-KO cells (Supplemental
Figure 5A). Pdgfd-KO cells showed growth kinetics and MCMV
infection similar to those of control cells in vitro (Supplemental
Figure 5B), but showed impaired pericyte attraction compared
with control cells after MCMYV infection (Figure 6B). Consistent
with our model, orthotopically implanted PDGF-D-competent
GL261Cas9 cells grew as tumors, with mortality significantly
enhanced in MCMV* mice compared with naive mice (Figure
6C). In contrast, MCMV-naive mice receiving Pdgfd-KO tumor
cells all survived more than 60 days (Figure 6C), suggesting
a critical role for PDGF-D in GBM progression. Interestingly,
lethality was restored when Pdgfd-KO tumors were implanted
in MCMV"* mice, albeit it was significantly delayed compared
with what occurred with PDGF-D-competent tumors (Fig-

jei.org  Volume129 Number4  April 2019

1677



1678

RESEARCH ARTICLE

A GL261Luc2 B
,0\100 o e — Naive (40 days)
= [y --- Naive + CDV
& i (37 days)
£ 90 CMV* (32 days)
5’) CMV*+ CDV
0 b ’ L, 6 days)
0 30 40 50
Time (days)
c £ D
NS
+CDV E’g 15 Wﬂ

S 10 F

O x [ "<

n _ >0
[0 n o {* . =
2 OX Syt g O

> = EI z

e

N

s 100, NS
. 25 80 .

E= 60 r + >
> =] 5 >0
; sefite 38

5 = “

E 5 g %. &1 O +

CMV - + + -
CDV - - + +

The Journal of Clinical Investigation

CMV+ CMV+ + CDV

CMV /

PDGFD - Area
(pixel x 10%)

Naive

CMV+

Figure 7. Cidofovir reverses CMV-induced proangiogenic phenotype in MCMV* GBM mice. (A) Kaplan-Meier survival curve of naive and MCMV* GL261Luc2
tumor-bearing mice treated with cidofovir (CDV). Median survival is indicated on plot and shown in parentheses. (B) CMV (green, Virusys CA150-1 antibody)
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ure 6C). MRI performed at day 40 confirmed Pdgfd-KO tumor
establishment only in MCMV* animals (Figure 6D). Pdgfd-KO
tumors showed reduced accumulation of pericytes and reduced
vessel coverage (Figure 6E), with fewer vessels and branch junc-
tions compared with PDGF-D-competent controls, consistent
with impaired angiogenesis (Figure 6F). Together, these results
demonstrate an essential role for PDGF-D in GBM growth that
can be rescued by MCMV.

