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Existe un tiempo para que todas las cosas vayan delante,

y existe un tiempo para que vayan detras;

un tiempo para respirar despacio,

y otro para hacerlo deprisa,;

un tiempo para crecer en fortaleza,

y otro para declinar;

un tiempo para subir y otro para bajar.

[...]

Quien permanece en el lugar en el que ha encontrado su verdadera casa,
vive mucho tiempo;

y quien muere, pero no perece, goza de la auténtica longevidad.

Lao Tse
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1. INTRODUCCIO



1.1. L’lctus

L’ictus és un trastorn, transitori o permanent, en una zona del parénquima
encefalic que es produeix com a consequéncia d’'una alteracio aguda en el flux
dels vasos sanguinis cerebrals. Com a resultat, apareixen déficits neurologics
com afasia, hemiparésia, perdua de consciéncia, pérdua de visid o vertigen,
entre d’altres, segons la zona de I'encéfal afectada; déficits que poden ser
transitoris o permanents, depenent de I'evolucio clinica i del tipus d’oclusio.
Podem classificar els ictus en dos tipus segons si son el resultat del trencament
d’'un vas sanguini que produeix l'extravasacié de sang cap al parénquima
encefalic (anomenats ictus hemorragics) o bé si la causa és la interrupci6 del
flux sanguini (anomenats ictus isquemics).

Aquesta patologia constitueix actualment un dels problemes sanitaris més
importants ja que la seva incidéncia anual és d'uns 200 casos per cada
100.000 habitants i és la primera causa de mort en dones i la segona en homes
en l'estat espanyol, a més de la causa més important d’'incapacitat i invalidesa
a llarg termini a causa de les sequeles motores i sensitives que deixa. Els
principals factors de risc que s’associen a lictus son la hipertensié, la diabetis,
el tabaquisme i la hipercolesterolémia, i és marcadament prevalent a partir dels

65 anys.

L’'ictus hemorragic intraparenquimatés degut a la ruptura d’un vas sanguini
suposa un 10% dels ictus, amb unes taxes de mortalitat molt elevades en els
dies seguents a I'aparicié de 'hematoma. Tot i el seu dramatic prondstic en la
majoria de casos, aquest subtipus d’ictus ha estat menys estudiat i es
desconeixen els mecanismes moleculars que intervenen tant en la formacio i
expansié de I'hematoma inicial com en la formacié posterior de I'edema

perihematoma i la seva evolucio.

L’'ictus isquemic suposa actualment un 80% del total d’ictus que es
produeixen. Es el resultat, en la major part dels casos, de I'oclusié d’una artéria
de calibre mitja o gran i pot tenir un origen cardioembolic o aterotrombotic. Els

primers son originats per l'obstruccié d’'una artéria cerebral per un coagul



d’origen cardiac (amb especial predileccié per les bifurcacions arterials) mentre
que els segons es produeixen per la formaciéo d’émbols o trombes locals en
algunes artéries amb estenosi aterosclerotiques (en els troncs supraaortics o

en grans artéries intracranials).

L’ictus isquémic d’origen cardioembolic té un especial interés ja que acostuma
a produir lesions (que anomenem infarts cerebrals) de gran extensié en la
majoria de casos, produits per I'obstruccié de l'artéria cerebral mitja per un

eémbol enviat des del cor.

Area en isquémia

T

Figura 1. Obstruccioé d'una artéria per un coagul deixant

en situacio d’isquémia la zona de perénquima que irriga.

Com a consequéncia de la interrupcié del flux sanguini es produeix una lesid
tissular (core de l'infart) I'extensié de la qual dependra, entre d’altres factors
intrinsecs, de la durada de l'oclusid almenys durant les primeres hores. Es
durant aquest periode de temps en qué, si no es produeix la recanalitzacio
espontania, s’ha d’intentar lisar el coagul al més aviat possible per tal d’evitar el
creixement de linfart a les zones perifériques també hipoperfoses i
metabolicament compromeses perd encara salvables (anomenada penombra
isquémica), amb un metabolisme diferent i que poden quedar incloses en poc
temps dins de I'area infartada (Obrenovitch TP; 1995 i Sharp et al.; 2000).



Figura 2. Imatges de RM. L’angiografia mostra una oclusié de I’'ACM que produeix un
infart en la zona més profunda (imatge en difusio) i gran part del territori hipoperfés

(en la imatge de perfusio).

El tractament trombolitic amb rt-PA constitueix actualment la millor accié
terapeutica en la fase aguda de lictus isquémic per intentar lisar el trombus i
evitar que l'infart establert inicialment creixi i recluti parénquima de la penombra
(NINDS; 1995). La principal limitacié és la necessitat d’administrar-lo durant les
tres primeres hores després de l'inici dels simptomes per tal de minimitzar el
risc de complicacions hemorragiques. El fibrinolitic administrat, junt amb el
plasminogen endogen, forma un complex que s’uneix a la fibrina parcialment
degradada que forma part de I'émbol o del trombus. Aquesta unié produeix la
degradacio total de la fibrina generant molécules de plasmina que també
participen en la lisi i produeixen la desitjada recanalitzacié de l'arteria. D’altra
banda, també és cert que la terapia trombolitica amb rt-PA pot ocasionar
complicacions com soén les transformacions hemorragiques greus que
apareixen en un 5-10% del malalts tractats amb aquest farmac i que comporten

una altissima taxa de mortalitat.

Figura 3. TAC cranial d'un infart (hipointensitat) amb una transformacié hemorragica

(hiperintensitat). A I'esquerra, fase inicial d’'una transformacié hemorragica en teixit fresc.



Pero I'experiéncia mostra que no tots els pacients responen igual al tractament
trombolitic, tot i tenir el mateix tipus d’oclusio arterial. Per tant, és evident que hi
ha d’altres factors intrinsecs a cada individu que influeixen en l'aparicié de
transformacions hemorragiques, en la recanalitzaci6 de [larteria, en el

creixement de l'infart o en I'evolucié neurologica.

Identificar les causes d’aquesta variabilitat en la resposta al tractament de
reperfusio amb rt-PA, per tal de millorar tant I'eficacia com la seguretat de la
terapia trombolitica, és absolutament necessari i en l'actualitat és objecte de
diferents arees de recerca en isquémia cerebral. L'estudi de les
metal-loproteinases de matriu i la seva implicaci6 en el procés d’isquémia

cerebral és, entre d’altres, una d’ aquestes linies d’investigacio.



1.2. Cascada Isquemica i Neuroinflamaci6

Amb l'obstruccié de l'artéria s’inicia el procés isquémic on es produeixen una
série d’esdeveniments moleculars tant a nivell cel-lular com tissular que
s’inicien ja en els primers minuts de la nova situacié d’hipdxia i segueixen una
cronologia caracteristica en la isquémia cerebral que s’allarga durant els dies
posteriors a la isquémia inicial. Per tant, és important entendre la resposta

isquémica com un procés dinamic en tot moment i que, per tant, és modulable.

A causa de la deprivacido de nutrients i oxigen es produeix una immediata
perdua energetica (caiguda dels nivells d’ATP) en les cél-lules, que
secundariament duu a una serie de canvis bioquimics a nivell molecular i, per
tant, com a consequéncia immediata de la isquémia cerebral es posen en
marxa molts circuits metabdlics, alguns dels quals poden ser perjudicials per a

la supervivéncia cel-lular.

Aixi doncs, com a primer canvi metabolic a nivell cel-lular, en els minuts inicials
després de la isquémia, es produeix la despolaritzaciéo de la membrana amb
I'alliberament de potassi (K *) cap a I'espai extracel-lular i I entrada de sodi
(Na ), ions de clor (Cl *) que fan descendir el pH de les cél-lules; i també de
calci (Ca #*) durant els primers minuts. Com a resposta immediata a aquesta
descompensacio ionica neuronal s’alliberen neurotransmisors com el glutamat,
amb I'activacié dels seus receptors sinaptics com I'NMDA. Aquests s’acumulen
en l'espai extracel-lular de la sinapsi,es produeix una entrada de calci cap a
l'interior de la céllula junt amb la daigua produint I'anomenat edema

excitotoxic sobre les cél-lules isquémiques (Nishizawa Y;2001).

Una altra consequéncia metabolica del procés d’isquémia (pero també del dany
per reperfusid) és la situacié d’estres oxidatiu que pateix el teixit afectat i que
duu a la formacié de gran quantitat de radicals lliures, que son espécies
quimiques molt reactives i inestables: I'dxid nitric (NO), perdxid d’hidrogen
(H202) o l'anié superoxid (O2). De l'eliminacié endogena d’aquests radicals

s’encarreguen principalment diferents sistemes enzimatics (catalases,



superoxid dismutasa o la glutation peroxidasa) perd quan el sistema es troba
saturat, 'acumulacié d’aquests subproductes del metabolisme tan reactius
produeix trencaments en I'’ADN (mutacions i errors en la transcripcid),
desnaturalitzacié de proteines o lesions en I'endoteli vascular que duen a
l'alteraci6 de la barrera hematoencefalica i a la formaci6 d'un edema

vasogenic secundari a la situacio d’hipoxia inicial.

La intervencié terapéutica per tal d’evitar la mort neuronal i I'establiment de
'infart en qualssevol d’aquests processos es fa molt complicada, ja que
aquesta cascada de fendmens es produeix en els minuts posteriors a 'oclusié
de l'arteria, quan la possibilitat de rebre un tractament és en la majoria de

casos impossible.

Ja en les primeres hores del procés isquémic es produeix una complexa
resposta inflamatoria que s’allarga durant els seguents dies, en principi amb
la intencié d’intentar aillar i protegir el teixit afectat per la hipdxia, tot i que
actualment sabem que intervé en el dany tissular i especialment en la mort
neuronal i en la pérdua de la integritat vascular (Chamorro et al.;2004 i Zheng
et al.;2004).
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Figura 4. Esquema dels principals canvis cel-lulars i moleculars durant

la resposta inflamatoria post-isquémia.(Zheng et al.; 2004).



Tot i que sabem que I'edema excitotoxic i 'acumulacioé de radicals lliures estan
relacionats amb I'activacié d’aquesta reaccié inflamatoria, no es coneneixen en
profunditat els factors que desencadenen aquesta resposta inflamatoria post-
isquémia.

Les cél-lules microglials que es troben en el sistema nerviés, s’activen (amb
canvis a nivell transcripcional) per la situacio d’isquémia i s’encarreguen
d’activar la resposta inflamatoria a nivell local amb I alliberament de citoquines
(IL-1B, IL-6 o TNF-a) a I'espai extracel-lular, que al mateix temps contribueixen
a la produccié de quimioquines (IL-8 o MCP-1). L’alliberacié d’aquestes
molécules activa complexes cascades de senyals que modifiquen I'expressio
de molecules d’adhesi6é (principalment Selectines, ICAM i VCAM) sobre la

superficie de les cél-lules endotelials (Frijns et al.;2002).

Aquests canvis a nivell vascular (d’adhesio i migracio a nivell local i augment de
la permeabilitat de la barrera hematoencefalica), tenen com a consequéncia el
reclutament de leucocits de la sang periférica cap al parenquima cerebral que
migren a través de les parets vasculars. Les primeres cél-lules a ser reclutades
son els neutrdfils (ja en les primeres 2-4 hores post-isquémia), seguides del
monocits, macrofags i linfocits. Diferents estudis mostren que aquesta infiltracio
de cél-lules circulants incrementa el dany tissular en la fase aguda i facilita
també I'alliberament i producci6 de més radicals lliures i diferents proteases
(entre elles les metal-loproteinases de matriu), tant per part de les cel-lules

infiltrants com per part de cel-lules del sistema nervios (Akopov et al.;1996).

Per tant, com a consequéncia de la resposta inflamatoria post-isquémia, es
produeix l'activacio d’alguns sistemes de proteolisi i remodelacié de la matriu
extracel-lular (Fukuda et al.;2004) , un augment de la permeabilitat de la barrera
hematoencefalica per efecte citotoxic sobre les cél-lules endotelials i un
augment de I'edema cerebral els quals en conjunt amplifiquen el dany tissular
inicial i activen també processos de mort cel-lular per apoptosi que duen a una

mort neuronal secundaria (Ferrer et al.;2003).



1.3. Les Metal-loproteinases de Matriu

Les metalloproteinases de matriu, so6n wuna familia de proteases
(endopeptidases) Zinc-depenents que degraden diferents substrats que formen
part de la matriu extracel-lular. Mereixen una especial atenci6 ja que, juntament
amb les serin-proteases, son imprescindibles per a la remodelacié de la matriu
extracel-lular i de la lamina basal i, per tant, tenen un paper essencial en la

remodelacio tissular (Linjen et al.;2001 i Matrisian LM;1990)

Fins avui, s’han identificat un gran nombre de molécules membres d’aquesta
familia implicades en gran varietat de processos tant fisiologics (ovulacio,
remodelacié de I'endometri i Ossia,...) com patologics (la metastasi en el

cancer, aterosclerosi, retinopatia diabética o la neuroinflamacio).

L’estructura de totes elles comparteix tres dominis:

- Un propeptid N-terminal
- Un domini catalitic a l'interior de I'estructura quaternaria
(excepte la MMP-7 i la -26)

- Un domini hemopexin C-terminal

Transmembrane
Signal Peptide Fibronectin binding Domain (MTMMPs)
[ =
Propeptide !r nb.
N-Terminal € - \ } C-Termind
Catalytic domain Hemopexin domain

Fig 5. Estructura i dominis de les metal-loproteinases de matriu.

A més, podem trobar altres dominis segons la MMP, com és el domini
fibronectina en les dues gelatinases o un domini transmembrana en un grup de
MMPs, anomenades MT-MMPs, que es troben ancorades a la membrana
extracel-lular, I'accio proteolitica de les quals es localitza prop de les cel-lules.

En el domini catalitic trobem un atom de Zinc que els confereix capacitat



enzimatica i proteolitica sobre substrats com el col-lagen, la laminina, la
fibronectina, I'elastina, la gelatina, etc. (Murphy G;1995). A moltes d’elles se les
coneix pel substrat principal que degraden. Aixi doncs, tenim a les
col-lagenases (MMP-1, MMP-8 o la MMP-13), les gelatinases (MMP-2 y MMP-
9), etc.

Diferents tipus cel-lulars del sistema nerviés poden produir i secretar al medi
tot tipus de MMPs en cultius cel-lulars: astrocits (Gottschall et al.;1996 i Lee et
al.;2003), neurones (Conant et al.; 2004; Wetzel et al.; 2004 i Backstrom et
al.;1996), oligodendrocits (Oh et al.;1999), microglia (Mayer et al.;2001) o
cél-lules endotelials (Kolev et al.;2003).

Pero els patrons d’expressié in situ en el parénquima encefalic depenen de les
caracteristiques del procés isquémic, la severitat o el temps d’oclusié. A més,
tant la seva expressio com la seva activitat, estan estretament controlades tant
a nivell transcripcional i posttranscripcional com també pels seus inhibidors
endogens com son els TIMPs (Rivera et al.;1997, 2002 i Crocker et al.;2004) .

Tradicionalment s’ha considerat la plasmina (una serin proteasa) com la
molécula més important en 'activacié de metal-loproteinases. Perd sabem que
aquesta accid no els és exclusiva i que algunes MMPs s6n capaces d’activar-
se entre elles per mecanismes de feed-back positiu. Per exemple, I'accio de les
MT-MMP és imprescindible per activar la MMP-2, o I'activacié de la MMP-1, -7,
-8 i -9 per part de la MMP-3. Estudis més recents demostren que receptors de
membrana com la LRP, participen en la regulacié de l'activitat extracel-lular de
les metal-loproteinases -2, -9 i -13, i aixi regulen l'activitat proteinasa sobre la
matriu extracellular i la lamina basal (Hahn-Dantona et al.;2001 i Wang et
al.;2003). A més, altres mecanismes no proteolitics com la S-nitrosilacio, que
es produeixen en situacions d’estrés oxidatiu, modifiquen I'estructura d’algunes
MMPs deixant lliure el seu centre actiu, tot conferint-los activitat proteolitica

sense eliminar-ne el propéptid (Okamoto er al.;2001 i Gu et al.; 2002).

Sigui quin sigui el mecanisme d’activacié, el que requereix és que el centre
actiu amb I'atom de Zinc (que esta preservat dins de I'estructura quaternaria en

les formes no actives) quedi lliure i exposat al medi. Aquest procés es pot
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produir per la proteolisi del domini propéptid (en el cas de l'activacio per
plasmina) o bé per una modificacié de I'estructura per un procés quimic, com
es el cas de la S-nitrosilacio.

Cal destacar el grup de les gelatinases (MMP-2: Gelatinasa A i MMP-9:
Gelatinasa B), ja que tenen un paper molt important en la isquémia cerebral
(tant humana com en models experimentals). Com veurem més endavant,
aquestes MMPs es sobreexpressen durant la isquémia amb una regulacié al
llarg del temps i, sobretot, s’han relacionat amb la integritat de la lamina basal
ja que degraden principalment el col-lagen IV, la laminina i la fibronectina que

son components fonamentals de la microcirculacié cerebral.
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Figura 6. Representacid de 'estructura quaternaria de les gelatinases.

Els TIMPs s6n una familia de 4 proteines (TIMP-1, -2, -3, -4) de baix pes
molecular (20-29kDa) secretades per diferents tipus cel-lulars amb una elevada
afinitat per les MMPs, que bloquegen la seva capacitat proteolitica (Brew et
al.;2000). Tot i que, en general, poden inhibir diferents MMPs, hi ha algunes
especificitats com la baixa afinitat del TIMP-1 per unir-se a les MT-MMPs o la
unié de baixos nivells de TIMP-2 amb MT-MMP per activar MMP-2 (Visse et
al.;2003 i Zhao et al.;2004).

Perd l'accié dels TIMPs sembla que va més enlla, ja que estudis recents
mostren que participarien de forma directa en el procés apoptodtic post-
isquémia. Aixi doncs, el TIMP-3 (del qual és conegut el rol pro-apoptotic en
cél-lules cancerigenes inhibint el creixement tumoral), s’ha vist sobreexpressat
en neurones després de la isquémia on podria jugar un paper deleteri en induir

I'apoptosi (Wallace et al.;2002).
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Taula 1. Descripcié de la familia de les metal-loproteinases de matriu i els seus substrats.