The antiviral drug cidofovir reverses the growth-promoting effects
of MCMV in the mouse GBM model. The presence of elevated
MCMV mRNA and protein after tumor implantation suggested
importance of viral activity in our tumor-progression pheno-
type. To confirm this, MCMV* mice were treated with the viral
DNA synthesis inhibitor cidofovir (44) after tumor implantation.
Whereas cidofovir treatment had no effect on the survival of
naive GL261Luc2 tumor-bearing mice, it significantly improved
survival in MCMV* mice compared with untreated controls (Fig-
ure 7A). These observations suggest that, under these treatment
conditions, cidofovir does not have direct antitumor effects, as
tumor growth in MCMV-naive mice was unchanged. Consistent
with a direct antiviral effect, MCMV immunostaining was mark-
edly decreased in cidofovir-treated MCMV* mice, and this was
associated with dramatically decreased PDGF-D staining and
reduction of tumor vascularization to CMV-naive levels (Fig-
ure 7, B and C). Finally, cidofovir treatment led to the reversal
of MCMV-induced vascular pericyte accumulation (Figure 7D).
Together, these results suggest that CMV acts as a critical poten-
tiator of tumor progression by stimulating PDGF-D expression,
pericyte accumulation, and GBM angiogenesis.
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Discussion
Here, we provide what we believe is the first report of an in vivo
mechanism underlying the promotion of GBM growth by CMV. We
have shown that MCMYV infection clearly potentiates tumor growth
in implantable intracranial murine GBM models. We identified
PDGF-D as an essential factor for intracranial GBM growth whose
expression is induced by CMV infection of GSCs and stimulates
both pericyte attraction and angiogenesis. Importantly, CMV-stimu-
lated tumor growth is reversed by treatment with cidofovir, an FDA-
approved antiviral agent (44). Together, these data provide support
for the potential clinical importance of CMV in GBM progression
and suggest both CMV and PDGF-D as targets in GBM therapy.
Proangiogenic effects of CMV. The most striking effects in CMV*
mice were on angiogenesis. We observed (a) increased intratu-
moral blood vessel length and branching, (b) increased pericyte
coverage of intratumoral blood vessels, (c) increased intratumoral
blood flow, (d) a proangiogenic secretome in CMV-infected peri-
cytes, and (e) a proangiogenic and pericyte-attracting secretome
in CMV-infected GBM cells. These observations support the con-
cept that a CMV-mediated increase in vessel number and maturity
is likely to be a major factor in the increased tumor growth in the
context of the MCMV* mice. Indeed, it has been established that
CMV has proangiogenic effects in nontumoral settings (45-47),
and a role in tumor angiogenesis has been previously speculated,
although never established (48). One of our most striking obser-
vations was the striking increase in pericyte coverage of the tumor
vasculature in MCMV* animals. Pericytes are permissive for CMV
infection (28), and indeed, these tumor-associated pericytes
strongly stain for MCMV in both our model and in human tumors.
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Pericytes are essential for fully functional brain vasculature (49),
and a direct correlation between pericyte coverage of tumor vas-
culature and diminished survival in patients with GBM has been
reported, highlighting the relevance of this observation (31). Over-
all, we examined tumor samples from 5 patients using immunoflu-
orescence and 18 using RT-PCR (Figure 3 and Supplemental Figure
3). Of those, all 5 immunostained samples were positive for HCMV
pp65 and only 1 sample from the PCR study was negative for CMV.
Although CMV reactivity was predominantly found in the perivas-
cular niche, single cells remained positive throughout the tumor.
Further studies on an extended panel of tumors are warranted.

CMV reactivation in the mouse model. As reported in human
specimens, MCMYV reactivation could be detected in our mouse
model. We observed (a) a time-dependent increase of MCMV
IE1/m123 levels as tumors grew and (b) the presence of CMV in
intratumoral pericytes as well as tumor cells by immunostaining in
both the mouse model and in human GBM specimens.

This is the first report, to our knowledge, to show that CMV
is reactivated in perivascular intratumoral pericytes, suggesting
potentially important biological mechanisms. We speculate that
CMV reactivation occurs within the tumor microenvironment due
to local immunosuppression that prevents control of CMV reactiva-
tion by the adaptive immune system. Based on our observations, we
also speculate that at least one source of intratumoral CMV may be
pericytes recruited from the circulation and are currently investigat-
ing this hypothesis. Indeed, pericytes are known to be permissive
for CMV infection and may play a role in CMV retinitis (28). Our
data so far suggest that CMV reactivation is specific to the immu-
nosuppressive tumor microenvironment. We were unable to see
any symptoms of systemic CMV reactivation or detect its presence
in lung tissue from MCMV-infected tumor-bearing animals. How-
ever, this does not discount the possibility that CMV may be reac-
tivated in other tissues or specific cell types during tumor growth.
Also, there are many additional CMV-encoded transcripts we could
search for. This is an area of current investigation.