MMP Enzim

MMP-1 (collagenase-1)
MMP-2 Gelatinase A
MMP-3 Stromelysin-1
MMP-7 Matrilysin-1

MMP-8 Neutrophil collagenase

MMP-9 Gelatinase B
MMP-10 Stromelysin-2
MMP-11 Stromelysin-3
WPtz Mo
MMP-13 Collagenase-3
MMP-14 MT1-MMP
MMP-15 MT2-MMP
MMP-16 MT3-MMP
MMP-17 MT4-MMP

MMP-18 Xenopus collagenase

MMP-19 RASI
MMP-20 Enamelysin
MMP-21  XMMP (xenopus)
(mmg:g% CMMP (chicken)
MMP-23 CA-MMP
MMP-24 MT5-MMP

MMP-25 MT6-MMP, leukolysin

Matrilysin-2,
MMP-26 endometase
MMP-28 Epilysin

Interstitial collagenase

Substrat

Collagens I, II, 111, VII, VIl and X, gelatin, aggrecan,
versican, proteoglycan link protein, casein

Collagens |, IV, V, VII, X, Xl and XIV, gelatin, elastin,
fibronectin, aggrecan, versican, proteoglycan link protein

Collagens lll, IV, IX and X, gelatin, aggrecan, versican,
perlecan, nidogen, proteoglycan link protein, fibronectin,
laminin, elastin, casein, fibrinogen

Collagens IV and X, gelatin, aggrecan, proteoglycan link
protein, fibronectin, laminin, entactin, elastin, casein

Collagens |, 11, 1ll, V, VII, VIl and X, gelatin, aggrecan,
Q-proteinase inhibitor, dz-antiplasmin, fibronectin

Collagens IV, V, VI, X and XIV, gelatin, elastin, aggrecan,
versican, proteoglycan link protein, fibronectin, nidogen

Collagens lll, IV and V, gelatin, casein, aggrecan, elastin,
proteoglycan link protein, fibronectin

a4-proteinase inhibitor

Collagen IV, gelatin, elastin, a-proteinase inhibitor,
fibronectin, vitronectin, laminin

Collagens |, II, lll and 1V, gelatin, plasminogen activator
inhibitor 2, aggrecan, perlecan, tenascin

Collagens I, Il and Ill, gelatin, casein, elastin, fibronectin,
laminin B chain, vitronectin, aggrecan

proMMP-2, gelatin, fibronectin, tenascin, nidogen, laminin
proMMP-2
Gelatina, proMMP-2

Collagen |

Collagen 1V, gelatin, laminin, nidogen, tenascin, fibronectin,
aggrecan

Amelogenin
unknown
Gelatin, casein
Gelatin
proMMP-2, proMMP-9, gelatin
Collagen IV, gelatin, fibronectin, fibrin
Collagen IV, fibronectin, fibrinogen, gelatin

Casein
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1.4. Metal-loproteinases i Isquémia Cerebral

Sabem que després del procés isquémic, en una fase avangada de la resposta
inflamatoria post-isquémia, es produeix la sobreexpressié d’algunes MMPs en
el perénquima encefalic: o bé per produccio des de cél-lules del sistema nerviés
o bé per cél-lules leucocitaries circulants en sang que s’infiltren (principalment
neutrofils). Aquesta regulacié (no controlada) del sistema proteolitic de que
formen part les metal-loproteinases, t¢ com a consequéncies finals el
trencament de la barrera hematoencefalica i la mort cel-lular (Cunningham et
al.;2005).

HIPOXIA / ISQUEMIA

Figura 7. Esquema de la cascada d’esdeveniments que s’activen amb la isquémia.
(Adaptat de Rosenberg et al.; 2002)

Els models animals d’isquémia cerebral intenten reproduir, amb la maxima
precisio possible, el procés isquémic que es produeix en humans.
Generalment, es generen per l'oclusié (permanent o transitoria) de l'artéria
cerebral mitja (isquémia focal) o bé per la interrupcié del flux a tot I'enceéfal
(isquémia global). La patofisiologia que es deriva d’aquests dos models
d’'isquémia i els mecanismes que s’activen és ben diferent, ja que en el model

d’'isquémia global (transitoria) es produeix un dany neuronal molt selectiu en
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regions concretes com poden ser el nucli caudat o I'hipocamp. D’altra banda, el
model d’isquémia focal transitoria deixa una lesio (core de [linfart) on s’ha
produit un dany massiu sobre neurones, cel-lules glials i estructures capil-lars a
causa de l'anomenada resposta inflamatoria post-isquémia amb edema

vasogenic i infiltracio leucocitaria.

Els primers estudis a identificar I'expressi6 anormal d’algunes d’aquestes
MMPs en el cervell de ratolins (Rosenberg et al.;1994 i 1996) van centrar
I'atencidé de la recerca en aquest camp sobre les dues gelatinases: MMP-2 y
MMP-9.

A partir d’ells, nombrosos estudis amb rosegadors i primats no-humans han
demostrat la sobreexpressio deletéria de gelatinases en I'hnemisferi ipsilateral
en parenquima cerebral (Planas et al.; 2000, 2001 i Heo et al.;1999), confirmant
fins i tot la seva preséncia in vivo per técniques de microdialisi (Planas et
al;2002). Aquests models demostren la relaciéo d’aquestes MMPs amb el dany
cerebral, mostrant un augment del nivells de MMP-9 en el parénquima cerebral
a les 12-24 hores de la isquémia, i fins al cinqué dia, relacionat amb el dany
tissular, I'extensid de linfart, 'edema cerebral i la inestabilitat de la barrera
hematoencefalica (Planas et al.;2001, Aoki et al.;2002 i Mun-Bryce et al.;1998).
D’altra banda, l'increment de MMP-2 es produia més tardanament, sobre el
quart-cinqué dia relacionat amb la reacci6 astrocitaria (Romanic et al.;1998 i
Planas et al.;2001).

D’entre els canvis fisiopatologics que es produeixen per l'accidé de les
gelatinases, prenen gran importancia els que afecten a I'endoteli i a la zona
perivascular, ja que contribueixen al trencament de la barrera hematoencefalica
que duu a I’ edema vasogenic i pot produir transformacions hemorragiques .

En relaci6 amb aquest conjunt de canvis tan localitzats en el conjunt que
formen les cél-lules endotelials amb les seves unions (tight-junctions), la lamina
basal, els peus dels astrocits i les céllules microglials perivasculars
(Cunningham et al.;2005), esta prenent gran importancia el concepte “unitat
neurovascular’, que comprén també les relacions funcionals que s’estableixen
amb les neurones i el seu entorn (Lo et al.;2004); jugant aixi, un paper

fonamental la matriu extracel-lular i els seus components.
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Figura 8. Esquema del concepte “unitat neurovascular” amb els seus

elements i interaccions funcionals. (Lo et al.;2004)

Models animals demostren que durant la resposta isquémica es produeix en
aquesta zona una sobreexpressio i activacio de la MMP-2 (Chang et al.; 2003 i
Heo et al.; 1999), relacionada amb una desestabilitzacio transitoria de la BHE.
Fins i tot s’ha vist que I'administracio intracerebral de MMP-2 produeix
'obertura d’aquesta BHE i el tractament amb el seu inhibidor endogen (el
TIMP-2) inhibeix aquest efecte (Rosenberg et al.;1992). Més endavant, entre
les 24 hores i els seguents dies, com a consequéncia de la infiltracio de
neutrofils (Justicia et al.;2003) i la degradacid6 de components de la lamina
basal i la matriu extracel-lular per part de la MMP-9, es pot produir un efecte
més sever i un trencament d’aquesta BHE (Gasche et al.;1999 i Fujimura et al.;

1999) que por donar lloc a I'aparicié d’hemorragies intraparenquimatoses.

Figura 9. Representacio de les vies de produccit-activacio de metal-loproteinases

en relacié amb el trencament de la BHE. (Adaptat de Rosenberg et al.;2002).
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En relaci6 a la isquémia cerebral humana, estudis post-mortem en
parénquima cerebral (Anthony et al.;1997 i Clark et al.;1997) mostren també un
augment tant de MMP-2 com de MMP-9 després de lictus amb una clara
regulacid6 espaciotemporal. En un primer estudi, mitjancant la técnica
d’imunohistoquimica, es fa una localitzacio tissular de diferents MMPs en un
grup d’ictus de menys d’'una setmana d’evolucié i en un grup d’ictus cronics
(d’entre 9 dies i 5 anys). Els autors identifiquen una clara localitzacié de MMP-9
en les arees vasculars i perivasculars (endoteli i neutrofils), associada a la
resposta inflamatoria en el grup d’ictus aguts, mentre que en el grup d’ictus
cronics no es va detectar la infiltracid de neutrofils, perd es va identificar
'expressi6 de MMP-7 (Matrilisina) i MMP-2 dins la lesi6 en cél-lules
macrofagiques. En l'estudi de Clark (1997), la valoracié dels nivells de
gelatinases es va realitzar per zimografia en gelatina en un grup d’ictus d’entre
2 dies i 7 anys, mostrant també un patrd d’expressio temporal diferent per les
dues gelatinases. Igual que en els models animals d’isquémia cerebral, els
nivells més elevats de MMP-9 es van trobar al teixit infartat en fase més aguda
(de 2 a 4 dies) mentre que la MMP-2 es mantenia en els mateixos nivells que
en I'hemisferi contralateral.

Vista I'extensa bibliografia en models animals sobre I'expressio, regulacid i
implicacié de les MMPs en el teixit cerebral i 'escassa recerca que hi ha en
parenquima huma, actualment és necessari aprofundir en I'estudi de les
metal-loproteinases en el parénquima huma en les diferents fases de l'ictus per
tal de confirmar el que indiquen els models animals i poder obrir una nova via

terapéutica en l'ictus.

En els darrers anys s’han publicat diversos estudis en humans valorant
I'expressio de metal-loproteinases en sang i el seu perfil temporal en la fase
aguda de lictus en relacié a I'evolucié neurologica del pacient, el volum de
I'infart, 'aparicié de complicacions hemorragiques i el tractament trombolitic.

Gracies a aquests estudis, sabem que es produeix una sobreexpressié de
MMP-9 en la fase aguda de l'ictus isquémic en comparaciéo amb controls sans,
la seva relaci6 amb I'evolucié neurologica dels pacients a curt i llarg termini
com amb I'extensié de linfart valorat per TAC (Montaner et al.; 2001) i una

clara associacio amb l'aparicio de transformacions hemorragiques (Montaner et
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al.;2001 i Castellanos et al.;2003). Aquesta sobreexpressio s’ha vist recentment
també després de la isquémia per hemorragia intracranial (Abilleira et al.; 2004
i Alvarez-Sabin et al.;2004). Es més, els nivells pretractament de pacients que
rebien terapia trombolitica estan relacionats amb l'aparicié de transformacions
hemorragiques i amb el grau d’extensié6 d’aquestes (Montaner et al.;2003a),

cosa que ddéna un valor predictiu molt important a la MMP-9.

L’Us de noves técniques de ressonancia magnética, com les imatges en difusio,
ha permés valorar amb més precisié I'extensié de la lesid establerta en cada
moment (volum de linfart). L’analisi de la seva relaci6 amb els nivells de
diferents molécules relacionades amb la resposta inflamatoria ens mostra la
MMP-9 com a un possible biomarcador de I'extensio de l'infart en la fase aguda
de lictus, fins i tot mesurada abans del tractament trombolitic (Montaner et
al.;2003b).

Per tant, sembla que, tot i que en general després de lictus hi ha una
sobreexpressido anormal d’algunes MMPs (de moment és coneguda la de la
MMP-9), existeixen al mateix temps certes diferéncies que determinen, en part,
I'evolucié de la patologia. Determinar les causes d’aquestes variacions, aixi
com tractar d’inhibir aquestes MMPs, és avui en dia I'objectiu de part de la

recerca en isquémia cerebral humana.

Per tant, intentar bloguejar algunes MMPs, donada la rellevancia que prenen
aquestes proteases entre els molts processos que es regulen després de la
isquémia cerebral, sembla un possible objectiu en el tractament de l'ictus amb
'administracié de farmacs que inhibeixin la produccié o I'activitat d’aquestes
MMPs. Es més, estudis recents semblen indicar una possible activacié de la
MMP-9 amb el tractament trombolitic, per accié directa del rt-PA, tant en
humans com en models animals (Horstmann et al.;2003, Montaner et al.; 2004 i
Sumii et al.;2002). Sembla, doncs, que el bloqueig d’aquesta molécula podria
reduir els efectes secundaris de I'inic tractament util del que disposem en la

fase aguda de l'ictus i millorar la seva eficacia.
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En models animals ja s’ha demostrat que, tant amb la creacié de rosegadors
knockout pel gen de la MMP-9 (Asahi et al.; 2001), com amb I'administracio de
farmacs inhibidors de MMPs com el BR-7785 o el BB-94 (Jiang et al.; 2001 i
Asahi et al.;2000) o d’inhibidors endogens com el TIMP-2 (Rosenberg et
al.;1992), es redueix notablement 'edema cerebral, el volum de linfart i el
trencament de la barrera hematoencefalica.

Es més, s’ha demostrat que tractaments amb inhibidors de les MMPs o amb
anticossos neutralitzants, redueixen aquest trencament de la BHE i les
complicacions hemorragiques en models trombo-embolics d’oclusié de 'ACM i
amb tractament trombolitic amb rt-PA (Lapchak et al; 2000 i Pfefferkorn et
al.;2003).

En relacié a aquesta inhibicié, sabem que el tractament hipotermic de l'ictus en
humans per tal de reduir el metabolisme al parénquima encefalic podria reduir
els nivells de MMP-9 (Horstmann et al.;2003), tot i que tractaments
farmacologics per intentar bloquejar de forma directa les MMPs (o inhibidors
selectius per alguna d’elles) encara no s’ha utilitzat en la isquémia cerebral

humana.

Figura 10. Cervells de rosegador d’'un model knockout pel gen de
la MMP-9 mostrant una reducci6 del trencament de la BHE (en blau)

en aquest grup (a la dreta) respecte al grup wild-type. (Asahi et al.;2000).
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1.5. Angiogénesi i Isquemia Cerebral

Per al creixement de qualsevol teixit, sa o patologic, és absolutament necessari
que hi hagi una aportacid6 sanguinia continua a través de l'amplia xarxa
vascular que nodreix les cél-lules d’elements basics com glucosa, oxigen i
altres molécules necessaries per al desenvolupament de les seves funcions. La
formacid6 d’aquests vasos es produeix en dos processos diferents: la
vasculogeénesi (tipica de les fases embrionaries) i I'angiogénesi. En el procés
d’angiogénesi es formen nous capilllars a partir dels ja existents, per una
migracio i proliferacié a I'espai extravascular de cél-lules endotelials i s’han de
diferenciar dues fases en el procés amb finalitats molt diferents: en la primera
es comenca a formar el nou vas i en la segona aquest madura i s’estabilitza
(Pepper MA;1997). En aquest procés és necessaria una remodelacié constant,
de la matriu extracel-lular i de la lamina basal, en la qual juguen un paper
important les metal-loproteinases de matriu (Pepper MS;2001 i Heissig et
al.;2003).

Fritrocits

Membrana
Ceél.endotelials basal

Cél.musculars Fibroblasts

llises
ANGIOGENESI

Figura 11. Formacioé de nous capil-lars durant el procés d’angiogénesi amb un
augment de la permeabilitat vascular per modificacié de la lamina basal

i matriu extracel-lular, migracio i proliferacié de les cél-lules endotelials.

Actualment, estan en discussio els possibles avantatges o inconvenients de la

instauracié fisiologica i/o farmacoldgica de I'angiogénesi en la fase aguda de
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I'ictus. El balan¢ molecular després de l'ictus, I'evolucié neurologica del pacient
i les consequencies de la neovascularizacio sén actualment objecte de
nombrosos estudis per poder determinar I'efecte de 'angiogénesi després de la
isquémia cerebral. Sabem que després de lictus es produeix una situacié
hipoxia que produeix una sobreexpressio de factors promotors, com el VEGF,
el bFGF o el TNF-a (Krupinsky et al.;1994 i 1997, Slevin et al.;2000 i Scheufler
et al.;2003), que afavoreixen el procés d’angiogénesi i l'augment de la
circulacié col-lateral en la zona de penombra. Treballs més recents, comencen
a valorar també I'expressio i I'efecte d’algunes molécules inhibidores (Hayashi
et al.;2003 i Lin et al.;2003). En el procés d’angiogeénesi, hi ha sempre una
migracio i proliferacio de cél-lules endotelials de vasos que no han estat
danyats per formar-ne de nous; per tant, s’ha dobrir la barrera
hematoencefalica per a la migracié cel-lular, cosa que implica el risc d’una
possible hemorragia. Aixi doncs, després de [lictus, s'inicia el procés
d’angiogénesi perod la finalitat amb qué es produeix encara no és clara, i per

tant, no podem assegurar que sigui beneficiosa o perjudicial.

Tot i el petit nombre d’ estudis sobre angiogénesi en pacients que han patit un
ictus, si que s’han desenvolupat diferents models a partir de I'experimentacio
amb animals, sobretot amb la rata i el ratoli. Aquests estudis demostren que hi
ha una modulaci®é de molécules promotores, que moltes delles se
sobreexpressen en la fase aguda de lictus i que sbén responsables de
'augment microvascular i de la inestabilitat de la barrera hematoencefalica
durant el procés d’angiogénesi. Hi ha models animals que demostren un
augment en la permeabilitat vascular d’aquesta barrera hematoencefalica
durant 'angiogénesi, immediatament després d’una isquémia cerebral i a causa
de l'administracié de VEGF; la qual cosa incrementa el risc d’hemorragies
(Zhang ZG et al.;2000 i 2002). En canvi, passada la fase aguda, promoure
I'angiogénesi millora la recuperacio neurologica, estimula la neurogénesis i
redueix la mida de l'infart (Sun et al.; 2003).

Per tant, sabem que després de lictus es sobreexpressen molécules
promotores de I'angiogénesi, cosa que en un principi va fer a pensar que es
produia un intent de vascularitzar les zones hipoperfoses després d’'un procés

isquémic i que, per tant, 'angiogénesi era beneficiosa. Perd actualment aquest
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concepte esta canviant, ja que es reconeix que també hi ha una expressio de
moléecules inhibidores de I'angiogénesi, com I'endostatina, I'angiostatina o la
trombospondina-1 (Hayashi et a/;2003 i Lin et al;2003), una infiltracié de
macrofags associada als nous vasos (Manookitiwongsa et al.;2001) i una
alteracié de la barrera hematoencefalica relacionada amb I'expressié de VEGF i
I'activacio de MMPs (Valable et al.;2005).

El resultat de l'accid6 de tots els promotors i inhibidors és un balan¢g molt
controlat i precis que regulara 'angiogénesi en 'espai i en el temps. Al mateix
temps s’ha de tenir en compte que la remodelacié de la matriu extracel-lular, on
participen activament les metal-loproteinases de matriu, és el resultat d’'un
balang proteolitic controlat, ja que una degradacio excessiva seria incompatible
amb una angiogenesi normal. Per aix0, és necessari valorar I angiogénesi com
un procés actiu amb una expressidé de promotors i inhibidors que es modifica
amb la seva evolucid.

L’evolucio d’aquest balang en les hores posteriors a la isquemia cerebral és

desconeguda, fins ara, en I'ésser huma.
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2. OBJECTIUS DE L'ESTUDI
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Els objectius principals d’aquesta tesi son:

1. valorar els nivells plasmatics de diferents metal-loproteinases
(MMP-1, -2, - 3, -8, -9, -10, -13) i d’alguns dels seus inhibidors (TIMP-
1 i TIMP-2) en la fase hiperaguda de l'ictus i determinar el valor
predictiu com a biomarcadors d’aquestes metal-loproteinases en

relacio al’extensio i creixement de I'infart cerebral.

2. Valorar in vivo el contingut de gelatinases en I'espai extracel-lular
de l'infart i de la penombra per microdialisi cerebral i la seva
modulacio en relacié a la cirurgia descompressiva i la hipotéermia

en casos d’infarts malignes de I'artéria cerebral mitja.

3. Determinar i localitzar in situ el contingut de gelatinases (MMP-2 i
MMP-9) en diferents arees del parenquima encefalic després de
I'ictus isquémic (infart, periinfart, i contralateral) com també de

I"ictus hemorragic (perihematoma i contralateral).

4. Analitzar el coneixement actual sobre l'angiogenesi i la seva
implicacié en la fase aguda de lictus, aixi com la possible

participacio de les metal-loproteinases en el procés d’angiogénesi.

5. Determinar, a nivell plasmatic, el balang entre un inhibidor
(endostatina) i un promotor (VEGF) de I'angiogénesi, en la fase
aguda de Vlictus isquemic i la seva relaci6 amb [I'evolucio

neurologica.
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3. PACIENTS | METODES
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3.1. Pacients

3.1.1. Protocols d’estudi clinic

En els seguents estudis es van incloure pacients atesos a I'Unitat d’'lctus de
I'Hospital Vall d’Hebron. Tots ells presentaven un ictus isquémic o hemorragic
en la fase aguda/hiperaguda i es van incloure en diferents estudis segons el
tractament que van rebre o la seva evolucié clinica. Tots els estudis que es
detallen a continuacié van ser aprovats pel comité étic de I'Hospital Vall
d’'Hebron i en tots els casos es va demanar un consentiment informat als

pacients o als familiars.

Grup de pacients de I'estudi Trombolisi-Difusio
El tractament trombolitic es va administrar (a dosi estandard) a tots aquells

pacients que presentaven a la seva arribada a urgéncies un ictus de menys de
tres hores d’evolucié, amb oclusié de l'artéria cerebral mitja demostrada per
doppler transcranial i en els quals la ressonancia magnética abans del
tractament mostrava teixit salvable (PWI>DWI) i es descartava una hemorragia
intracranial. A tots els pacients inclosos, se’ls va fer un estudi complet de RM
basal (en les tres primeres hores) a I'arribada a urgéncies (DWI-PWI) junt amb
una extraccié de sang prévia al tractament trombolitic. Per tal de poder valorar
el creixement de linfart en les primeres 24 hores (lesi6 en difusio), es va

realitzar una segona RM, aquest cop només per obtenir sequéncies de DWI.

Baseline 12 hours 24 hours 48 hours

L

t-PA treatment < 3 hours

NIHSS NIHSS NIHSS

NIHSS

Figura 12. Esquema del protocol complet de trombolisi-Difusid.
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Grup de pacients de I'’estudi de necropsies

Es van incloure aquells pacients que morien en les hores o dies seguents
d’haver patit un ictus per tal d’obtenir teixit cerebral per poder estudiar in situ
I'expressio de gelatinases en diferents regions de I'encéfal (tant pel que fa als

nivells com a la localitzacio cel-lular).

Grup de pacients de I'’estudi ACM Maligna-Microdialisi

En aquest estudi es van incloure pacients amb un infart extens del territori de
'ACM amb una progressio “maligna” que comporta el creixement de I'edema
cerebral. Aquests pacients s’'ingressaven a la UCI de traumatologia on, seguint
el protocol d’actuacié de I'hospital, es van sotmetre a hipotérmia moderada
(32°C) i/o cirurgia descompressiva quan es produia un desplagament de la linia
mitja superior als 5 mm (valorat per TAC), per tal de disminuir el metabolisme
local i reduir la pressio intracranial respectivament.

A més, es feia una monitoritzacié de la produccié a I'encefal de metabolits, com
el lactat o el piruvat, mitjangant la col-locacié d’'un catéter de microdialisi que
recull liquid intercel-lular i que vam utilitzar per determinar el contingut in vivo

de gelatinases en les zones de core de I'infart i periinfart (possible penombra).

Grup de pacients de I'’estudi d’angiogénesi

El grup de pacients a estudiar, inclou ictus isquémics d’origen cardioembdlic, no
lacunars, amb una oclusié de 'ACM documentada per Doppler Transcranial, els
quals van rebre terapia trombolitica en les tres primeres hores de l'inici dels
simptomes. De cada pacient es van obtenir mostres de sang periférica basals
(abans de I'administracio de rt-PA i també 12 i 24 hores després de l'inici dels
simptomes). Aquests pacients es van incloure en un estudi anterior (Montaner
et al.;2003a).

El TAC cranial va ser la técnica utilitzada a l'arribada a urgéncies per incloure
als pacients en el protocol de trombolisi i per valorar I'evolucioé de l'infart i la
preséncia de transformacions hemorragiques. Aquestes es van classificar
segons els criteris de Pessin (Pessin et al;1990) i I'estudi ECASS-1 (Hacke et
al.;1995). HI-1(infart hemorragic de tipus 1): amb puntejat hemorragic al voltant

del marge de linfart; HI-2 (infart hemorragic de tipus 2): amb puntejat dins
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I'infart perd sense efecte de massa; PH-1 (hemorragia parenquimatosa de tipus
1): no superior al 30% de l'area de l'infart i PH-2 (hemorragia parenquimatosa
de tipus 2): superior al 30% de l'area de l'infart amb un efecte de massa
significatiu.

Per tal de valorar la situacidé neuroldgica en cada moment i la severitat de

l'ictus, es van utilitzar I'escala NIHSS que, a més, permet valorar la millora o

I'empitjorament en el déficit neurologic amb el pas del temps i I'escala de Rankin
modificada (mMRS) que permet valorar la dependéncia o independéncia als 3 mesos de

I’ictus.

< 3 horas 12 horas 24 horas 48 horas| |90dias
VEGF VEGF VEGF

ENDOSTATIN |ENDOSTATIN  |ENDOSTATIN
NIHSS NIHSS NIHSS NIHSS Rankin

Figura 13. Esquema del protocol complet de I'estudi d’angiogénesi

3.1.2. Protocols de Neuroimatge i Doppler

Ressonancia Magnética (Difusié-Perfusio)

Les noves técniques de ressonancia magnética permeten, en un temps curt,
d’adquisici6 de la imatge (només pocs minuts), identificar zones del
parénquima cerebral amb defectes de perfusié (disminucié del flux cerebral) i
també zones on ja s’ha produit un dany cel-lular i s’ha establert linfart
(hiperintensitats en les imatges en difusio).

La caracteristica del parénquima encefalic que permet obtenir aquestes
imatges és l'increment del contingut d’aigua tissular i la disminucié del seu

moviment en la zona afectada.
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Aquestes tecniques no invasives son actualment una eina molt sensible i
especifica per determinar diferents arees d’afectacio en la fase aguda de l'ictus

i fer un seguiment de la seva evolucio.

Figura 14. Imatges obtingudes de I'estudi basal de RM del protocol trombolisi-difusio per

valorar I'extensié de l'infart (hiperintensitat en la difusio) i el defecte de perfusié (en TTP i CVB).

Els estudis de ressonancia magnética es van realitzar amb el mateix aparell:
Magnetom Vision Plus, Siemens Medical Systems; Germany. Les mesures
planimétriques del volum de les lesions en difusio i perfusio, les va realitzar un
neuroradioleg utilitzant técniques manuals: es tragava el perimetre de I'area en
cada mapa i les mesures es multiplicaven per la distancia entre les imatges. Els

valors estan expressats en centimetres cubics (cc).

Doppler Transcranial

Es va dur a terme per fer un seguiment de I'oclusié de l'artéria en tot moment
durant el tractament trombolitic per tal de valorar la recanalitzaci6 induida pel rt-
PA. A més, es van realitzar posteriors estudis durant les seguents 48 hores per
estudiar la situacié del vas.

L’aparell utilitzat va ser un Multi-Dop X/TCD DWL (Elektroniche Sisteme GmbH)

amb la sonda de 2 MHz.
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3.1.3. Protocols de recollida de material bioldgic

Extraccions sanguinies

Les mostres de sang periférica per valorar els nivells de MMPs es van extreure
en tubs EDTA a diferents temps. Per obtenir les mostres de plasma amb qué es
van realitzar les determinacions es va centrifugar la sang total a 3000 rpm
durant 15 minuts a 4°C i el sobrenedant (el plasma) es va aliquotar i

emmagatzemar a -80°C fins al moment del seu us.

Necropsies

Les mostres estudiades es van obtenir d’acord amb el protocol d’obtencié de
teixit cerebral després d’un ictus (tant isquémic com hemorragic) del Laboratori
d’'Investigacid Neurovascular i la Unitat de Neuropatologia de I'Hospital Vall
d’Hebron.

En tots els casos el teixit es va obtenir en un curt periode de temps, dins de les
sis primeres hores després de l'éxitus, per tal de preservar tant 'expressio
genica com proteica. El teixit obtingut es va congelar rapidament en nitrogen
liquid o bé es va fixar en paraformaldehid al 4% i deshidratar en sucrosa al 30%
abans de congelar-lo a -80°C pel seu emmagatzematge en el banc de teixits
corresponent. Durant 'examen macroscopic de lI'encéfal es va utilitzar la
neuroimatge més recent que es tenia de cada cas per tal de poder delimitar
millor les diferents zones de I'hemisferi afectat. En tots els casos es realitzaven
talls coronals d’'un centimetre de gruix aproximadament, i sobre cada un d’ells,

s’identificaven les zones desitjades i s’obtenia el teixit corresponent.

Figura 15. Imatge obtinguda del protocol de necropsies. Talls coronals d'un

hemisferi cerebral per a I'obtencié de teixit de diferents arees.
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En el cas dels ictus isquémics, es van extreure mostres del core de l'infart i de
la zona periinfart junt amb els corresponents contralaterals, mentre que dels
ictus hemorragics, un cop separat el coagul de sang, s’obtenien mostres de la

zona perihematoma i els corresponents contralaterals.

Contralateral Perihematoma Infart Periinfart Contralateral

Figura 16. A, Imatge d’un tall coronal obtingut d’'un ictus hemorragic mostrant el gran coagul
central i 'edema periféric. B, Imatge d’un encéfal amb un infart extens de I'hemisferi esquerre

amb un gran edema. Als TACs corresponents s’indiquen les arees d’extraccio de teixit.

Microdialisi

La microdialisi cerebral és una técnica que permet la monitoritzacido dels
metabolits que s’alliberen a I'espai intersticial (entre cél-lules) del teixit cerebral.
El seu principi basic és la introduccio dins del parénquima cerebral d’ un catéter
que va acompanyat d’'una membrana semi-permeable en el seu extrem meés
distal. Aquesta membrana de dialisi permet la difusio lliure de soluts entre
I'espai intersticial cerebral i una solucié (liquid de perfusid) que es perfon
mitjangant una microbomba de precisié a una velocitat constant de 0.3 pL/min.
El catéter té una petita punta d’or que permet controlar en tot moment el lloc
exacte d’'implantacié i I'estat del parénquima més immediat a través d’'un TAC

cranial.
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Figura 17. Bomba de microdialisi i esquema d’un catéter. A la dreta, TAC
d’un pacient amb un infart maligne de ’'ACM on es mostra la implantacié de

dos catéters: un al core de l'infart i I'altre a la periféria.

Aquest sistema de microdialisi permet l'intercanvi de molécules en ambdues
direccions. La diferéncia de concentracié a través de la membrana és el que
decideix la direccio en que es mou el gradient. Els soluts de I'espai intersticial
del parénquima es van incorporant al liquid de perfusié que es va infonent i
recollint periddicament en microvials que es congelen a -80°C fins a la seva
analisi posterior.

Per poder valorar el contingut in vivo de metal-loproteinases en diferents parts
del parénquima encefalic (infart i periinfart) es van utilitzar catéters de

microdialisi amb membranes de 100 kDa de mida del porus.
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3.2. Tecniques de Laboratori

3.2.1 ELISA i Protein Arrays

Les tradicionals técniques d’ELISA (que vam utilitzar per determinar els valors
de VEGF i d’endostatina) permeten quantificar els nivells d’'una molécula en la
mostra estudiada (mitjangant la reaccié antigen-anticos i I'extrapolaciéo de
concentracions per l'elaboracié d'una corba patré coneguda) han derivat
actualment en una nova tecnologia emergent que ens ofereix la possibilitat de
detectar els nivells de diferents molécules a la vegada, ja que cada un dels

pous on es realitza la reaccié estara sembrat amb diferents anticossos.

. o

Figura 18. Protein Arrays. Al centre, imatge d’'un pou d’'una placa on es van
detectar 9 molécules diferents. La imatge obtinguda per quimioluminiscéncia mostra
diferents intensitats que corresponen a diferents quantitats d’antigen. A la dreta, un

esquema de la reaccié antigen-anticos.

Una d’aquestes noves eines per realitzar arrays proteics és la tecnologia
SearchLight® que ens ofereix la possibilitat de detectar i quantificar fins a 9
molécules a la vegada utilitzant una mateixa mostra. En el nostre estudi es va
dur a terme el Human MMP Array 1 per determinar: gelatinases (MMP-2 i
MMP-9), col-lagenases (MMP-1, MMP-8 i MMP-13), stromelisines (MMP-3 i
MMP-10) i inhibidors endogens (TIMP-1 i TIMP-2).

La reaccio final produeix un senyal de quimioluminiscéncia, diferent segons la
quantitat d’antigen que tingui cada mostra, que es va detectar amb el lector
corresponent. Les imatges obtingudes es van analitzar amb el software
especific per aquest sistema (ArrayVision™ versié 8.0) que va permetre la
quantificacio final de cada mostra.

Tant en els ELISAs simples com en 'Array prot, cada mostra es va determinar
dues vegades per obtenir el valor mitja i en cap cas es va considerar valid un

coeficient de variacié superior al 10-15% entre les dues determinacions.
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3.2.2. Western Blot

La técnica de western blot (també coneguda com immunoblotting) es basa
també en una reaccié immunologica per detectar antigens protéics especifics
en les mostres a estudiar reconeguts per un anticos monoclonal o policlonal,

combinat amb una prévia electroforesi.

El contingut total de proteines de les mostres (i de controls positius i negatius
per l'antigen diana) es separa en un gel d’acrilamida en condicions
desnaturalitzants que permeten el desplegament de les proteines.

Un cop separades, es realitza una transferéncia a una membrana, que pot ser
de PVDF o de Nitrocel-lulosa, on les proteines queden ancorades i on podrem
fer la deteccid per mitja d’'un anticds primari contra I'antigen desitjat (MMP-9,
MMP-2, Lipocalina, TIMP-1, Actina o Albumina en els nostres experiments),
seguit d’'un secundari i d’'una reaccid enzimatica final (amb peroxidasa) que
finalment es revelara.

Com a resultat obtenim una imatge amb bandes alla on s’ha produit la reaccié
antigen-anticods, la intensitat i mida de la qual, depén de la quantitat de

proteina.

Electroforesi

Transferéncia - e
" [T B ]
7
- - -
/\\
/\ /\ /\ Immunodetecci6
— — i revelat

Figura 19. Esquema-resum del protocol de western blot i imatge d’'una

membrana on es va fer una deteccié de MMP-9.
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L’analisi digital de les imatges obtingudes amb un software especific (Quantity
One, Kodak, NIH Image, etc.) ens permetra no només determinar la preseéncia
o no d'un antigen sin6 també realitzar una semiquantificacié en unitats

arbitraries que permet comparar diferents mostres entre elles.

3.2.3. Zimografia en gelatina

Es tracta d’'una técnica de digestié enzimatica especifica per detectar MMPs
amb capacitat per degradar la gelatina (MMP-2 i MMP-9).

Es realitza una electroforesi en gels d’acrilamida, als quals abans de
polimeritzar se’ls ha afegit una mica de gelatina que es distribueix
uniformement en el gel. Es separen les mostres, en condicions no reductores,
per pes molecular en una electroforesi normal junt amb marcadors de pes
molecular i controls positius de gelatinases. Un cop separades les mostres, es
fan uns rentats amb Tritd i s'incuben els gels a 37°C unes hores en un tampo
que facilita la degradacio de la gelatina per part de les proteines amb capacitat
enzimatica sobre aquest substrat.

Per tant, alla on per electroforesi s’havien situat la MMP-2 i MMP-9, es produeix
una degradacid, I'extensio i intensitat de la qual dependra de la quantitat de

gelatinases presents en cada mostra.

Electroforesi

Incubacié a 37° C

MMP-9
Activa

MMP-2
Activa

Tincid

Figura 20. Esquema-resum del protocol de zimografia en gelatina i imatge

d’un gel on es van analitzar unes mostres de plasma huma.
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Finalment, amb una simple tincid, es tenyeix tot el gel excepte en les zones
degradades, on apareixera una banda blanca durant els rentats amb
destenyidor.

Podem identificar la gelatinasa corresponent a cada banda pel pes molecular i
pels controls positius. Tot i aixd, és important confirmar que es tracta de
metal-loproteinases realitzant una incubacié amb un tampé que contingui EDTA
(sobre 20mM) que inactiva I'accio de les MMPs i, per tant, no degradaran el gel.

L’analisi digital de les imatges obtingudes amb un software especific (Quantity
one, Kodak, etc.) ens permetra realitzar una semiquantificacié en unitats

arbitraries.

3.2.4 Zimografia In situ

Aquesta técnica permet la localitzacié de I'activitat de les gelatinases sobre una
seccid de teixit. Es una técnica molt util per valorar el grau d’activitat i és
complementaria als western blots, zimografies en gelatina i
immunohistoquimica. Actualment, es poden realitzar dos tipus de técniques:
una sobre un porta-objectes amb una una fina capa de gelatina que s’incuba i
es tenyeix per veure zones de degradacio; una altra utilitzant un substrat que,
quan es degrada per l'activitat gelatinasa, emet fluorescéncia. Ens centrarem
en aquesta segona ja que és la que hem utilitzat.

Per poder realitzar aquesta técnica és molt importat no realitzar cap tipus de
fixacio sobre el teixit: s’ha de congelar en nitrogen liquid i conservar-lo congelat
a —80°C. Sobre talls d’'uns 10-20 um de gruix tallats en un criostat, que es
munten en porta-objectes d’us comu i es cobreix tota la mostra amb una solucio
que conté gelatina unida a un fluorocrom FITC (Molecular Probes, USA). Es fa
una incubacidé en una cambra humida per evitar que el teixit s’assequi entre 15-

22 hores protegint les mostres de la llum.

Finalment es cobreixen les mostres amb un medi aquds que les protegeix de la
pérdua de flurescéncia i que pot portar DAPI o Pl que ens permetran localitzar
els nuclis cel-lulars (per marcatge de I’ADN). L’analisi i valoracié de les mostres

es realitza en un microscopi de fluorescéncia.
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Figura 21. Imatges de zimografia in situ obtingudes per microscopia de fluorescéncia

mostrant més activitat gelatinasa en la zona d’infart (a I'esquerra) que en el periinfart

(al centre) i minima a 'hemisferi contralateral (a la dreta) d’'un mateix pacient. (100X).

3.2.5. Immunohistoquimica

Correspon a un tipus de técnica dimmunotincié que permet detectar gran
varietat d’antigens presents en cel-lules o en mostres de teixit mitjangcant
I'utilitzacié d’anticossos que s’uneixen als antigens-diana presents en la mostra,
marcats amb un substrat enzimatic que produeix un precipitat de color o que
emet fluorescéncia. Les reaccions enzimatiques permeten una localitzacio més
precisa de les reaccions, ja que la tincié és permanent, estable, pot contrastar-
se i pot ser analitzada amb un microscopi de llum. Per tant, el material que
s’estudia pot guardar-se durant anys sense perdua de senyal.

La reaccié que s'utilitza amb més frequéncia és la de la peroxidasa, que deixa
un precipitat marré alla on s’ha produit la unié antigen-anticos. L'us
d’anticossos monoclonals (en els nostres estudis: MMP-9 i CD-31) ha permés
augmentar I'especificitat i sensibilitat de la técnica, tot i que és possible que es

donin reaccions inespecifiques que s’han de valorar amb controls negatius i

positius.
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Figura 22. Imatges d’immunohistoquimica per CD-31 (esquerra) a I’hemisferi contralateral i

per MMP-9 (dreta) en teixit infartat on es veuen neutrofils amb MMP-9 a la zona perivascular.
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3.3. Analisi estadistica

Per realitzar l'analisi estadistica de totes les dades obtingudes en els
diferents treballs s’ha utilitzat el paquet estadistic SPSS® 12.0. En cada un
dels estudis es descriu amb precisio el tractament estadistic de les mostres i

els tests aplicats en cada cas.
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ARTICLE 1

A Matrix Metalloproteinase Protein Array Reveals a Strong
Relation between MMP-9 and MMP-13 with Diffusion-Weighted

Image Lesion Increase in Human Stroke.
(Stroke.2005;36)
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A Matrix Metalloproteinase Protein Array Reveals a Strong
Relation between MMP-9 and MMP-13 with Diffusion-Weighted

Image Lesion Increase in Human Stroke

Anna Rosell, José Alvarez-Sabin, Juan F. Arenillas, Alex
Rovira, Pilar Delgado, Israel Fernandez-Cadenas, Anna Penalba;

Carlos A. Molina, Joan Montaner.