One of the challenges in this field of study is to relate chang-
es seen in vitro under acute infection conditions, to those seen in
vivo when the virus is undergoing long term reactivation in mul-
tiple cell types within the tumor microenvironment. Our mouse
model will allow highly detailed studies of viral gene reactivation
and other molecular changes temporally and by cell type enabling
adetailed understanding of the dynamics of the process. Measure-
ment of MCMV transcript levels showed a 10-fold lower expres-
sion of IE1/m123 in vivo compared with in vitro by qRT-PCR. On
a cellular level, this difference is likely smaller, due to the lower
numbers of cells infected in vivo versus in vitro. Initial compari-
sons of CMV IE1/m123 levels between the murine model and
human GBM specimens suggest that levels of CMV activation may
be slightly higher in the murine model (data not shown). However,
this does not account for the variable of numbers of cells infected
per specimen and changes in CMV activation over tumor evolu-
tion. Further detailed studies are therefore needed to survey mul-
tiple genes and specimens in each system.

PDGF-D as a mediator of the effects of CMV on pericyte recruitment
and angiogenesis. In our system, CMV infection of GSCs promotes
the secretion of a wide array of different proangiogenic cytokines,
a phenotype previously observed in other cell types (45-48). Com-
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parison of our RNA-Seq data with GO terms for secreted angiogenic
molecules revealed several upregulated mRNAs encoding secret-
ed proteins involved in the promotion of angiogenesis in GBM by
CMYV, as shown in Supplemental Table 1, suggesting that promotion
of angiogenesis is multifactorial. Interestingly, our RNA-Seq data
scored highly for PDGF-D, which is known to be involved in the con-
trol of pericyte migration (50), but has not been studied in the con-
text of GBM. Similarly to PDGF-B, PDGF-D is a ligand of PDGFR-B,
and null mouse mutants of either PDGFR-B or PDGF-B are lethal
in utero due to hemorrhage caused by abnormal, pericyte-lacking
vasculature (51). Additionally, PDGF-D is known to be involved
in pericyte, macrophage, and monocyte chemotaxis as well as the
induction of angiogenesis in vitro (52, 53).

Our in vitro data suggest that PDGF-D is responsible for peri-
cyte accumulation in GBM in CMV* mice and also contributes to
angiogenesis. We showed by qRT-PCR and Western blotting that
PDGF-D is clearly upregulated in human GSCs and mouse GBM
cells after infection with CMV, and we confirmed that PDGF-D
alone can stimulate pericyte migration in both mouse and human
systems. Depletion of PDGF-D by blocking antibodies or CRIS-
PR-mediated gene editing completely blocks pericyte migration in
vitro. Most compelling is the observation that GBM cells lacking
PDGF-D cannot grow in CMV-naive hosts, showing lack of both
pericyte influx and angiogenesis. However, when these same KO
cells are introduced into MCMV* mice, tumor growth and lethal-
ity are restored, although more slowly than in WT controls, sug-
gesting that extratumoral factors provided by MCMYV in the model
may overcome the lack of PDGF-D in tumor cells. Whether CMV
is providing PDGF-D or a different compensatory factor is a sub-
ject of current investigation. Our data suggest the importance of
PDGF-D as a potential therapeutic target in vivo.

Regulation of PDGF-D expression by NF-xkB. We showed that
PDGF-D upregulation is at least in part regulated by CMV acti-
vation of NF-kB signaling (Figure 5, H-]). It has been previously
shown that, after HCMV infection, cells show a virus-regulated
induction of NF-kB signaling (41). Purified viral glycoproteins
were shown to induce NF-kB activity (41, 42). In this study, we
showed that in human GSCs, infection with CMV results in the
activation of NF-«B signaling via p65 phosphorylation. Because
NF-«B has also been associated with PDGF-D in ChIP-Seq stud-
ies (43), we hypothesized that NF-«B activation might also lead to
PDGF-D upregulation. This was confirmed by siRNA-mediated
inhibition of NF-kB signaling. As the induction of PDGF-D expres-
sion by CMV was only partially inhibited, other mechanisms, such
as Sp-1 induction upon CMYV infection, might also be involved in
PDGF-D upregulation (54, 55).