Neurovascular Research Laboratory, Neurovascular Unit and Neuroimaging Unit, Neurology Department,
Universitat Autonoma de Barcelona, Hospital Vall d’Hebron, Barcelona, Spain

Metalloproteinase array in hyperacute stroke

Background and Purpose: Matrix metalloproteinases (MMPs) are involved in tissue
destruction produced by the neuroinflammatory response that follows ischemic stroke.
In the present study we use an MMP array to investigate the blood levels of several
MMPs in stroke patients and its relation with brain tissue damage and neurological
outcome. Methods: Twenty-four patients with middle cerebral artery occlusion who
received thrombolytic therapy were included. Blood samples were drawn before tissue
plasminogen activator (t-PA) treatment and an MMP array (Multiplex ELISA) was
performed including gelatinases (MMP-2 and MMP-9), collagenases (MMP-1, MMP-8 and
MMP-13), stromelysines (MMP-3 and MMP-10) and MMP endogen inhibitors (TIMP-1 and
TIMP-2). To assess tissue lesion a serial multimodal MRI study was done (pre-treatment
and at 24 hours). Results: Neither initial diffusion lesion nor hypoperfused volume was
associated with metalloproteinase expression within the first 3 hours after stroke onset.

Nevertheless a strong correlation was found between MMP-9 and MMP-13 with diffusion-
weighted image (DWI) lesion expansion (r=0.54, P=0.05 and r=0.60, P=0.017 respectively).
Baseline levels of both MMP-9 [OR 14(1.5-131); P=0.019] and MMP-13 [OR 73(3.9-1388);
P=0.004] were independent predictors of final increase in brain infarct volume at 24
hours. Conclusions: Our results demonstrate that within the neuroinflammatory
response, high levels of MMP-9 and MMP-13 are involved in DWI lesion growth in spite of

thrombolytic therapy suggesting its ultra-early role in brain injury.
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Ischemic stroke activates a complex cascade of
even’[s,1 some of which occurs within the first
minutes after stroke onset, such as glutamate
release, and others, as leukocyte infiltration and
cerebral edema, which are observed hours or
Matrix

metalloproteinases (MMPs) constitute a large

days after brain vessel occlusion.
family of zinc-dependent of extracellular matrix
(ECM) components that play an important role in
several steps of the molecular cascade following
stroke.”?

Expression of some metalloproteinases such as
MMP-2 (gelatinase A) and MMP-9 (gelatinase B)
is up-regulated after cerebral ischemia®’ and
contributes to infarct extent, blood-brain barrier
(BBB)

outcome.

breakdown,
8-10

and poor neurological
We have previously shown high
MMP-9 level after acute ischemic stroke related
to neurological outcome'' and hemorrhagic
transformation in who received
thrombolytic Others

demonstrated that hypothermia reduces MMP-9

patients
treatment.'? have

expression  while  thrombolytic  treatment
activates MMP-9," suggesting clinical benefit
from combination therapies targeting MMPs, as
has been nicely demonstrated in animal models
of cerebral ischemia.'"®

Regarding human stroke, a recent investigation
showed that MMP-9 is a good predictor of infarct
volume measured as a diffusion-weighted image
(DWI1) lesion when evaluated within six hours of
symptom onset."”

To obtain further knowledge of mechanisms that
thrombolytic

therapy, this study attempts to evaluate the ultra-

could interfere with successful
early role of MMPs after hyperacute stroke in
different areas of ischemic brain (diffusion and
perfusion abnormalities) by studying new
members of this family in shorter time periods.
We hypothesize that some MMPs might be
involved in tissue damage within the first 3 hours
after stroke onset and therefore might be
relevant for outcome

clinically neurological

following standard thrombolytic therapy.
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METHODS
Study Population and Clinical Protocol

Our target was stroke patients involving the
middle cerebral artery (MCA) territory who
received a multimodal
(MRI)

treatment. The study included 65 consecutive

magnetic resonance

image study prior to thrombolytic
patients with an acute stroke admitted to the
that

thrombolytic therapy in a standard 0.9-mg/kg

Emergency Department received
dose (10% bolus, 90% continuous infusion for 1
hour) within 3 hours of symptom onset. Five had
a basilar artery occlusion, 2 a posterior cerebral
artery occlusion and 58 had a MCA occlusion, all
of them documented on transcranial Doppler
(TCD). Within the 58 MCA occlusions, 25
underwent a MRI study within the first 3 hours of
stroke onset. The remaining patients did not
receive the MRI study because of the lack of
availability of the technique 24 hours a day or
due to any contraindication to perform a MRI
study. A control DWI was repeated after 24
hours to evaluate lesion increase. All patients
with a known inflammatory or malignant disease
were excluded. Finally, 24 patients with a MCA
occlusion received the baseline study protocol
including a complete MRI study before t-PA
treatment.

A detailed history of vascular risk factors was
obtained from each patient. To identify potential
mechanisms of cerebral infarction, all patients
underwent a set of diagnostic tests (including
electrocardiogram, chest radiography, carotid
blood

leukocyte differential and blood biochemistry).

ultrasonography,  complete count,

Clinical examination was performed on
admission and at 12, 24 and 48 hours from
symptom onset. Stroke severity and neurological
outcome were assessed using the National
Institutes of Health Stroke Scale (NIHSS). TCD
measurements  were performed by an
experienced neurologist using a Multi-Dop® X4
(DWL Elektroniche Systeme GmbH, Sipplingen,
Germany) device, with a hand-held transducer in
mode at a

a range-gated, pulsed-wave



frequency of 2 MHz. Proximal MCA occlusion
was defined as the absence of flow or the
presence of minimal flow signal throughout the
MCA, accompanied by flow diversion in the
ipsilateral anterior cerebral artery and posterior
cerebral artery. Distal MCA occlusion was
defined as a diffuse dampening of the mean
blood flow velocity in the affected MCA >21%
compared with the contralateral MCA. This study
was approved by the Ethics Committee of the
and all

hospital patients or relatives gave

informed consent.

MRI Protocol

All MRI studies were performed with a 1.5 T
whole-body imaging system with 24-mT/m
gradient strength, 300-msec rise time and an
echo-planar-capable receiver equipped with a
gradient overdrive (Magnetom Vision Plus,
Siemens Medical Systems, Germany). The
images included axial T2-weighted susceptibility-
based echo-planar
[0.8/29/1 (TR/TE/acquisitions); total acquisition
time 2 seconds]; axial diffusion-weighted echo-
[4000/100/2

(TR/TE/acquisitions); total acquisition time 56

gradient-echo sequence

planar  spin-echo  sequence
seconds]; and axial perfusion-weighted echo-
[2000/60/40

(TR/TE/acquisitions); total acquisition time 80

planar gradient-echo sequence
seconds].

DWI was obtained with a single-shot spin-echo
echo-planar pulse sequence with diffusion gradient
b-values of 0, 500 and 1000 s/imm? along all three
orthogonal axes over 15 axial sections, with 5-mm
slice thickness (interslice gap of 1.5 mm), a field of
view of 230 mm, and 96 x 128 matrix. The
acquisition time for the DWI equaled 56 seconds.
Perfusion-weighted image (PWI) was acquired by
using a bolus of gadolinium-based contrast
Schering AG,
Germany) for selected 13 to 15 section positions

material (Magnevist, Berlin,
measured 40 times sequentially. The perfusion-
weighted sequence generated a time-to-peak
(TTP) map for each section position that was

immediately available for interpretation at the
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console with all the other images. PWI was
obtained using 5-mm-thick sections, an interslice
gap of 1.5 mm, a field of view of 240 mm and 128
x 128 matrix. In all patients baseline MRI study
was fully completed. Only 21 patients received
the second DWI the

remaining patients were severely impaired and

exam at 24 hours,

were unable to tolerate this second examination.

Volumetric Assessment of Lesion Size

Volume measurements of the extent of tissue
abnormality on DWI and on TTP maps were
performed by an experienced neuroradiologist,
blinded to clinical and laboratory data, using a
manual tracing technique. The perimeter of the
area of abnormal high-signal intensity was traced
on each DWI and TTP map. All measured areas
were multiplied by the slice distance to obtain the
total lesion volumes for both the DWI and TTP
maps (cubic centimeters, cc). The extent of
ischemic penumbra was calculated as the
and DWI

volumes, and the increase in DWI lesion was

difference between baseline PWI

assessed as the difference between final DWI
and initial DWI, divided per initial DWI and
expressed as a percentage (%).

Multiplexed MMP array

Peripheral blood samples were drawn from each
t-PA
administration). EDTA tubes were used to collect
the blood,
separated by centrifugation at 3000 rpm for 15
-80°C. SearchLight®
Human MMP Array 1 (Pierce, Rockford, lllinois,

patient at study entry (prior to

and plasma was immediately
minutes and stored at
USA) was used to measure MMPs; this assay

ELISA

(enzyme-linked immunosorbent assay) for the

consists of multiplexed sandwich
quantitative measurement of nine proteins in
each sample: gelatinases (MMP-2 and MMP-9),
collagenases (MMP-1, MMP-8 and MMP-13),
(MMP-3 and MMP-10) and
endogen inhibitors (TIMP-1 and TIMP-2) (Figure

1 A). Each sample was assayed two times and

stromelysines

the mean value of both measurements was



used. The mean intra-assay coefficients of

variaton were <15% for all biomarkers
measured.

The enzyme-substrate reaction produces a
chemiluminescent signal detected with a cooled
CCD camera (Pierce, Rockford, lllinois, USA).
The images were analyzed by ArrayVisionTM
8.0

Canada). Although the array standard curves are

version software (Imaging Research,
given in pg/ml units, we have converted them to

ng/ml for easier interpretation.

Statistical Analyses
Descriptive and frequency statistical analyses
were obtained and compared using SPSS® 12.0.
Matrix metalloproteinase levels did not have a
normal distribution (Kolmogorov-Smirnov and PP
plot), therefore values are expressed as median
(interquartile range). Statistical significance for
intergroup differences was assessed by the
Fisher's exact test (for categorical variables) and
the Mann-Whitney U or Kruskal-Wallis tests (for
continuous variables). The Spearman coefficient
was used to study correlations between
continuous variables. Significant p-values for
multiple comparisons were adjusted using
Bonferroni correction. Receiver-operator curves
(ROC) were obtained for MMPs to identify the
best cutoff points for predicting different DWI
lesion increases. Finally,

a multiple logistic

regression model was performed to detect
independent markers of DWI lesion increase. A
P value less than .05 was considered statistically

significant.

RESULTS
Patients Characteristics and MRI Study

Mean age of the study group (54% men) was
72+14 years; the main baseline characteristics,
including risk factors and other clinical variables,
Table 1.

showed an

are shown in The planimetric
measurement DWI
volume=9.8 cc (5.4-17.6), PWI volume=180.5 cc

(110.1-205.5) and a calculated volume of

initial
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ischemic penumbra=153 cc (98-198). Control
MRI performed 24 hours later found a DWI
(16.3-85.9)
percentage of increase=173% (23-684).

volume=36.4 cc with a median
No correlation was found between initial DWI
lesion or initial PWI volume and any of the risk
factors or clinical variables shown in Table 1.
Among clinical variables, only baseline NIHSS
score and presence of proximal or distal
occlusion were weakly related to an increase in
DWI volume at 24 hours (r=0.38, P=0.08 and
277% vs. 14 % P=0.06 respectively). The MMP
array measurements and results are shown in
Figure 1 and Table 2.
Relationship between MMP Levels and
Extent of Brain Lesion

All measured biomarkers were similar in terms of
the presence of a proximal (75%) or distal MCA
occlusion (data not shown). No correlation
existed between baseline biomarkers and DWI
volumes at arrival. Moreover, no correlation was
found between protein levels and hypoperfused
tissue volume (PWI) at baseline MRI study nor
ischemic penumbra.

Among the nine metalloproteinases assessed by
MMP array,

collagenase were strongly correlated with an

only one gelatinase and one

increase in the extent of DWI lesion during the
first 24 hours (Figure 2). Both MMP-9 (gelatinase
B) and MMP-13 (collagenase-3) baseline levels
were positively correlated with an increase in
DWI lesion (r=0.54, P=0.05 and r=0.60, P=0.017
respectively). A positive correlation was also
found between these two metalloproteinases
(r=0.59, P=0.003).

To better explore this finding, patients were
divided into two groups according to increase in
DWI volumes. Half of the study patients had an
at 24

hours. Multivariate analyses to assess the main

increase in DWI volume above 180%

factors related to large increments (>180%) in
DWI lesion were performed, with no relationship
found between lesion growth at 24 hours and



any risk factor or clinical variable evaluated.
Regarding baseline biomarkers, we found higher
plasma levels of both MMP-9 and MMP-13
with  DWI
increases >180% at follow-up (208 vs. 53 ng/ml,
P=0.034 and 5.8 wvs. P=0.008
respectively) (Figure 3).

among those patients volume

1.8 ng/ml,

The ROC curves identified MMP-9 >100 ng/ml
and MMP-13 >3 ng/ml as the best cutoff points
to predict large DWI increases (>180%). Using
these cutoffs, 77.8% of patients with MMP-9
levels over 100 ng/ml and 89% of patients with
MMP-13 concentrations over 3 ng/ml had DWI
>180% (P=0.023 and P=0.001,
respectively). In fact, these cutoff points yielded
80% sensitivity and 81.8% specificity for MMP-9
and 90% sensitivity and 91% specificity for
MMP-13, to predict DWI increases >180%.

Furthermore, both biomarkers were independent

increases

predictors of an increase >180% of the extent of
DWI

classical baseline factors such as stroke severity

lesion at 24 hours, even when other

(assessed as NIHSS score) and the presence of
a proximal occlusion (assessed by TCD) were
included in the regression model. Odds ratios
was 14 for MMP-9 (1.5-131; P=0.019) and 73 for
MMP-13 (3.9-1388; P=0.004).
Metalloproteinases and Neurological
Outcome

No MMP level was related to initial neurological
t-PA but

associations neurological

state before treatment, several

significant with
outcome appeared later on at different time
points.

Clinical assessment revealed that only both
metalloproteinases related to lesion growth were
weakly associated with poor neurological state,
as reflected by MMP-9 correlation to stroke
severity (NIHSS 24 hours: r=0.52, P=0.04) and
with NIHSS score increase at 48 hours (MMP-9:
r=0.46, P=0.08 and MMP-13: r=0.45, P=0.11).
Among the remaining MMPs assessed no other
Regarding MMP

correlations were found.
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inhibitors achieved, both TIMP-1 (NIHSS
increase at 48h: r=0.69, P=0.0004) and TIMP-2
(NIHSS increase at 48h: r=0.56, P=0.021) were

related to neurological outcome.

DISCUSSION
Matrix metalloproteinase-induced degradation of
basal lamina surrounding microvessels after
cerebral ischemia

causes  parenchyma

destruction related to CT-scan-measured infarct
volume and hemorrhagic transformation.'"'?
New MRI techniques such as DWI and PWI
make it possible to distinguish between different
tissue brain areas, providing  valuable
information for correlation studies to recognize
new potential biomarkers responsible for cell
damage (DWI) or low cerebral blood flow
(PWI).W'19 Altogether, our results reveal that
patients who receive thrombolytic therapy show
pre-treatment expression of MMP-9 and MMP-
13 related to ulterior tissue destruction within the
following 24 hours, reflected as an increase in
the extent of DWI lesion.

Clear evidence from animal models has recently
shown that the extent of brain infarction is
partially due to MMP activity that attacks
different components of ECM and specifically by
MMP-9 that has been reported to be over-

16,18,20-22

tissue located.

rodents with MMP-9
15,24

expressed and

Therapeutic assays in

inhibitors'>%

and MMP-9 gene-knockouts
have demonstrated infarct size reduction and
blocking BBB disruption.

Contrary to the well-established deleterious role
of MMP-9, this is the first time that collagenase-3
(MMP-13) has been shown to be involved in
tissue injury after stroke. This metalloproteinase
has been thoroughly studied in aggressive
cancer as a biomarker of tumor progression,25 in
bone morphogenesis26 (where it is involved in
bone development and remodeling) and in
abdominal aortic dilatation and rupture.27 Only
one earlier study has attempted to measure
MMP-13 in human stroke within the first 12
compared

hours of symptoms as



Tablel. Baseline characteristics of the stroke population studied. SBP: systolic blood pressure; DBP:

diastolic blood pressure; NIHSS: National Institutes of Health Stroke Scale.

Age 72.1+14.5
Sex (male) 13 (54.2%)
Hypertension 8 (33.3%)
Smoker 8 (33.3%)
Diabetes 4 (16.7%)
Atrial fibrillation 9 (37.5%)
Coronary disease 0
Dyslipidemia 7 (29.2%)
Previous stroke 3 (12.5%)
SBP 153.8+23.2
DBP 81.7+£10.5
Glycemia 138.6£71.5
Proximal occlusion 18 (75%)
Baseline NIHSS score 14.5 (8.5-20.75)

Table 2. Matrix metalloproteinase array values. Results expressed as median (interquartile range).

Biomarker Values (ng/ml)
MMP-1 8.55 (5.13-12)
MMP-2 200.6 (116.7-303.4)
MMP-3 4.37 (2.72-6.06)
MMP-8 0.96 (0.96-0.96)
MMP-9 92.34 (55.69-265.53)
MMP-10 0.38 (0.30-0.44)
MMP-13 3.08 (1.76-5.24)
TIMP-1 57.13 (37.71-75.04)
TIMP-2 77.77 (62.82-99.52)
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Figure 1. MMP array image showing chemiluminiscent intensity from MMP signal on a single ELISA plate
well. Note: M (MMP) and T (TIMP) (A). Data of two actual patients are shown (B). Arrows indicate MMP-9
signal and MRI images show DWI planimetric measurements.

MMP-9 DWI increase
L
Patient R59 —>:. 126.44 ng/ml 92.9 cc
L L -
:: b4 Patient R64 ~—Pag  10-3 N0/l 3.96 cc
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Figure 2. Extent of damaged tissue (DWI volume increase) is correlated with MMP-9 (r=0.54, P=0.05) and
MMP-13 levels (r=0.60, P=0.017).
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Figure 3. Largest increase of lesion extent within the first 24 hours after stroke onset (more than 180% of

initial DW lesion) was found among patients with the highest
MMP-9 (P=0.034) and MMP-13 levels (P=0.008).
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to a healthy control group, but no difference was
found."

Our study provides new information about MMP-
13 in a shorter time-period reporting higher
protein values than others did in a wider time-
range after stroke onset' and also describes its
relation with ischemic brain tissue. In fact, ECM
degradation after cerebral ischemia might be in
part due to collagen degradation by secreted
enzymes like MMP-13, since type IV collagens
are its specific substrates and this basal lamina
component is lost following cerebral ischemia.?®
Cell-type source of MMP-13 after stroke remains
to be investigated. Since MMP-9 and MMP-13
were correlated in our stroke population,
activation pathways between both MMPs are
possible.?

No correlation was found between baseline DWI
lesion and any metalloproteinase within first
three hours after stroke symptoms, ruling out a
simplistic

acute-phase-reactant  explanation.

Interestingly, correlations with DWI lesion

increase one day later would suggest that

MMP-13 (ng/ml)

12
o
10—
o]
o]
(o}
]
-
o
T T
NO YES
Increase > 180% DWI
endogen expression of some MMPs is

implicated in brain tissue destruction.
Similarly, we found no correlation between any
MMP NIHSS
neurological outcome was later positively related
with  MMP-9. We hypothesize that

metalloproteinase expression is not due to

and baseline scores, but

initial

stroke severity, but that baseline expression of

some MMPs is in part responsible for
neurological impairment, as reported by other
baseline inter-individual

studies." In fact,

differences in plasmatic levels of this
metalloproteinases after ischemic injury imply a
different response in the increase of DWI lesion
extent and in neurological evolution in spite of
thrombolytic therapy. Some reports regarding
genetic background due to presence of
functional polymorphisms, which could influence
MMPs

differences.

level, these

30,31

might partially explain
Finally, TIMP findings are somewhat intriguing,
since we expected a protective role for these
MMPs inhibitors; however, the antibody used

may recognize both free and complexed MMP-



TIMP forms,

explanation for our results.

making it difficult to give an
Therefore, our results support the fact that
biochemical data may add information to the
modern neuroimaging techniques, and
altogether might help to better guide stroke
thrombolysis in the future. Since we focused our
research on identifying baseline biomarkers
(pre-treatment) of tissue damage, we did not
consider other factors occurring at later time
points (eg, MCA recanalization) that are well-
known factors of infarct extension.

The main limitation of the present study is the
small size of our study group and we have to be
cautious about the predictive role of both
biomarkers; however, strict criteria were used to
with  MCA

occlusions that received t-PA and complete MRI

select cardioembolic  strokes
study within the first three hours after stroke
onset. Moreover, the assessment of changes in
lesion size could be biased, since three severe
patients in whom the second MRI was not
performed might have a different profile of lesion
size change than those who were well enough at
MRI.

biomarkers prediction of DWI lesion increase

24 hours for the control However,
could have improved if we could have studied
those patients with severe strokes in which an
infarct increase was expected since they also
had high MMP-9 MMP-13

Furthermore, a control group of healthy patients

and levels.

and repeated measurement of the studied
biomarkers might improve the quality of a future
study, since it would provide valuable
information on the degree of expression of the
MMPs studied in normal plasma and of the

effect of tPA on the levels of those biomarkers.

In conclusion, we have demonstrated that in the
hyperacute phase of stroke, MMP-9 and MMP-
13 expression is related to an increase in DWI
lesion within the first 24 hours. Our results also
that

involved in

suggest both metalloproteinases

death,

are

tissue injury and cell

48

counteracting the benefits of thrombolytic

therapy.
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MMP-9 in malignant MCA infarction

Background and Purpose: Matrix metalloproteinases (MMP) are involved in the
pathogenesis of brain injury after ischemia and are related to poor neurological outcome.
We aimed to investigate brain MMP-9 and MMP-2 levels in patients with middle cerebral
artery (MCA) infarcts with a malignant course. Methods: All samples were obtained from
3 patients with large MCA infarcts who underwent decompressive craniectomy (DC) or
hypothermia. Peripheral blood and in vivo extracellular brain microdialysates from
different areas of ischemic hemisphere were processed. Gelatinase levels were assessed
by means of gelatin zymography. Results: The dynamics of MMP-9 varied according to
treatment and to the infarct progression. MMP-9 levels from brain dialysates were found
higher in the infarcted core than in infarct boundary and both gelatinases were
transiently up-regulated after DC and down-regulated by hypothermia. Conclusions: Our
results demonstrate an early in situ over-expression of MMP-9 in patients with an MCA
infarction and a malignant clinical course suggesting an active role of locally expressed

MMP-9 in ischemic brain damage.

Space-occupying brain edema is a life- progression could aid in early identification of
threatening complication in large middle cerebral these patients and provide new strategies for
artery (MCA) infarcts with poor functional neuroprotection therapies.

outcome and high mortality. Aggressive Matrix metalloproteinases (MMP) are zinc-
therapies such as hypothermia or dependent proteases that degrade basal lamina
decompressive craniectomy (DC) have shown and extracellular matrix components and an
encouraging results, improving survival rates abnormal expression of some MMPs is involved
and neurological outcome (1,2). To identify in brain injury after stroke. In the blood stream of
molecular mechanisms underlying malignant stroke patients MMP-9 is up-regulated and
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related to infarct volume and neurological
outcome (3,4). In animal models of cerebral
ischemia, blocking MMP-9 by hypothermia or
pharmacological inhibition reduces infarct size
and blood brain barrier (BBB) leakage (5,6).

New microdialysis probes with high cut-off
membranes (100 kDa) give us a new method to
study in vivo production of these proteases. In
this study we investigated brain gelatinase levels
through high-resolution microdialysis in human
ischemic brain and its relation to peripheral

blood levels.

METHODS

Patients and Samples

All patients had MCA occlusions with a
malignant course and required treatment with
DC or
microdialysis probes were implanted during DC

hypothermia. In patient 1, two
four days after stroke in the infarct core and
infarct boundary. Dialysates were collected
hourly during the following days together with
daily arterial blood samples. In patient 2, probes
were inserted in the same areas one day after
DC

induction

and after moderate
(32°C),

collecting until surgery. In patient 3, arterial

stroke, before

hypothermia and were
blood samples were drawn daily before and after
DC. All blood samples were collected in EDTA
tubes, centrifuged and stored at —80°C with
dialysate samples. This study was approved by
the Ethics Committee of the hospital and
informed consent was acquired from patients’

relatives.

Microdialysis and Gelatin Zymography
(CMA-71, CMA
Microdialysis Stockholm, Sweden) with a 100

Microdialysis catheters
kDa cut off membrane were inserted in brain
parenchyma. Mock CSF was perfused at 0.30
pl/minute by using a CMA-106 pump. Samples
obtained in the first 2 hours after implantation
were discarded. The position of the catheter was

checked by computed tomography (CT).
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Plasma samples were adjusted to equal protein
content and for microdialysates, 10 pl were
SDS-PAGE containing 0.1%
gelatin. Gels were washed in 2.5% Triton X-100,

separated in

incubated at 37°C, stained with amido black
0.1% and distained. Gelatinase activities were
ensured incubating with EDTA. Gels were read
by using an Epson GT 9600 scanner and were
analysed by Quantity One analysis software
(Bio-Rad; USA).

RESULTS

Extracellular gelatinase levels could be detected
by high-resolution microdialysis and
zymography. In brain dialysates MMP-9 levels
were higher in infarcted areas than in periinfarct
tissue (Figures 1A and 2A). The temporal
profiles of both gelatinases from patient 1 are
described in Figure 1B showing initial increased
MMP-9 levels both in the infarct core and
boundary. Hemorrhagic transformation (HT)

after DC around one probe might have
contributed to the increase gelatinase levels
(Figure 1A). At the same time an MMP-9 peak
was detected after DC in both catheters, which
was mirrored in peripheral blood levels (Figure
1C). 2, MMP-9

increased, decreased within the first hours after

In patient levels initially

hypothermia induction and then were up-
regulated again together with an increase in
lesion size (Figure 2B). When comparing
microdialysis in both patients, higher levels of
MMP-9

detected in

increased
2 who
neurological outcome during the following days.

including activity were

patient had worse
Regarding MMP-2, dialysate levels in patient 2
increased slightly within the first few hours after
stroke, were lower during hypothermia and
increased again related to lesion growth (Figure
2B).

In peripheral blood a transient peak in gelatinase
band intensities was detected after DC (Figures
1C and 3). No clear bands appeared with EDTA

incubation.



Figure 1. Patient 1. A: CT scan after catheter implantation (black arrow in infarct and white arrow in the
periinfarct brain) and zymograms from microdialysis. B: Temporal profile of MMP-9 (dots) and MMP-2
(crosses) shows over-expression of MMP-9 in the infarct core. C: zymograms showing synchrony between

MMP-9 levels in the microdialysate and peripheral blood.
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Figure 2. Patient 2. A: Maximal MMP-9 intensities and active bands in infarct core are down-regulated
along time following hypothermia. B: Time course of gelatinase levels related to a growth of infarct size

assessed by CT scan in the ischemic boundary during the rewarming phase.
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Figure 3. Zymograms from patient 3 showing increased MMP-9 levels following DC.
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DISCUSSION
Our study provides new data about in situ MMP-
9 production in the brain after malignant MCA
infarcts related to peripheral blood levels.

Diffusion-weighted and  perfusion-weighted
imaging parameters are good predictors of
malignant clinical course and in vivo brain
microdialysis is a highly reliable method for
the

underlying pathophysiology of brain ischemia. In

understanding molecular mechanisms
fact, recent data have demonstrated increased
levels of cellular metabolites such as glutamate
or lactate in patients with malignant course (7).
Using microdialysis, a rodent model of MCA
occlusion has shown that MMP-9 increases in
the infarct core (8) although, as our knowledge,
gelatinases have never been studied by
microdialysis in humans. Only two reports have
investigated brain gelatinases after human
stroke reporting increased MMP-9 levels in the

infarct core (9,10).

Our results show an in situ production of MMP-9
in the brain to the extracellular space just one
day after stroke, which continued throughout the
study period and this was mirrored in MMP-9
levels in peripheral blood. Moreover, a different
pattern of MMP-9 expression was detected
between the infarct core and ischemic boundary.
Others
parenchyma that hypothermia reduces MMP

have reported in rodent brain
abundance (5). Our results are in agree with this
finding because during hypothermic treatment,
MMP-9 is down-regulated in both areas but
when the lesion size increased, a peak of both
gelatinases, including MMP-9 active forms, was
detected coincident with the beginning of the
rewarming phase. Although our data suggest a
close association between tissue injury and
brain MMP-9 production we cannot demonstrate
that tissue damage follows MMP-9 increase.

if DC or

contribute, in part, to the increased gelatinase

Even catheter implantation may
levels, we think that this would be a transient

phenomenon affecting both areas in the same
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Others

contribution

way. have suggested a similar

when neutrophils accumulation
around catheter probe was detected even in the
non-ischemic group (8). This could explain in
part increased MMP-9 levels around HT due to

neutrophil infiltration through BBB leakage.

Although our preliminary data were obtained
from a reduced number of patients, this is the
first report showing an increase in brain in vivo
gelatinase levels in human stroke providing new
information about MMP-9 implication in tissue
damage. This study also opens the field of
evaluating new biomarkers for stroke monitoring
using high-resolution  microdialysis. Future
investigations with a larger number of patients
need to be performed to confirm these results
and to gain greater insight into the role of
gelatinases in post-ischemic brain injury to
determine whether their temporal profile could
be modulated by DC or hypothermia, thus
improving outcome in stroke patients with

massive brain edema.
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Human Brain gelatinases after stroke

Abnormal expression of some matrix metalloproteinases (MMP) has shown to play a
deleterious role in brain injury in experimental models of cerebral ischemia. To
investigate gelatinase expression and localization in brain parenchyma, post-mortem
fresh brain tissue from 3 ischemic and 5 hemorrhagic acute stroke patients was obtained
within the first six hours after death. Parenchyma from different brain areas (infarct,
periinfarct, perihematoma and contralateral hemisphere) was studied. To asses protein
expression we performed gelatin zymograms and western blot analysis, to localize MMP
source immunohistochemistry, and to measure gelatinase activity in situ zymography
was carried out on brain sections. Among ischemic cases, gelatin zymography showed
an increased MMP-9 expression in infarct core although periinfarct tissue presented also
higher levels than contralateral hemisphere (p<0.0001 and p=0.15, respectively). Within
infarct core, MMP-9 was mainly located around blood vessels, associated to neutrophil
infiltration and activated microglial cells. In periinfarct areas the major source of MMP-9
were microglial cells. Tissue around intracraneal hemorrhage also displayed higher
MMP-9 levels than contralateral hemisphere (p=0.008) in close relationship with
microglial cells. A 145 kDa MMP-9/TIMP-1 heterodimer was identified both in ischemic
and hemorrhagic strokes strongly correlated with MMP-9 expression (r=0.915, p<0.0001).
MMP-2 was constitutively expressed and remained invariable in different brain areas.Our
results demonstrate an early and in situ contribution of MMP-9 to ischemic brain injury
and perihematoma edema, suggesting a potential therapeutic role of its inhibition after

acute human stroke.

59



INTRODUCTION

Stroke is a pathological event that leads within
minutes to a brain damage and cellular death as
a result of an ischemic or hemorrhagic event.
Ischemic stroke may also involve a
hypoperfused periinfarct area called ischemic
penumbra where cells are still viable although a
cascade of apoptotic mechanisms has been
activated (Sharp et al., 2000). Less knowledge
molecular  mechanisms

exists  regarding

underlying brain hematoma formation and
secondary injury after the initial bleeding stops.

Since most of the stroke research has been

conducted on animal models,
anatomopathologic studies evaluating in situ
ischemic and hemorrhagic molecular

mechanisms in human cerebral ischemia and
hemorrhage are scarce. These types of studies
are relevant to show coincident results among
species in order to target pathways to improve
stroke therapy. This is the case of matrix
metalloproteases (MMP), a family of zinc-
dependant proteases involved in the degradation
of basal lamina and extracellular matrix (ECM)
components.

An abnormal and uncontrolled expression of
some MMPs such as MMP-2 (gelatinase A) and
MMP-9 (gelatinase B) appears after cerebral
ischemia (Clark et al., 1997; Heo et al., 1999;
Planas et al., 2001; Rosenberg et al., 1996) and
contributes to infarct extent and blood-brain
barrier (BBB) breakdown (Fujimura et al., 1999;
Gasche et al,, 1999; Romanic et al.,, 1998).
Animal models of cerebral ischemia have
that

cerebral ischemic tissue by many different type

reported MMPs are produced within

cells like astrocytes, neutrophils, neurons,

microglia and endothelial cells, and that there is
differentially time dependent expression of these
two gelatinases (Justicia et al., 2003; Magnoni et
al., 2004; Planas et al., 2002; Rivera et al,
2002).

Regarding with
peripheral blood samples have shown high

humans, investigations
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MMP-9 levels among patients with ischemic
stroke (Montaner et al., 2001) and intracraneal
hemorrhage (Abilleira et al.,, 2003). Moreover
and more importantly, MMP-9 levels are related
to poor neurological outcome, suggesting a role
in human brain injury (Montaner et al., 2001).

that
gelatinases in human brain after stroke (Anthony
et al., 1997; Clark et al., 1997) included several
days old strokes uncovering the hyperacute

The only two reports have studied

phase. Those interesting reports showed

gelatinases over-expression but did not
distinguish among different areas within the
infarction (core and penumbra). Moreover,
gelatinases have never been studied in human
brain tissue after hemorrhagic stroke.

Therefore, the following study attempts to
contribute to further understanding of the role of
gelatinases and better characterization of their
expression in the different areas of injured tissue
in the acute phase of stroke. With this purpose
we have studied both MMP-2 and MMP-9 by
means of gelatin zymography and
immunoblotting and to
both in

immunohistochemistry studies were performed.

localize gelatinase

expression situ zymography and

MATERIALS AND METHODS

Brain tissue samples

Eight patients who had had a stroke within the
previous 4 days were included in the study, five
of them were hemorrhagic and three ischemic.
On autopsy and during macroscopic exam, last
available neuroimages were used to guide in
brain tissue obtention from ischemic ipsilateral
hemisphere from

(infarct, periinfarct) or

contralateral hemisphere. In  hemorrhagic
strokes blood mass was removed and adjacent
parenchyma was obtained as perihematoma
together with contralateral tissue. Sampling was
done within the first six hours after death to
avoid tissue degradation. All cases and tissue
samples collected are summarized in table 1.
Brain tissue samples from two patients that died

due to another non-inflammatory pathology were



also used as a control. All brain parenchyma
was snap frozen in liquid nitrogen and stored at
—80°C until use. This study was approved by the
Ethics Committee of the hospital and informed
consent was acquired from all relatives prior to
the autopsy.

All frozen samples were homogenated for
gelatin zymography and western blot as follows.
Each brain tissue (0.2 gr) was mixed with 0.7ml
of cold lysis buffer (50 mM Tris-HCI pH 7.6, 150
Mm NaCl, 5 mM CaCl2, 0.05% Brij-35, 0.02%
NaN3 and 1% Triton X-100) containing protease
inhibitors (1 mM PMSF and 7 pg/ml aprotinin)
and centrifuged at 12,000g for 10 minutes. Total
protein determinations were determined by BCA
assay (Pierce, USA).

Hematoxylin-Eosin staining was used to identify
morphologically ischemic neuronal damage on

12 pym criosections.

Gelatin Zymography

Substrate-specific zymography for determination
of gelatinolytic activity of MMP-2 and MMP-9
was performed. Samples were adjusted to equal
protein content (10 ug) and were mixed 1:1 with
loading buffer [80 mM Tris-HCI (pH 6.8), 4%
SDS, 10% glycerol, 0.01% bromphenol blue].
Proteins were separated by electrophoresis in a
SDS-PAGE gels (10%) containing 0.1% gelatin
at 100 V constant current at room temperature.
Prestained molecular weight standard (Bio-Rad,
USA) and MMP-9 USA) or

gelatinase recombinant proteins (Chemicon,

(Oncogene;

USA) were also run with samples. Following
electrophoresis, gels were washed to remove
SDS with 2.5% Triton X-100 for 1 hour and
incubated 18 hours at 37°C with incubation
buffer containing [50 mM Tris-HCI (pH 7.5), 10
mM CaCl2, 0.02% NaN3]. Enzymatic bands
were visualized after staining for 1 hour with
amido black 0.1% and distained for 20 minutes
with a solution of 30% (v/v) methanol and 10%
(v/v) glacial acetic acid. Enzymatic activities
were ensured by incubating identical zymograms

in incubation buffer with the addition of 20 mM
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EDTA, a MMP inhibitor. No clear bands
appeared in these zymograms (not shown).

To measure the gelatinase activities, gels were
read using an Epson GT 9600 scanner and the
intensity of the bands was expressed as
arbitrary units using Quantity One analysis

software (Bio-Rad, USA).

Immunoblotting
MMP-9

expression was detected by western blot. Briefly,

To verify zymograms findings,
equal amounts of total protein (20 ug) were
loaded with SDS-PAGE (10%) under

reducing conditions at 100v previously heated in

non-

loading laemmli buffer. Separated proteins were
transferred to a PVDF membrane in blotting
buffer (20% methanol, 192 mM glycine, 25 mM
Tris) using a Transblot Cell (Bio-Rad, USA)
during one hour at 100v. Non-specific bindings
were blocked one hour before membranes were
incubated for two hours at room temperature
with  mouse antibody MMP-9
(Chemicon, USA) at 1:300 and TIMP-1 (R&D
Systems, USA) at 8 ug/ml in TTBS. Secondary
biotinated antibody (Calbiochem; USA) was
diluted 1:1000 and incubated overnight at 4°C
with  Streptavidin-HRP

(1:1000) was done at room temperature for one

anti-human

and last incubation
hour. Before and after membrane incubations 3
washes (10 min each) in TTBS were done. The
developed  with

ECL PLUS

visualized with a

substrate  reaction was
chemiluminescent
UK)
luminescent image analyzer (Las-3000, FujiFilm;
USA).