Effects of antiviral therapy in CMV GBM models. In recent
years, clinical approaches targeting CMV have led to encourag-
ing clinical results (13-18). These approaches include CMV-tar-
geted immunotherapies and the antiviral drug valganciclovir,
which is a substrate of CMV thymidine kinase (TK), rendering
infected cells exquisitely sensitive to its effects by accumula-
tion of toxic metabolites catalyzed by viral TK activity. How-
ever, MCMV does not have a homolog of the HCMV TK gene
and is not sensitive to valganciclovir. Therefore, in the current
report, we tested the effects of cidofovir, an FDA-approved anti-
viral drug that inhibits viral DNA polymerase and blocks MCMV
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replication. Treatment of MCMV* GL261 tumor-bearing mice
with cidofovir caused reversal of the MCMV-induced pheno-
type, with a reduction of tumor-infiltrating pericytes, decreased
tumor vasculature, and improved survival, consistent with these
clinical observations. Previous work has suggested that cido-
fovir has antitumor potential both in vitro and in vivo in com-
bination with irradiation (56). The use of cidofovir as an anti-
cancer drug is not restricted to GBM and has been shown to be
effective in HPV-associated cervical cancer (57), although with
some toxicity (58). Thus, the current report suggests that cidofo-
vir might improve survival in hosts with CMV, but it is not clear
that CMV-naive hosts would show such a benefit. Our observa-
tion that cidofovir treatment could reverse the effects of CMV
on GBM growth provides at least proof of principle supporting
the potential use of antiviral treatments in brain tumors. Impor-
tantly, others have shown potentially favorable data on the use
of valganciclovir in patients (19) and have also shown that cido-
fovir can sensitize cells to irradiation (56). This suggests that
incorporating irradiation into our model would show further
enhancement of animal survival and would strongly support
clinical application. Studies are currently underway with addi-
tional antiviral drugs in combination with other therapies to
assess the translational relevance of this approach.

Limitations. This study was performed in mouse GBM mod-
els, and MCMYV has many differences from HCMV. The lack of
TK in MCMV limits our ability to test valganciclovir in this mod-
el; however, an engineered MCMV with a copy of HCMV TK has
been created (59), and we will investigate this in order to model
the effects of valganciclovir. CMV and its relationship with GBM
and cancer remains a controversial area, with some groups unable
to detect CMV in human specimens (22, 23). At present, there are
no reports of next-generation sequencing data from human tumor
specimens containing CMV sequences, which may be explainable
by low levels of CMV in tumors as well as a high level of natu-
ral genetic variation in CMV. Also, until this study, there was no
mechanistic explanation, to our knowledge, of how CMV could
influence tumor growth. Our observations therefore add to the
weight of evidence that CMV can play a role in tumor growth and
may be therapeutically very important.

Summary and perspective. Our observations provide insights
into how CMV infection affects GBM growth in vivo and are sup-
ported by observations in human patient specimens. These data
strengthen the argument for a role of CMV in GBM growth and a
rationale for antiviral therapy in overcoming treatment limitations
in current GBM therapy. Finally, in identifying PDGF-D as a con-
tributor to the CMV-induced phenotype, we have identified a tar-
get for potentiating current GBM therapy regimens, augmenting
immunotherapeutic approaches, and ultimately, developing new
approaches to treating GBM.

Methods

Cell culture and virus propagation. NIH3T3 mouse fibroblasts and
MRC-5 cells were purchased from ATCC and cultured in DMEM
with 10% FBS (Sigma-Aldrich), penicillin (100 U/ml), and strepto-
mycin (10 mg/ml) (Thermo Fisher). MCMYV lacking the m157 gene
(24) was provided by Ulrich Koszinowski (Ludwig-Maximilians-Uni-
versitat, Munich, Germany), and HCMV-GFP Towne strain was pro-
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vided by Bill Britt (University of Alabama, Birmingham, Alabama,
USA). MCMV and HCMV strains were cultured in NIH3T3 and
MRC-5 cells, respectively, and viral titer was measured as previously
described (24). GL261Luc2 murine glioma cells were purchased from
PerkinElmer. CT-2A murine glioma cells were a gift from Thomas
Seyfried (Boston College, Boston, Massachusetts, USA). HBMEC
cells were purchased from ScienCell Research Laboratories and
grown according to the manufacturer’s recommendations. Primary
human GSCs (G34, G35, G44, G157) were obtained by dissociation
of gross tumor samples and cultivated in neurosphere media, as pre-
viously described (60). Mycoplasma testing was routinely done by
PCR. GBM subtype classification was done by gene-expression pro-
filing as previously described (60).

CMYV infection in vitro. For CMV infection in vitro, we seed-
ed up to 10° cells in 6-well plates and treated with CMV or mock
infection (purified extract from uninfected fibroblasts) the next
day. We infected GL261Luc2 neurospheres with MCMV (MOI of 1)
or patient-derived human GSCs with HCMV (MOI of 1) for 2 hours.
Cells were then rinsed with Dulbecco’s PBS (DPBS) (Thermo Fish-
er) and covered with fresh culture medium.

Transwell cell migration assay. Cells were seeded in a 24-well
culture plate, infected with CMV (MOI of 1), and cultured for 72
hours. Light transmission blocking Transwell inserts (FluoroBlock,
Corning) with a pore size of 8 um were used. 1 x 10° Cells were tryp-
sinized and stained with Vybrant DiO Cell-Labeling Solution (Ther-
mo Fisher). Cells were added to the Transwell compartment and
incubated at 37°C. Images were taken after 24 hours and 48 hours.
For each assay, 15 images from 3 separate wells were analyzed. Each
assay was repeated 3 times.

Flow cytometry. Flow cytometry was performed on a FACS LSR
II or Fortessa (BD Biosciences). Cells were gated by forward scatter/
side scatter while excluding duplets by forward scatter area/forward
scatter height. Subsequently, CD45* (BioLegend, catalog 103101)
cells were gated, with further classification by their expression of
NG2 (Stratech, catalog bs-4800R-FITC) and PDGFR-B (BioLegend,
catalog 136007).

qRT-PCR. Total RNA was extracted using TRIzol and treated with
RNase-free DNase (QIAGEN). mRNA expression analysis was carried
out using Power SYBR Green (Applied Biosystems). RNA concentra-
tion was quantified using a Nanodrop RNA 6000 (Thermo Fisher) and
analyzed using the Applied Biosystems StepOnePlus PCR machine
(Thermo Fisher). See Supplemental Table 2 for primer sequences.

Generation of knockdown cell lines using siRNA. Human RELA was
knocked down using siRNA technology. Briefly, GSCs were trans-
fected using siRNA oligonucleotides against p65/RELA (QIAGEN)
or nontargeting controls at 100 pmol/5 x 10° cells and validated at
the mRNA and protein levels. Cells were processed 48 hours after
transfection. All transfections were performed with Lipofectamine
2000 (Life Technologies) following the manufacturer’s recommen-
dations. Antibodies used were as follows: NF-kB p65 XP rabbit mAb
(clone D14E12, catalog 8242), phospho-NF-kB p65 (Ser536) mouse
mAD (clone E1Z1T, catalog 13346) (Cell Signaling Technology).

In vivo studies. Six-week-old male and female C57BL/6 mice were
purchased from The Jackson Laboratory and mated once. The f1 gen-
eration was inoculated with a nonlethal dose of A157 MCMV Smith
strain at P2 (10° PFU) by i.p. injection, as previously described (24).
After 14 weeks, 1000 cells (GL261Luc2, GL261Cas9, GL261PDGFKO,
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and CT-2A) in 3 pl normal saline were injected intracranially to estab-
lish mouse brain tumors (2 mm right lateral, 1 mm frontal to the
bregma, and 3 mm deep). Infection was confirmed in serum samples
using the commercial pathology service provided by Charles River
(anti-MCMV Multiplexed Fluorometric ImmunoAssay). Cidofovir
treatment was performed by i.p. injection (100 mg/kg) 3 times per
week for 2 weeks. DMSO and sterile saline were used as vehicle.