Germany) was also done to verify that equal

reagent
(Amersham, and

Detection of human actin (Sigma,
amounts of total protein were loaded for each

sample (not shown).

Immunohistochemistry

Frozen tissues were carefully embedded in OCT
on a cryostat holder and 12 pm sections were
placed on pre-coated poly-lysine slides and
stored at —80°C until immunohistochemistry was

performed.



Sections were air-dried for 20 minutes, fixed by
immersing in cold acetone for 15 minutes and
re-hydrated with TBS for 5 minutes. Normal goat
serum was applied 1:10 and incubated at RT for
30 minutes. Incubation with primary antibody,
mouse anti-human MMP-9 1:50 (Chemicon,
USA) was carried out for two hours. Secondary
antibody (goat anti-mouse biotin conjugate,
1:500) was applied during one hour at room
temperature. Afterwards, endogenous
peroxidase activity was blocked with 3% H20- in
TBS for 30 minutes and subsequent incubation
with streptavidin-HRP diluted 1:1000 for 1 hour.
Immunoreactive sites were developed with DAB
solution applied on sections for 15 minutes.
Finally, sections were counterstained with
Mayer’'s Hematoxylin, dehydrated in ethanol and

mounted in DPX. As negative controls, primary

antibody omission was performed in some
criosections to detect non-specific
immunoreactivity.

In situ Zymography

In situ zymography was carried out to detect and
localize enzyme activity on brain tissue but does
not distinguish between MMP-9 and MMP-2.
Sections (12 pym) were cut on a cryostat and
incubated at
protected from light in 0.05 M Tris-HCI, 0.15 M
NaCl, 5 mM CacCl,, and 0.2 mM NaN3; at pH 7.6,
of FITC-labeled gelatin
(Molecular Probes, USA). Several sections were

inhibitor

room temperature overnight

containing 20ug/mli

incubated with a metalloproteinase
(10mM
gelatinase

1-10-phenanthroline) as controls of

activity and negative controls
including omission of DQ-gelatin were also
performed. All sections were coversipled with
VECTASHIELD® (Vector laboratories, USA)
mounting media with DAPI to preserve
fluorescence and counterstain DNA. The gelatin
with a fluorescent tag remains caged (no
fluorescence) until the gelatin is cleaved by
gelatinase activity from brain and reaction
products were examined with fluorescence

microscope (ZEISS, Germany).
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Statistical Analyses

Statistical analyses was performed by use of the
SPSS 12.0 package. Statistical significance for
intergroup was assessed by Student’s t-test or
ANOVA followed by Bonferroni
The
coefficient was used to study correlations
P<0.05 was

tests for

intergroup  comparisons. Spearman
between continuous variables.

considered statistically significant.

RESULTS

Histopathological findings

Microscopic appearance of the ischemic infarcts
showed clear evidence of acute ischemic
damage. In gray matter shrunken cell bodies,
neuronal eosinophilia, pyknosis and nucleoli
were lost and these findings were associated
with widespread vacuolation of the adjacent
neuropil. In some areas cellularity was sparse,
necrotic neurons appeared as eosinophilic ghost
cells and neutrophilic infiltration began specially
in those infarcts with an ante-mortem interval of
2-4 days together with early microglial activation.
In  subcortical white matter, degenerating
oligodendrocytes appearance was the most
important finding. Periinfarct zones and brain
parenchyma around hematomas did not show

any significant morphological change.

Gelatinase expression

Zymograms from tissue homogenates showed a
great variability on MMP-9 intensity levels,
whereas no alteration on MMP-2 was detected.
145 kDa

appeared strongly related with MMP-9 variations

A third gelatinase band around

in all samples.

Among samples from ischemic strokes, MMP-9
was found highly expressed in infarcted tissue
as compared with the periinfarct (p=0.009) and
contralateral hemisphere (p<0.0001). Moreover,
periinfarct samples tended to show higher MMP-
9 level than contralateral hemispheres (p=0.15)
(Figure 1A-B). Also a diffuse 75kDa band
suggestive of a cleaved or active MMP-9 form
appeared in infarcted samples (Figure 1A).



On hemorrhagic strokes, increased levels of
MMP-9 were found in perihematoma tissue as
compared with the contralateral
(p=0.008) as shown in figure 1C-D.

No differences were found between MMP-2

hemisphere

levels neither in ischemic stroke nor in
hemorrhagic cases (Figure 1B-D).

The correlation study between MMP-9 and the
145 kDa band demonstrated a strong relation
between these two gelatinase forms (r=0.915,
p<0.0001) (figure 2A). Western blot was carried
out to confirm MMP-9 expression in brain
homogenates and to identify the 145 kDa band.
Our MMP-9
previously identified in zymograms. Moreover,
the 145kDa band was positive for MMP-9
(Figure 1A).

Immunoblotting for TIMP-1 was also positive for

findings  confirmed patterns

the upper band over 145 kDa (Figure 2B) while
When

immunoblotting was performed under reducing

no 29%Da free form was detected.

conditions (adding B—mercaptoethanol to loading
buffer) the upper band disappeared and a new
intense band over 29kDa was detected for
TIMP-1 (Figure 2B). Altogether these results
confirmed that we were in front of an MMP-
9/TIMP-1 heterodimer.

MMP-9 tissue localization
Immunohistochemistry performed to localize
MMP-9

zymogram, showed different expression patterns

expression detected on gelatin
depending on the studied region (Figure 3).

In samples from infarcted cores, MMP-9 was
mainly located around blood vessels (endothelial
together with the

cell/peri-endothelial layer)

presence of perivascular immunoreactive
neutrophils. A reduced cellular localization was
found within the necrotic parenchyma probably
due to the presence of disintegrated cell bodies
and sparse cellularity. In that area, major MMP-9
positive cells were activated microglia.
Moreover, a scattered signal was detected within
the extracellular space as a granulary pattern.

On periinfarct samples, MMP-9 immunoreactivity

was predominantly located in  several
parenchymal cell types such as activated
microglial cells and neutrophils while the

abundance and intensity of positive vascular
structures decreased in comparison to the

infarcted tissue.

Table 1. Studied patients and case material. Note: PH (perihematoma), C (contralateral),

IC (infarcted core) and PI (periinfarct).

CASE Age/Sex Stroke Time (hOLIJI’S) Time (hours) Tissue
subtype stroke-exitus exitus-autopsy Samples

Ne 1 77 | male Hemorrhagic 16 5 PH/C

N° 2 91 / female Ischemic 66 6 IC/PI/IC
N° 3 59/ male Ischemic 16 2 IC/PI/IC
N°4 74 | male Hemorrhagic 2 6 PH/C
N°5 60 / male Ischemic 98 4 IC/PI/IC
N°6 88 / male Hemorrhagic 17 3 PH/C
No7 74 | female  Hemorrhagic 15 6 PH/C
N°8 84 / male Hemorrhagic 9 5 PH/C
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Figure 1. A: Zymography from brain homogenates corresponding to a representative ischemic case;
Western Blot for MMP-9 confirmed increased signal in infarct cores and weakly in periinfarct samples. C:
Representative hemorrhagic case. PH (perihematoma), C (contralateral), IC (infarcted core), PI
(periinfarct) and C2 (control case 2). B and D: Quantitative increases of MMP-9 and MMP-2 on band

intensities in ischemic and hemorrhagic strokes. Control cases level is also shown. * p<0.05, ** p<0.15.
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Figure 2. Immunoblotting also revealed that the 145 kDa gelatinase band is a MMP-9 heterodimer also
recognized by TIMP-1 antibody. This complex disappears under reducing conditions leading a new band
over 29 kDa (free TIMP-1) (A). A strong correlation was found (r=0.915, p<0.0001) between MMP-9 and
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In all ischemic samples isolated neuronal MMP-
9 reactivity was detected together with some

MMP-9
both in

contralateral and control samples, moreover a

immunoreactive macrophages. No

positive vessels were detected
diminished cellular immunoreactivity appeared in
those locations.

On hemorrhagic stroke sections, perihematoma
MMP-9

immunoreactivity from microglial cells and also a

tissue presented intense
diffuse extracellular staining. Negative controls
including omission of primary antibody did not

present positive signal.

In situ gelatinase activity

In situ zymography showed abundant gelatinase
activity (green fluorescence) around blood
vessels (Figure 5A-B), at cellular level and a
diffuse extracellular signal in infarcted and
periinfarct tissue. A weak signal was detected
both in contralateral and control tissue where
only a minimal cellular fluorescence remained
(Figure 4c-e-f-i). The most marked increase of
intensity in cells appeared within infarcted tissue
as shown in Figure 4a.

In hemorrhagic strokes perihematoma sections
presented again increased fluorescence signal
as compared with their contralateral sections or
control samples (Figure 4d-e-f).

Samples counterstained with DAPI (blue signal)
the

abundance of cell bodies (Figure 4h-j) and

revealed the presence of DNA and
gelatinase activity from cellular bodies could be
identified where a merge signal between green
fluorescence and blue fluorescence appeared.
Incubation with an MMP inhibitor such as 1-10-
phenanthroline largely abolished fluorescence
signal, confirming that the most gelatinase
activity was due to MMPs (Figure 5 B).

DISCUSSION
This study demonstrates an immediate in situ
brain expression and activity of MMP-9 after
This
differentially induced

human  stroke. over-expression is

in a cell- and region-
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dependent manner and in close relation to brain
MMP-2
within the first four days after stroke.

injury. Contrary, remains invariable
ischemia have
MMP-9 is

injured

models of cerebral
that
immediately up-regulated in

Animal
previously demonstrated
tissue
suggesting a detrimental role and its
involvement in BBB breakdown, neuronal death
and brain damage (Fujimura et al., 1999; Heo et
al,, 1999). A second wave of expression of
MMP-2 has been reported from the fourth day
after ischemia by infiltrating inflammatory cells
such as microglia and macrophages (Planas et
al., 2001). Similarly, immediate increases of
MMP-9 followed by MMP-2 up-regulation in
postmortem human brain tissue have been
reported from 2 days to several years after
stroke (Clark et al., 1997).

Our results are in accordance with these findings
since gelatin zymograms show high MMP-9
levels in infarcted and in perihematoma areas
and MMP-2 levels remained invariable both in
ischemic and hemorrhagic strokes less than 4
days old. MMP-9 positive endothelial cells and
also peripheral neutrophils crossing the vessel
wall. Degradation of the vascular basal lamina
allows the blood vessels to become permissive
to neutrophil extravasation into

the brain tissue. In addition, as neutrophils
migrate from the circulation into the tissue, it has
been reported that they employ MMP-9 for their
invasion (Weiss et al., 1986).

Since disruption of the basal lamina has been
postulated to be the primary cause of
microvascular hemorrhage after an ischemic
event and several components of basal lamina
are gelatinase B substrates, such as laminin,
fibronectin or collagen IV, a very close
relationship between BBB leakage and MMP-9
expression exists in cerebral ischemia as shown
before in animal models (Gasche et al., 1999;
Fujimura et al., 1999).

New MRI

Weighted Image (DWI) lead us a topographic

techniques such as Diffusion-

assessment of tissue injury by witch others have



Figure 3. MMP-9 immunohistochemistry in ischemic hemisphere (a-f), contralateral hemisphere (g, h) and
control brain (i). Brown immunoreactivity in infarcted tissue (a and b) surrounding the endothelial/
periendothelial layer associated to neutrophils infiltration (arrowheads in b and c). Detail of a capilar
vessel (c¢) displaying endothelial immunoreactivity (thin arrow) and neutrophil infiltration from peripheral
blood containing MMP-9. MMP-9 citoplasmatic stains (arrows) in neurons (d), activated migcroglial cells
(e), and reactive macrophages (f). Sparse cellular immunoreactivity was detected in contralateral samples
(g) while blood vessels (v) remained unreactive for MMP-9 both in contralateral hemisphere (h) and

control brain (i).
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Figure 4. In situ Zymographies. a-c Representative zymograms from an ischemic stroke (a: infarct; b:
periinfarct; c: ischemic contralateral); d and e: representative zymograms from a hemorrhagic stroke (d:
perihematoma and e: hemorrhagic contralateral); f: control. Magnification 100x. g to j: Higher
magnifications (400x) from a representative ischemic case showing gelatinase activity sourcing from cell

bodies counterstained with DAPI in blue ( g-h: infarct and i-j: contralateral).

-
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Figure 5. A: In situ zymography details from blood vessels in ischemic tissue. B: Case 3 showing

inhibitor’s effect on a criosection containing a blood vessel (magnification 400x).

A --
s = 8

Infarct

10mM phenanthroline

demonstrated that exists a different pattern of
molecular mechanisms in infarcted core than in
2003).
reported that

periinfarct tissue (Wagner et al.,

Moreover, we have recently

baseline plasma MMP-9 level is strongly
correlated to DWI measured lesion extent in
stroke patients suggesting its ultra-early role as
a predictor of brain damage (Montaner et al.,

2003). Although in our study periinfarct areas
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could not be definitively associated with
ischemic penumbra because neuroimages were
obtained several hours before patient's death,
we have identified distinctive biochemical
signatures of those areas. Taking together both
MMP-9
expression assessed by gelatin zymography and
blot,

surrounding areas around infarcted tissue where

histopathological findings and

western we were able to describe



necrosis has not started but MMP-9 is over-
expressed both in cells and to a lesser extent
around capillar blood vessels. These findings
show an MMP-9 expression previous to a
possible cell death within ischemic parenchyma,
supporting its participation on tissue injury that
could lead into an increase on infarct extent and
induce ongoing brain injury. This fact reinforces
the possible therapeutic role of inhibiting this
protease as an attempt to protect surrounding
salvageable ischemic tissue. Besides this, MMP-
9 inhibition might interfere with BBB leakage,
and therefore it could improve current
thrombolytic therapy in ischemic stroke patients
the

transformations.

overcoming risk of  hemorrhagic

Regarding hemorrhagic strokes, this is the first
report describing perihematoma gelatinase brain
content. We found that in this injured area MMP-
9 was over-expressed and may contribute to
both hematoma extent and brain edema
following the initial hemorrhagic event. This
deleterious effect of MMP-9 would take place in
the secondary injury after initial bleeding and
would be integrated in a complex cascade
involving inflammatory processes. In fact, a
intracraneal

collagenase-induced hemorrhage

model has demonstrated up-regulation and
close implication of other MMPs such as MMP-
12 in inflammatory mechanisms surrounding
parenchyma hematomas (Power et al., 2003).

Complementary to gelatin zymograms and

immunohistochemistry  detection, in  situ
zymography reveal a great source of gelatinase
activity on brain cells and blood vessels together
with an extracellular activity both in infarcted and
periinfarct samples. Immunohistochemistry failed
to detect the same amount of cellular MMP-9 in
parenchymal cells such as neurons maybe due
to different sensitivities of in situ zymography
versus immunohistochemistry. Similar
differences between these two techniques have
been shown

previously for hippocampal

remodeling after kainate lesions (Szklarczyk et
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al., 2002). On gelatin zymograms a MMP-9
activity band was observed only in infarcted
samples while in situ zymography showed

activity in other areas. This discrepancy
previously reported by other authors in animal
models (Gasche et al., 2001) could be explained
by other non-proteolytic cleavage mechanisms
of pro-MMP activation. Among those, MMP
activation mechanisms related to oxidative
stress such as peroxinitrite-dependent pro-MMP
activation (Okamoto et al., 2001) have to be
seriously considered in future research. Another
fact that could explain this issue is that other
metalloproteinases such as MMP-1, MMP-3,
MMP-7 or MMP-13 could also digest gelatin
1996)
contributing to gelatinase activity detected in our
the MMP inhibitor 1-10-

phenanthroline could not completely abolish in

substrates (Sang and Douglas,

samples. In fact,

situ activity.

Interestingly, a strong correlation was found
between MMP-9 and another band over 145 kDa
identified by immunoblotting as a heterodimer
between MMP-9 and TIMP-1. Although this
complex is known to be present in nervous
system (Crocker et al., 2004) and other authors
have demonstrated its potential role inhibiting
excitotoxic cell death in neurons (Tan et al,
2003) it has never been well characterized in
brain parenchyma. Mono- and bi-dimensional
electrophoresis studies on tumor extract have
reported a great variability of this complexes
participating in enzyme activity (Pucci-Minafra et
al., 2001). This finding suggests an endogen
response as an attempt to block MMP-9 over-
the
process. The source and kinetic of this complex

expression  within neuroinflammatory
in brain tissue is still unknown and needs further
investigation.

A low expression of both gelatinases was found
in contralateral samples and in control tissue.
We think that this finding could be in part due to
the effect of global cerebral ischemia that may

occur within the first hours after death until the



tissue is removed and stored, leading to a
minimal MMP-9 expression as others have

described (Lee et al., 2004).

Although the small sample size of our study is a
limitation, we want to emphasize on the very
short time permitted in the study to obtain brain
parenchyma (within the first six hours after
death) and on the short time passed from stroke
to death offering powerful information about
hyperacute human stroke in a time-period that
has never been studied before. At the same time
better definition of the cell populations of the
MMP-9 immunopositive cells identified in brain
samples remains to be elucidated in a future
study, it is very likely that double immunostaining
of MMP-9 and cell markers would be useful to
clarify this issue. A final limitation is the lack of
information about the arterial permeability at
death moment. This fact might influence the
results, since some model of ischemia-
reperfusion have identified higher level of MMP-
9 in the cortex several hours after reperfusion

(Fujimura et al. 1999).

In conclusion our investigation reveals for the
first time in human acute stroke, a real in situ
MMP-9 over-expression in infarcted parenchyma
mainly located around blood vessels and around
injured area, both in ischemic and hemorrhagic
strokes. These results confirm MMP-9 as a
therapeutical target to reduce brain cell death
and protect surrounding tissue damage in an
attempt to improve neurological outcome after

stroke.
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Implicacion de la angiogénesis en la isquemia cerebral humana
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Eai el denis, Bonliv i i w8 ooy Paii &l proscgso o amgii-
plmests, 0l 5l o heneticsnso o perjudicial pars el tegido dofisdo v
SOk oo sicion de higasis Senulmae, s disouen
las i bles ventajm o moonvenicnics de 0 angsopémess en csin
matoligia, con diderenics hipaesis sokeg sus efeeios en ¢l lejadko
isgueemics [KA) Yalorar 2] equilibrio molecolar despuds. del
ictns, lo evalucidn nemroddgics del pacienie v ns onsscuencims
dhe la neovascularizacion son aciualmenle ohyeto die rmerosacs
caduclios, pamn pader delermimar e efecte de la angiopinosis des-
i b B O] DR D)

MOLECTLAS REGULAT R AS

Tl i gran mimiers di TR s gy pasden promsser o mli-
hir el proceso de angiogeénesis: schilm sobre difrenles proces
aos, A principalimentd ankroenen on < emodelado & |G
i e s lubar o en la migraciln v prololecion de ks céli-
las el linles. Ao s ham descrio muchas meldenlas que
Intery s o b angiosgEnesis, glgianes o los promsores o
imgsilantes san Gclores de crocenidme gt sl sobire Lis
sl emdetlia ks YEGE, PISGE, 1Oy [, TS, e, odel in-
s viculor el Balial pedieth fichor Sl -rtied prouil
fLUTR VT O TN T TR JHTTR IS o A T L UL L SR T
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AMGHRIENESIS PN EL ICTLS

Tambidn hay obms mekonlas como b angiopesetmn AN,
el P 1ol inpkés i mafecdhde esr, @l B (del inglés
vy aeen activesior) o certas MAMP (del mglés st
etrrd ol b gue anlers kenon en olres Gses. Sobre ke nhi-
idires del procese saboemes menos, voque les estlios sealomes
i Bk ol momonto s lun conlendo IRicareni: on valorr 5
lis Baclones protfasores. Pero moklonlis angiostdiicas comn |a
argisiating, el inhisdir de b metboprotemosa tisabar § TIPS,
Lo ensbostating v b iombeapeniling § TSP | s 2 sen debactminun-
N e e equilshne goe mdular o process de angligineas

Frimcipals prowwaores cailibnemes

Sof) Baghogs abe o B oo Sl s vl coid iines aiok-
plvas, poro clindy s sfrveipiisin wian sebie s ol
endelelinles, minte @21 vase preeisienie oome dil neovasa,
estimmilando b angiogdnesis [17] Son imprescindiltsles pord 1s
superyivencas celular, vo i, o sn msesc, s células cnirss
it ippivsin. o Tae ki unic & ss peveplones celilanes pro-
e 1o sobreckpresion de protemas sminpepiaticns (surovi-
B KTAR, Bel-20i e proteine innsis fambsids antgaopi -
cas | 12 1=-2]

El e de croeamicnio wnseular endiotelul § VEGE ) & una
gliceproleing hnmsdimérica clive en o regulicicn de la angio-
pivesis; prohahlamente, os ol agenle milogenico encdgens mis
polente! induoe b proliforacim v migacids & ks clulas enidoe
teliales, alemas e aumentar b permeabilidad vascolar ¥ penmi-
i el e ol ikl aeciilngiles a i imatig cehilar [ 11 T=-20
En fa fse de promcescin de 1in prooeo apgiopdnco s procke
{iiia sobieehjivsid de VEGE v sbis fodeplof s Sellibines oon de-
Tividod Hosimecims YEGE-RL iM-1y ¥ YEGF-RE2 (KN Su
T ferroe DR el SHUSgepaiticn, va gk induiss [ sobies-
sl do pectaings come la Del=2, strviving. AT o XEAP gue
inhiben ln maserie cohular pregramasds de ls célubas endoleliales
U091 whaweis de polnunr Poleineinasas ik Seriem preme-
vtk b superyivomce e les células rsbcliakes

Lo Al -0 s olme Bcled il crec i i b cdhikis ondo-
Teliales, cop v peso molocwbn do 55 KD Cuemdo B AN | s
ume al ieplod I he2, @jence un &leckn mtiapapobee, v que, al
Dbl et soivos romatores, m v o giilisas (ue it eaguan cn ls
supervivencia cefular v o prodeinas antapopiincas come o sr-
vivima | 10E] También induee I migesesn celular v, sobee
todi, pariicipa en o estabilomcoiin del vaso on s fase de moduo-
raciin v en el revlutamienss de peniciios [ 21]. Mo time s ele-
N rilogenics sobre las of el enidetelaks

| Ina toreema midéonia com un mmportante @lecin promolor de
I angicgenesis, oumgue en moser grade que o VEGE, ex &
BFGE igkel mglés hase robbog gt fectory, va gee pro-
mieve [ imigracion auncgiie o lo profiliracidn de lis odkiles
orkeliales. Fam poder desarmoliar o sctividad o necesarsn
qui s e 3 receplon celilar FORE-RL EL efoct antiapsypoaics
e e ot ks cdiulis enidolelisbes se debe s gue, ol igual guoe
s promesones, mdice B sobyespresi d prodeiies coimn b
Bel2 ar ln suryivina | 18]

Friwcipates iehividores cnifdgemes
A prineipalmente i kinds o apeptosis de s otk
arekdclinlis, siempre Ok Fomms coniilab, va g, s e, s pree
ihiwiris Do eavere del ejick, o ehesctin imeerso b gue produicen
liss Pataomes o AT oMt

Para el procdsd dé dilgiopivresis i sebidegaesidn g pia-
I eaes e s SR, S ue i es ampressinadinle gug

T
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layn usa regulaciia de los moldeulas mhiknidirss. B mecsis-
mat e mcrion e alpunes de esios inhehidores que actdan sobre
lsis lulag gmilvieleiles el mes =8 conoce b, aomsgie sibs-
meos que la regulackin de B opoptosis v de los moléoals e
i e celnlie o de e odlules con la mariy son dos funeio-
nes sodre |os que sotian csdos inkibidores | 1, 18]

Foare elos, doetacs n angicsaaiing come un pobamo inhihi-
o dkeriviedo del plassnireisgetis. S Ll Je s protdana de 38-
4% Klha, sepiin b psobonmin, gue se foima por I lise del plasini-
fdggeniee ¥ doia in fragmsnio cinmigaiesto por o e o cunlee pri-
imos doimmios g, Esbos produgios de degradacion, ¥ e
¢l plasnmindgpona, Unen actividod angsosiiies [18.2I] A pesal
e g sl el b peoaluctos de degrilseein Gk plasimini-
pemir, sliv bos chamirmios K-35 5 K= resultan ser pilenles mbi-
Pedores |20.24] Esla mekculs inhibe 1o prodifecies’n g las
céfulas emileietiles v e capar de modubar ¢l proceso de asgie-
peniesis En fosdodes Eacsdair parn of plasminigent o a ob-
saervado o no se Bloguen ks anglogénesis, s en modelos de ani-
P s ol DmcPed b libs g s Boes ddmminisan angkeslaiig ¢ -
puna se ubservin uni inacivichd del mmer elicada con s
el Vil U activa dilenmes prrodeinas comi i Bha oo i
comnmeda. D okt fonm., las eélubis enilslelsbs e pusidon
e o s a0 proliforsn’a fossatio purd l angiogdie-
abw, U | masma Gnadidodd, [ angiostating Mogeen AT sine
et e o menbrana celilar © inipsde 1 prodifrascion de la
ciluln endctelial S0 electy angiosdbicn = limiln a ks oknle
el ks v i os cagad e irfile e covcnmienio de olgas 1i-
niaxs coubires.

Lat endustalina, de 29 kD de pesi medocu b, s ha jdeslili-
cadko como mm frsgmento UCslerminal del coldgens XV [25,20]
¥ bambict o nocesaria una aciiesen protoclilica previa de s
Procurser pura s B maldoaln sdquiera acinided i iangiogd-
neca. Lo idos mecanisimes principales J& imbibicicn de o angiv-
itimais low ejence asbed L magracion e bs célilas endoteliakes
¥ por su efecio sobre o apoploss cclular, lonle gémecn como
pestranscripcional |25 27.28) Induce o defosforilin & s
ehet s jdel inglis enofmbivdand witrkc onlale yeadfumed, oo B gue
st frihtng Do Ifsermcronn e sk o koo g estiammila 1o mesn
el VEGE [ 2] Ademds, afecta s by umin de b ceuls endoted ol
oon s anlegsaees o i su onion @ la malrie que gaiiaoa las
célnlas endodeliales on sy migrcion por | maire eximcckabe
Chre mecanismo de secicn de la endestiling es b indoccicn de
la npopiesis de las célolas endolelmles | 1325 27], va que aliera
Lo prosduccidn de proteims anlmpepsiticas coma o Bel2 o b
Hel-KL, que se sohnexpresan con I ook de promedores an-
propdtacos cormo e VEGE, el bFGE o ki A% |, Tamid ocliia
en el nuclen produciendo B Fagmestacion del ADN de ot
cédulis ¢ incrementa el porceniaje de célubs TUNEL posstivas
s RN en apoplosis | 25,27,

Finalrmende, tambicn nombar 4 la TSP come una glico-
peobeing dz 2300 k1 con mdibples deminios, quie e secret ol
espacio mimcelular ¥ que panscipa en o comsnicacion entre
céfulas ¥ enire ésas ¥ Ia mairiz exirmeelular | 30-34], fo v,
esln mokcnk e secretads por células endoelinles noisvadas, [
broshlasivs 3 mekriages. Fonma panie de una damlia de creeomi-
eoubs igue =2 dividen en dis grupos of de |os inmeros (TSP v
P30 3 ol e los pentiimeres { PSE-3, TSP, TSP-SCORIM,
GOl T SsIFiCIra y Punck dissila. AU 1os e R
i apoein e ot inhehiilores adayia no sg hmn oglsmde, una
e b s prineipsales del TSP-1 o5 [o ishibicion e la
ngivgpAiesis, ¥ s ofectis s producs snicamenie sobne las celi-
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las ordoieliles stvados, mieminas gque o (5P-2 posiria ser
imporamie en la B de modumcn & |os moeoes vasos va for-
mutilis, medianie o mhibiciin & o mogmeidn v b prolitas-
i, La T5P] serin detennimanie o s fses iniciades dod price-
sk, VA R s i 8 pecephe ODV, dpie moin una cascsii ik
rescciones goe leva sl rechotamsienio de profeinns spopsinicas
woamo b pE, pREMAPK. o b cospu- ] 14,15 4-12]

Lir immpiegemeels come @ egaiidbrie mofecuber

El rusilticks de st e toadios los promictongs ¢ mhibslones
@ nn aquirie muy conimdade §oproceso oue moedilae 1
angivgnesis sapacial ¥ waporabmenie. &l mismo tempe, hay
AU T m cien e 1o EeesR et gu s prostuee dis la
i enireelular embicn es ol fesalaike de un oouilshrie pro-
lEnlilico eofirolados, va (e e degnnls n eusesig sl
incomgatible con uns angsopdnesin notmal. Por 1o taniv, jucs
walord Ui proceso de anpsepdtas s on un tehide dererinisds,
sl oot sl o ol win v osiis dlevivs, se pevesila hocer un balai-
ke Lk paare ipuidkes e ukis glicekis Hesta ol moimeils,
sk bas marlisculas promidosss de b ongicgénesis (VEGE, BRGE
FILF=1, TGE, ek b D oonsidera®o plicadioras del estade del
proveso de angiogénesas [ 13500 18.35]; pero, o cvidonde que
las meddcilas inhvidoras, coie [ osgeslalng o kb endostati-
na, enire vbres, desempeiian un papel igualmenie e 1L
IRISZTA1] [hod el by que valorr o angiogenesis oone un
process s, con uns expressen die promoloees, ¢ inhikediones
altie vk espadial ¥ lempotuliveie.

ET g o e acttansprnig v

Estas profeesas <2 sinislizan como prosngimas. ¥ shlo cmindo
se activan adguieren capicicad projeclilics sofme susirales vo-
mas 2l kg, B limsinina. & Alonecting b slstim, b gela-
tma e, Alerecen una especial slerciim, va que son Emprescine
dibkes i L refiesbebicion de Lo ieilide eslreceliiki & e L
lamina hasad junio von s serimaproteanses, ¥ desomgeian un
papel esencial en b remodelacidn isulon [6.346=11]

Haustn by conocemos. mis de 25 MMP diferentes todas
allies e uiin esiricvar gy comprenck u deminio cutalitics
oo un Al e cing gue ks confiens capaciknl enzimdtice
CHrn dinsinmie: e apsroce sicmpee en leckes B proensns s o
del péptido serial ¥ el propepiido. gue se elimines com su acina-
wiin, Luega, wyin Ly metbsproteas, podemos encomon dioils
niws especificos. Hoy wm grupe, tas 8 T-MMIY jen mglés, saewe-
Brome-hyae ittt milathoprndsiadse k. o prosentan on 2l exiri-
mas £ derminal un dominio mmnsmenhnna por e cual s ancln
om [ mernbwang celular Esio las kace ser un griipo pecaliar va
Aue su actvaciin e inmeelnbr v su accion protecd ifica se kco-
lora alededor de s oflubas: nunca estin Bibres en el lorenle
snguines o e b inz exemcebebr Enogeneml, so sctividai se
regui ke de Torma enckipeni o dilenenies clapas por rensopcion
plnica, por Boanidn @ ichiidores comes jos TIMP [L2-4] 0 13
ity glodu lina - poco espocifica para las diterenies MMP- v
por I pecicm de sus notivadones, Tradeiombmeste, == ha core-
deradiva n plasmim I molécula mds importante en lo aciivaodn
e Lo AIRAP, pero sahemos que esta co1in ne es exelisnn v que
algumas MM =on capaces 4o activirse enire alls pir mecanis-
s cl retioal imenlac iin pesiins; asl, por aemgln, aaccem de
Live BET-MAMIP s maprescindibbe parn actives B MMIL Esudics
s PoCRNIcs RGN e recepliees e membram goms |
LEF 1om ingles denr dennity Mapitaivdn recopiir-retaied pusieis
particpan om In regulaciom g la petrvklad extroccialar & ls
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losdn el b, &0 idardifican Silcendos MEP ehcionaks ¢on sl
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podnamees lomar de regeneracion del e ko dafade, Sefinima o
AN o U e gue se produss parm generir
nueyes vasos jue revasculanomn b rem alectada por o isgue-
i v asi e ol masimo ol dofie Gsabo [400]. Pero hay
ulr lipilesis ue postulo gee b fomnacion de poevoes anses se
Prediiee para Bredlivar B anfihiackin g moacadhigos, va qike Ty
e ik ot esi muerie, peciition, v debe elinsinamse [B, 1]

Aumque ky pocos estudios sohne angligénesis en pacienkes
i han suBrde un jeins [SIEEL si quee s Ban desamidliaks
dnlezrentes modelos minales |1 E=15060 | sebre lodo con mias v
Fabiites |l I Sa hdd liseifide asiidios o cofloedd i imo-
saac ivm e L angicgdriesis, la exprositn de mokicikas promie
toqus i lithebidoms v o balanee G Esins, v b relockn <on o
delEil el dsgiot. Eatos gsbpdios ainbenilan comipremden b G-
Vidasd dlied procgsn di asgiogenesis tras |a isguemils cerdwal ¥ of
Pl e puede spoamar O & dailo que piede cesee on o
letsks siquémice. Muchos de estos rmhagos =2 han cemtrado on
waliopar i sobropacaiom d ek ulis que estinslin B angloge-
nesis, corme e YEGE, Tk, hEGE, 1D, Abi-1, Koo HIF-1,
e wespusssin 4 nne simieen de hipsria mnio en pockenies e
han sufrido un o |0 e P6AE ] como en modslos anmales
13,0700 048], Tor ellos, sabemes qoe hay uns mesdoiocsn de
meslicudas promidons, goe muchas de ellaz =2 schrexprosan m
L fase aguds del ktus ¥ gue son responsables de oumenia
mmienascilar b de b inesisbilided de b BHE duranie el proce-
s e angrogimesis. La compleja rod de microvasos que confior-
rman b [HE preonibe una comrecta Bamistisis o ol paréngimm
cerchral impide ol pass de mobédonlas mo desmdos procedenios
el Tormenl s Eeine Y profsivETRm o SETOTE e K-
tral unn il graido de photgocion. Doy mesdedas snimuoles g di-
iR s aunmsnio en b pemdablidad sk e o BHE
dssmanle B angiegdrrese, inmsdiabanenls despucs do s BC. de-
bede & la aecicn & moldole vome el YEGE sementan el nis-
gor bt Bartvwrragras | 1865 En caislvio, missd i Bse agiila pri-
et Ia mgiogénesis mejora la naupenciin neurolégica, oti-
tamrla L peetiropivesn ¥ redie o tanada dell infamo [G5,066] Fa-
tsdios recienies sugieren modular | angiopdnesss oomn una pu-
sl ferpio en lo B madiamte |6 sobronpeesion génica de algu-
nes [cieres angioginices comoe o HGFE (del inglés femmocie
Loty kot o el WEGE [GT6E] Enestos modelos animobkes, la
transferencer génica de HOGEF o VEGE medimie mm vedlor viriooe
rochiie e el tmaiie del infance, dismareiye ol deficil meorlfgso y
aumenis In sepervvencn medante b sshmmbicon’n de |6 asgio-
pinesis. o elles, tambain s demiestna oue estimulasdo b ans
pEapiness de heamma preventiva se minsmizas b complicnciones
hemorrigeas, o rwlurs de L BIHE ¥ el edema carebral

P, Jeué neurme oon |as mokicnlss angiestiticis o mhibiii-
ras” L idea e gue b agiopimess el respuesta aoun eguali=
brtas ol ecolar haoe dempo gque s valor, sohie wado e el cam-
par e ks pnoologs: pero, en 2l cerebea, b fincion que peeden
desempefior s inlibedores =2 ha estudiode oy poon, quizis
porgue al prmcipio s creyd gue b angiopanes s m ks o
s bene oo, U omo conseoencin, hoy muoy poces esii-
g que vahoren |a expresion, modulsin v eledos de esle gru-
par il medionlis, asl come del balimee mgiopdnico, Kocente-
menile, se han publicsdo esbadios que saloran algunes de eslos
mbihidores, siempre a parir de un madeio animal Enoana e
el s determing lo cogresshn ssgachsempsral di s TSPy 2
en un mededn ke pab, con un ocluskn de 1 aneris cerebrl
ielion 1NCRTY Y passtemiod rogariisddn | 1] Coa iy en guad estas
Mk uias s sobrespresan en dilerenices mameiin Sespigs de
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la [, L T5P-1 se spbrexpress pramere en des pioos v pamicips
om o Eas et spyoealing. imbemitrs gue b TSP B e die forma
s Bardia v mosdula la wedurncssn e los nuevis @pilaes. B
el obre s B ain perffil Semporal de b expresion de les genes
refacimades con b angiogénisis en un mesdelo de mban, ams
P2 v i e hisiden iaansnoris de ks SURE e el giie s incli-
won N moldculas angiogdnicos [ 12]. En & se demmestnd L immiis
dlnin =ohrexpresiion pémicn de mas de 4005 de s molklculas edo-
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High level of an Angiogenesis Inhibitor (endostatin) is Related to Poor

Outcome in Ischemic Stroke Patients Treated with t-PA

Joan Montaner !, Anna Rosell !, Carlos A. Molina !, Juan F. Arenillas , Marc

Rib6 , Jasone Monasterio 2, José Alvarez-Sabin L.

' Neurovascular Research Laboratory and Stroke Unit and 2Vascular Biology and Hemostasis Laboratory of

the Hospital General Vall d’Hebron, Barcelona, Spain. Universitat Autbnoma de Barcelona.

Angiogenesis stimulators and inhibitors following stroke

Angiogenesis follows cerebral ischemia in an attempt to develop neovascularization into the
hypoperfused area. Although angiogenic factors (i.e., vascular endothelial growth factor, or
VEGF) have been shown to be up-regulated soon after cerebral ischemia, angiostatic factors
(i.e., endostatin) have not been studied in stroke patients. This study investigated
angiogenic-angiostatic balance and its correlation with neurological outcome in t-PA treated
stroke patients. Methods- Serial VEGF and endostatin were determined by ELISA at baseline
(pretreatment), 12h and 24h in 41 strokes involving the middle cerebral artery territory who
received t-PA (<3h). NIHSS scores were obtained at several time points and functional
outcome was evaluated (modified Rankin Scale -mRS- after three months). Both VEGF and
endostatin level peaked within 3h from stroke onset [VEGF=75.7 pg/ml (48.3-166.0);
endostatin=119.8 ng/ml (96.9-160.7)] and were higher than normal range for healthy controls
(<27.4 pg/ml for VEGF and 8.4-58.9 ng/ml for endostatin) at any time point (p<0.00001). A
positive correlation exists between baseline endostatin/VEGF balance and higher NIHSS
scores at later time points (r=0.458, p=0.008 at 12h; r=0.339, p=0.029 at 24h and r=0.397,
p=0.033 at 48h). Moreover, patients who improved during the study period had lower
baseline endostatin level (111.5 versus 150.1 ng/ml, p=0.037). The deleterious effect of
endostatin was still evident three months after stroke, as shown in the positive correlation
between MRS and baseline endostatin level (r=0.375, p=0.035) or endostatin/VEGF balance
(r=0.391, p=0.020). VEGF and endostatin are over-expressed after stroke. An endogenous
shift through angiogenesis inhibition is related to poor neurological outcome.
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Following cerebral ischemia, angiogenic signals
represent an attempt to compensate hypoxia
effects through new vessel
death.’

sprouting phase in which the basal lamina from

growth to avoid
neuronal Angiogenesis begins by a
pre-existing vessels is momentarily broken to allow
endothelial cell (EC) migration. In a second phase,
new vessels acquire maturation and stability with
smooth cell and pericite recruitment.?* Many
factors are involved in the angiogenesis process
following stroke and can be mainly classified as
angiogenic molecules that activate the sprouting
phase and angiostatic molecules that promote the
stability phase or inhibit angiogenesis.4 As a result
of this interplay, there is a complex balance that
modulates angiogenesis direction at each time
point after ischemia.’