Imaging methods. MRI data were acquired using a Bruker 7 Tesla
scanner (Bruker Biospin). Animals were kept under isoflurane narcosis
throughout the scan. Respiration and heart rate were monitored. Body
temperature was maintained using a homeothermic blanket. ASL was
performed as previously described (61). Briefly, the animal was care-
fully positioned with the labeling coil located at the neck to allow label-
ing of blood flowing through the carotid arteries. For ASL, single-shot,
gradient-echo, echo-planarimaging (EPI) acquisition was used. Paired
images were acquired alternately — one with ASL (labeled image) and
the other without (control). Tumor blood flow was analyzed by com-
paring specified regions of interest (ROIs) with their anatomical par-
allel in the contralateral hemisphere. The average difference in ROIs
was compared between different animals and translated into relative
fold-change difference. T2-weighted images were acquired using the
RARE pulse sequence. The resulting segmentations were reviewed
manually to ensure accuracy.

Generation of KO cell lines using CRISPR/Cas9. The murine Pdgfd
gene was knocked out using CRISPR/Cas9 technology. Briefly, GL261
cells were lentivirally transduced with the Cas9 gene. Stable Cas9-
expressing clones were then transduced with a lentivirus expressing a
gRNA specifically designed to target the murine Pdgfd gene (designat-
ed as guide 3 and guide 5). The plasmid constructs used to make the
lentivirus vectors, pLentiCAS9Blast and pLentiGuide (guide 3 targets
exon 2 of the gene: 5-GGGTAGCTGTTCGGGAAGCG-3’; guide 5
targets exon 3 of the gene: 5-TTTGTTCTTGACGTTATCCT-3') were
purchased from GenScript. Cells successfully transfected with the
gRNA were positively selected using puromycin resistance, and single
clones were isolated via serial dilution. Only clones testing negative
for PDGF-D expression by Western blot analysis were used.

RNA-Seq. Triplicates of proneural GSCs (G44) were infected with
HCMV at an MOI of 0.1. Cells were then kept in culture for 3 days.
Uninfected cells served as controls. Equal quantities of total RNA
were isolated using the TRIzol reagent (Thermo Fisher) according
to the manufacturer’s protocol. RNA degradation and contamination
were monitored on 1% agarose gels, and RNA integrity was assessed
with the RNA Nano 6000 Assay Kit and a Bioanalyzer 2100 system
(Agilent Technologies). Sequencing libraries were generated using
the Illumina paired-end indexing protocol. Corresponding RNA-
Seq paired-end reads were processed using the TopHat suite with
Cufflinks. Raw reads in fastq format were mapped to the reference
organism using STAR software. Clean data were obtained by remov-
ing reads containing adapter sequences, reads containing poly-N,
and low-quality reads from raw data. The Q20, Q30, GC-content,
and sequence duplication levels of the clean data were calculated.
All downstream analyses were based on high-quality clean data. All
RNAseq data were deposited in the EMBL-EBI’s ArrayExpress data-
base (E-MTAB-7613).

Analysis was performed using the Kyoto Encyclopedia of Genes
and Genomes (KEGG) for pathway enrichment analyses and Protein
ANalysis THrough Evolutionary Relationships (PANTHER) for GO.
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Immunoblotting. Cells were lysed using RIPA buffer containing 1%
protease inhibitor cocktail (Merck Millipore) and 5% phosphatase inhib-
itor cocktail (Roche). Total protein concentration was measured using
the Bradford protein assay. Primary antibodies used were against HCMV
(Virusys Corporation, catalog CA150-1; 1:1000), HCMV pp65 (Virusys,
catalog CA003-100; 1:1000), anti-human PDGF-D (Thermo Fish-
er, catalog 40-2100; 1:1000), and B-actin (Cell Signaling Technology,
catalog 4967;1:1000).

Immunohistochemistry. Mice were euthanized using CO, inhala-
tion and subsequently perfused with 4% neutral-buffered formalin
(Sigma-Aldrich) for fixation. Cryoprotection was performed using
30% sucrose. All mouse brain slides were obtained from 30 um frozen
sections. Permeabilization was done using 1% Triton X-100 (Sigma-
Aldrich) in PBS (Thermo Fisher) for 10 minutes. Slides were then incu-
bated with the primary antibody (1:100 in normal serum) overnight
at 4°C. For detection of the primary antibody, species-matched fluo-
rophore-coupled antibodies were incubated for 1 hour at room tem-
perature. Slides were then covered with antifade mounting medium
(Vectashield, Vector Laboratories) and coverslipped. All fluorescent
and bright-field microscopy-based assays were observed using a Nikon
Eclipse Ti microscope (Nikon). High-resolution confocal fluorescent
microscopy was performed using a Zeiss LSM 710 confocal microscope
system and visualized using ZEN Zeiss Imaging software. For human
specimens, IHC staining was performed as previously described
(6). Briefly, tissue specimens were incubated with antibodies against
CMV (Virusys Corp.), followed by H&E counterstaining. We first val-
idated the MCMV immunostaining conditions in vitro by staining of
MCMV-infected and noninfected GL261 cells. Additional controls
used for antibody specificity were brain and tumors from noninfected
control animals, brain subventricular zone staining in infected animals,
and the absence of any background staining with secondary antibodies
alone. For colocalization, images were imported into the Fiji version
of the free image-processing software Image] (NIH). The preinstalled
plugin for colocalization analysis coloc2, which uses a pixel intensity
correlation measurement, was used to calculate colocalization param-
eters (Pearson’s coefficient and Spearman’s rank correlation). For
immunofluorescence studies, the following antibodies were used: anti-
mouse, CD31 (Bio-Rad, catalog TLD-3A12, 1:100), PDGF-D (Thermo
Fisher, catalog 40-2100, 1:100), and PDGFRp (BioLegend, 323605,
1:100); anti-human, PDGF-D (R&D, catalog AF1159, 1:100), CD133
(BioLegend, catalog S16016B, 1:100), Vimentin (SP20, Thermo Fish-
er, catalog MA5-16409, 1:100), and CD31 (Bio-Rad, catalog MCA1738,
1:100); anti-human mouse Ki67 (Abcam, catalog ab15580, 1:100), NG2
(EMD Millipore, 1:100), and Olig2 (Merck, catalog MABN50, 1:100);
anti-CMV (Virusys Corp., catalog CA150-1, 1:1000) and HCMV pp65
(Virusys, catalog CA003-100, 1:1000).

Quantification of tumor vasculature in frozen sections. Inmuno-
fluorescence staining using anti-CD31 antibodies (Bio-Rad, catalog
MCA2388GA) was performed in coronal frozen brain sections. An
Image] algorithm (provided by Institute for the Neurosciences, Neu-
ro Technology Studio, Brigham and Women’s Hospital) was used to
automate vessel detection and characterization for length, area, and
branching points (25).

Statistics. All microscope-based assays were edited/quantified
using Image], including the Analyze Particles function of binary
images with automatic threshold. Data are expressed as mean * SD.
Unpaired 2-tailed Student’s ¢ test was used for comparison between
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2 groups. Each group was tested for Gaussian distribution, if 1-way
ANOVA was passed, followed by Bonferroni’s test. If this failed, the
Kruskal-Wallis test followed by Dunn’s correction was conducted to
test for significance among multiple groups. Pearson’s correlation with
nonlinear regression analysis was performed to compute Pearson’s r,
R2, and Pvalues. The Holm-Sidak test was used for some experiments,
as indicated in the figure legends. Statistical analyses were performed
using Microsoft Office Excel 2011 or Graph Pad Prism 6 software. P <
0.05 was considered statistically significant.

Study approval. Tumor samples were obtained using a protocol
approved by the Dana-Farber Cancer Institute IRB. Written, informed
consent was received from all participants prior to inclusion in the
study. Animal studies were approved by the Brigham and Women’s
Hospital Center for Comparative Medicine IACUC.
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