Vascular endothelial growth factor (VEGF) is a
strong angiogenic factor that increases vascular
permeability and promotes EC migration and
proliferation. Previous studies in stroke patients
have reported that an increase in VEGF is related
to angiogenesis extent and patient survival.®® This
beneficial effect of VEGF may be counterbalanced
by the capacity of angiogenic molecules to
promote blood brain barrier (BBB) disruption,
which would be particularly harmful in the context
of thrombolysis. '

In contrast to the extensive information on
angiogenic factors, there has been little research
on the role of angiostatic factors."” One of these
inhibitors, endostatin, is a collagen XVIII C-
terminal fragment'®"? that has not been previously
studied in cerebral ischemia.

In the present study, we investigated the temporal
profile of angiogenic-angiostatic balance during the
acute phase of ischemic stroke and its correlation
with neurological outcome in t-PA treated stroke

patients.
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METHODS

Study Population

The present prospective study assessed 146
consecutive patients with acute ischemic stroke
admitted to the Emergency Room of a teaching
hospital within 3 hours after symptom onset who
had a non-lacunar stroke involving the vascular
territory of the middle cerebral artery (MCA). Of
these, 138 (94.5%) underwent emergency carotid
(TCD)
examinations. Ninety-eight (71%) patients had a
documented MCA occlusion on TCD. Of these, 45

(45.9%) patients with a cardioembolic stroke

ultrasound and transcranial Doppler

received t-PA in a standard 0.9 mg/kg dose (10%
bolus, 90% continuous infusion during 1 hour) <3
hours after symptom onset. All patients with a
known inflammatory or malignant disease were
excluded. The final analysis included 41 patients
who had had an acute cardioembolic stroke in the
MCA territory and received t-PA at <3 hours after
symptom onset. These patients have been

included in a previous study.'

Clinical Protocol
A detailed history of vascular risk factors was

obtained from each patient. To identify a potential

mechanism of cerebral infarction,
electrocardiogram, chest X-ray, carotid
ultrasonography, complete blood count and

leukocyte differential and blood biochemistry were
performed in all patients. When indicated, special
coagulation tests, transthoracic ecocardiography
and Holter monitoring were also done.

On admission, all patients underwent a computed
tomography (CT) within the first 3 hours of stroke
onset, which was repeated after 48 hours (or
earlier when rapid neurological deterioration
occurred) to evaluate the presence of hemorrhagic
transformations (HT). Presence and type of HT
were defined according to previously published
15,16 (HI)

defined as a petechial hemorrhagic infarction

criteria. Hemorrhagic infarction was



without space-occupying effect, and parenchymal
hematoma (PH) was defined as hemorrhage with
mass effect. Subtypes of HI and PH were defined
as: HI-1, small petechiae along the margins of the
infarct; HI-2, more confluent petechiae within the
infarct area; PH-1, hematoma involving <30% of
the infarct area with some slight space-occupying
effect; and PH-2, when hematoma involved >30%
of the infarct area with substantial mass effect, or
clot remote to the infarct area).

This information was used to classify patients

according to previously defined etiologic
subgroups.” Most subjects (85%) had a
cardioembolic stroke due to atrial fibrillation.

Clinical examination was performed on admission
and at 12, 24 and 48 hours from symptom onset.
Stroke severity was assessed by the National
Institutes of Health Stroke Scale (NIHSS). We
defined neurological improvement as a > 4-point
decrease in stroke score and neurological
deterioration as death or > 4-point increase in the
score at 48 hours.'® The Modified Rankin Scale
(mRS) was used to assess functional outcome
three months after stroke.

Intravenous heparin was not administrated during
the study period. The study was approved by the
Ethics Committee of the hospital and all patients or

relatives gave informed consent.

VEGF and Endostatin immunoassays

Peripheral blood samples were drawn from each
patient at study entry (before t-PA administration)
and at 12 and 24 hours from stroke onset. EDTA
tubes were used to collect the blood; plasma was
immediately separated by centrifugation at 3000
rom for 15 minutes and stored at —80°C. Total
VEGF (Quantikine® R&D Systems, USA) and
endostatin (Chemikine™ Chemicon, USA) levels
were determined in duplicate by commercially
available enzyme-linked
(ELISA) the

immunosorbent assay

and mean value of both
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determinations was used. All ELISAs were

performed according to the manufacturer's
instructions. Our laboratory reference values for
healthy controls are: 12.47 + 14.96 pg/ml for VEGF
(n=68, 70% women, mean age 43 years, normal
range <27.43 pg/ml) and 33.68 + 25.254 ng/ml for
endostatin (n=74, 89% women, mean age 44
years, normal range 8.43-58.94 ng/ml). The mean
intra-assay coefficients of variation were <10%
and minimum detectable VEGF concentration was

9 pg/ml.

Statistical Analyses

Descriptive and frequency statistical analyses
were obtained and compared using SPSS® 9.0.
VEGF and endostatin concentrations did not have
a normal distribution (Kolmogorov-Smirnov and P-
P plot);
(interquartile range). The Mann-Whitney U test

values are expressed as median

was used to assess differences between patients
and healthy controls and when comparing
neurological outcome between stroke patients.
The Wilcoxon signed-rank test was used to study
changes in both VEGF and endostatin levels over
time. Finally, the Kruskal Wallis test was applied to
test differences in biomarker levels according to
HT subtype, and Spearman’s rank correlation test
was used to test all correlations. A p value <0.05

was considered statistically significant.

RESULTS

Following assessment, 41 t-PA treated patients
with an acute cardioembolic stroke in the MCA
the study. TCD

performed at admission documented a MCA

territory were included in

occlusion in all patients. Main baseline
characteristics of the included patients are shown

in Table 1.

Angiogenesis balance
The VEGF and endostatin levels measured in

plasma at any time point were higher in the study



patients than a control
(p<0.00001). The
molecules during the study period are shown in
Figure 1. Peak values for both VEGF and
endostatin were found at baseline [VEGF=75.73
pg/ml (48.33-166.02);

(96.91-160.74)]. A progressive wane was then

healthy

temporal

population

profiles of both

endostatin=119.77 ng/ml

observed in both temporal profiles. This downward
tendency only reached significance (p=0.017) for
VEGF levels at 24h as compared with baseline
(see Figure 1). The overall angiogenesis balance
(endostatin/VEGF) was quite stable during the
study period (baseline=1.4, 12h=1.6 and 24h=1.7).
No relationship was found between the VEGF or
endostatin level and any vascular risk factor,
except for higher level of endostatin among
patients with dyslipidemia (159.63 versus 111.69
ng/ml, p=0.050). A negative correlation between
age and baseline endostatin/VEGF ratio (r=-0.401,
p=0.023) was found.

Angiogenesis relation to neurological

outcome

Angiogenesis expression was not dependent on
stroke severity, as no correlation was found
between VEGF or endostatin levels and NIHSS
score at baseline. Moreover, baseline VEGF and
endostatin levels were similar regarding the
presence of a distal or proximal MCA occlusion
(data not shown).

Conversely, baseline endostatin level might have
some influence on the neurological evolution of
patients because it was significantly correlated
with the NIHSS scores at later time points (i.e.,
and 24h NIHSS score
correlation: r=0.422, p=0.020). When considering
the

obtained even better correlations predicting the

baseline endostatin

baseline endostatin/lVEGF balance we
neurological status (i.e., baseline endostatin/VEGF

and 12h NIHSS score correlation: r=0.458,
p=0.008, see Figure 2). All these correlations are

summarized in Table 2.
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Clinical assessment revealed that 7 (17%) patients
worsened, 25 (61%) improved, and 9 (22%)
remained stable during the first 48 hours after
admission (Figure 3). Patients who improved
during the first 48 hours had lower baseline
endostatin level than patients who did not improve
[111.51 ng/ml (79.70-137.79) versus 150.08 ng/ml
(102.72-170.69), p=0.037].

A positive correlation between mRS and baseline
endostatin level (r=0.375, p=0.035) or baseline
endostatin/VEGF balance (r=0.391, p=0.020) was
found. Furthermore, we found very low VEGF
baseline levels among patients who died (36.94
versus 78.88 pg/ml, p=0.065) during the study

period.

VEGF and Hemorrhagic Transformation

HT was present in 15 (36.5%) patients [10 (24.4%)
Hl and 5 (12.1%) PH]. Of the 10 patients with a HI,
3 were HI-1 and 7 were HI-2. Among the 5 PH
patients, 2 were PH-1 and 3 were PH-2.

No significant differences in VEGF or endostatin
baseline levels were found among patients with or
without HT (VEGF: 61 versus 85 pg/ml p=0.13 and
endostatin: 119.7 versus 122.9 p=0.37). However,
patients with high VEGF concentrations prior to t-
PA administration later had more extensive
bleeding, (HI-1=48.33 pg/ml, HI-2=69.94 pg/ml,
PH-1=81.38 pg/ml and PH-2=154.17 pg/ml)
(Figure 4). This finding was not observed in the

case of endostatin or endostatin/VEGF ratio.

DISCUSSION
To our knowledge, this is the first study showing
that one angiostatic factor (plasma endostatin) is
over-expressed after acute human cardioembolic
stroke, together with angiogenic factors such as
VEGF. Our

angiogenesis

results also show that baseline

balance predicts neurological

improvement during the acute phase of ischemic

stroke. Angiostatic shift seems deleterious,



whereas angiogenic predominance is related to
neurological improvement. However, we should
not rule out the possibility that the opening of the
BBB necessary for the angiogenesis process
facilitates brain bleeding induced by t-PA.

Profile of angiogenic and angiostatic factors
expression

Several studies in animal models of cerebral
ischemia have shown an over-expression of
molecules such as VEGF, basic FGF, PDGF,
L2 that

angiogenesis and arteriogenesis to

angiopoietin-1, etc stimulate
increase
cerebral blood flow into the ischemic area.?
Moreover, a protein over-expression of angiostatic
factors that participate in angiogenesis modulation
have also been demonstrated."’

Our results confirm the existence of an immediate
response to ischemia where both VEGF and

endostatin are over-expressed. Previous studies in

stroke patients have explored later time points,8
therefore we may add new temporal information
because the angiogenesis response starts very
(within

consonance with our temporal data, a study using

early 3 hours after ischemia). In
gene array technology demonstrated that 1h post-
ischemia, more than 40 angiogenesis-related
genes are up-regulated. Interestingly, angiostatic
factors (thrombospondins) were up-regulated in
addition to angiogenic factors.” Another study in
rats evaluated angiostatic factor expression,11
finding a thrombospondin-1 peak within the first 4
hours of focal ischemia-reperfusion, followed by
subsequent thrombospondin-2 expression that
probably contributes to the spontaneous resolution
of post-ischemic angiogenesis. In our study the
angiogenic-angiostatic response still continues 24
hours after stroke onset. From 24h onward,
another study has shown that VEGF concentration

peaked 7 days after stroke and was still elevated

Table 1. Main baseline characteristics of stroke patients. Values are n (%), mean + SD or median (interquartile

range). NIHSS: National Institutes of Health Stroke Score; CT: computed tomography; SBP: systolic blood

pressure; DBP: diastolic blood pressure

Variable

Value

Age, years

Sex, male
Hypertension
Diabetes mellitus
Dyslipidemia
Previous stroke
NIHSS score
Proximal occlusion
Early signs on CT
SBP, mmHg

DBP, mmHg

70.05 + 10.63
16 (39.0%)
26 (68.4%)
9 (23.7%)
10 (24.4%)
4 (11.4%)
17 (13-19)
27 (65.9%)
23 (57.5%)

154.8 + 21.7
82.9+12.9
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Table 2. Correlation study between angiogenesis biomarkers and neurological scales at different time points.

The ratio indicates endostatin/VEGF balance. Significant correlations are shown in bold

Baseline NIHSS NIHSS NIHSS Rankin
NIHSS 12 h. 24h. 48h.

. r=-0.219 r=-0.327 r=-0.205 r=-0.202 r=-0.265
Baseline VEGF p=0213 | p=0068 | p=0277 | p=0204 | p=0123
=026 | =004 | =019 | r=0171 | r=-0.081

VEGF12h. p=0186 | p=0937 | p=0400 | p=0343 | p=0859
=0164 | r=0074 | r=0178 | r=0187 | r=0.088

VEGF24h. p=0363 | p=068L | p=0338 | p=032 | p=0627
Baseline r=0.089 | r=0245 | r=0422 | r=0398 | r=0.357
Endostatin p=086 | p=0177 | p=0020 | p=0032 | p=0035
. =0006 | r=0348 | r=0426 | r=0421 | r=0232
Endostatin12h. |~ 27 | p=0037 | p=0012 | p=0015 | p=0172

. =0063 | r=0192 | r=0204 | r=0.218 = 0.09
Endostatin24h. | 6259 | p=0283 | p=0270 | p=0246 | p=0585
- : =0.167 | r=0458 | r=0399 | r=0397 | r=0.301
Baseline Ratio p=0344 | p=0008 | p=0029 | p=0033 | p=0020
. r=0187 | r=0.08 | r=-0004 | r=0028 | r=0.087
Ratio 12 h. p=0276 | p=0609 | p=098l | p=0875 | p=0612
. =0.245 | =004l | r=-0063 | r=-004 | r=0018
Ratio 24 h. p=0160 | p=081 | p=0736 | p=0799 | p=0923

after 14 days.8 Increases in the expression of
VEGF and VEGF receptors at the infarct border
between 2 to 28 days after ischemia coincide with
the time and distribution of neovascularization in
ischemic brain, suggesting that these angiogenic
growth factors are temporally and spatially
correlated with angiogenesis. '

Post-stroke angiogenesis profiles may also vary,
depending on the cellular response to ischemia,
because other studies have shown that
macrophages, neurons, glial and endothelial cells
chronologically expressed VEGF immunoreactivity

in a different fashion.?
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Post-stroke angiogenesis balance: beneficial
or harmful?

Along with this initial over-expression of both
angiogenic and angiostatic factors, we found that
and VEGF

expression might be related to stroke outcome.

the extent of both endostatin

Patients with neurological improvement after
stroke had the lowest baseline endostatin levels,
and patients who survived during the study tended
to have higher baseline VEGF than those who
died.

endostatin might be as important as increasing

Therefore, neutralization of baseline

VEGF if angiogenesis needs to be therapeutically

up-regulated.?*®



Figure 1. VEGF and endostatin temporal profiles during the acute phase of stroke. The discontinuous line
indicates the highest normal range for healthy controls (<27.4 pg/ml for VEGF and 8.4-58.9 ng/ml for

endostatin). (*) indicates a significant decrease between baseline and 24h VEGF level (p=0.017).
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Figure 2. Correlation between angiogenesis balance ratio (endostatin/VEGF) and the NIHSS

score obtained at 12h after stroke onset.
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Figure 3. Differences in endostatin level according to neurological outcome. White bars represent patients who
improve and black bars those who did not improve during the first 48h following stroke onset (baseline
p=0.037, 12h p=0.019 and 24h p=0.46).
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Figure 4. Correlation of baseline VEGF with CT-based HT subtypes. A graded response was

observed between larger bleeding volumes and an increase in VEGF levels.
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Apart from inhibiting EC migration, endostatin
induces apoptosis by antiapoptotic protein down-
regulation,*?® a mechanism that could contribute
not only to inhibiting angiogenesis, but also to a
direct deleterious effect caused by an increase in
neuronal apoptosis in some areas.

The idea that angiogenesis occurs as a result of a
molecular balance seems to be confirmed by our
results, as the ratio between endostatin and VEGF
is a better reflection than either molecule alone of
the neurological situation of stroke patients.

An important point yet to be resolved is the
usefulness of new vessel formation immediately
ischemic stroke. The classical
that
mechanism activated to regenerate brain tissue
that

necessary to increase blood flow in injured areas.

after an acute

hypotheses assume angiogenesis is a

damage and new vessel formation is

However, an alternative which
that

needed for

hypothesis,
proposes synthesized microvessels are
the

destruction and removal of necrotic tissue, has

macrophage infiltration for
been recently proposed.”’

This two-fold effect of angiogenesis has also been
suggested for VEGF. During the sprouting phase,
vessels increase their permeability”® and BBB is
momentarily disrupted to allow EC migration, a
situation that involves a bleeding risk.' In fact, we
found very high VEGF levels in patients who later
developed extensive HT. Others, by introducing
VEGF-overexpressing glioblastoma cells into the
brain, have established a reproducible and
predictable in vivo model of tumor-associated
intracerebral hemorrhage.?® Side effects of VEGF
have also been suggested through
pharmacological blocking, because VEGF
antagonism reduces ischemia/reperfusion-related
brain edema.*°

In angiogenesis, both sprouting and maturation
matrix which

require extracellular remodeling,
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31,32 We

involves matrix metalloproteinases.
recently found a strong correlation between MMP-
9 levels and intracranial hemorrhagic
complications,™ and others have shown clear
correlations between VEGF and MMP-9 levels.*®
the

angiogenesis process may be the risk of HT,

Therefore a collateral side effect of
particularly if t-PA is given. The question of
whether or not treatments aimed at stimulating
angiogenesis should be given several hours after
thrombolytics remains to be answered. Current
data indicate that delayed, but not early, post-
of VEGF

neurological recovery after stroke. '

ischemic administration improved

Therefore, we may hypothesize that angiogenesis-
induced benefits might depend on temporal and
topographic expression patterns. In ischemic areas
of penumbra where tissue can be recovered,

I,E"ZZ’24 whereas

angiogenesis should be beneficia
vascular leakage in tissues where no regeneration
can occur Future

might increase damage.

combination studies to assess angiogenesis

biomarkers  through multimodal magnetic

resonance imaging may address these issues.

Study limitations

Our target time period consisted of the hyperacute
stroke phase around t-PA treatment, and therefore
we did not explore later time points where
angiostatic factors have never been studied. In
addition to endostatin, other inhibitors such as
angiostatin —a plasminogen fraction that could play
a pivotal role in therapeutic thrombolysis— might
provide insight into angiogenesis modulation.®*
The small sample size may limit the analysis of HT
subtypes. This fact precludes to demonstrate that
VEGF is really involved in the BBB opening
t-PA induced brain

possibly responsible for

bleeding.



CONCLUSION
VEGF

immediately after stroke, and an endogenous shift

and endostatin are over-expressed
through angiogenesis inhibition is related to poor
We that

modulation of angiogenesis

neurological  outcome. suggest
pharmacological
balance within a carefully chosen time window
could possibly be used in combined stroke therapy

in the future.
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5. DISCUSSIO DELS RESULTATS
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5.1. Relacié de les metal-loproteinases i el creixement de I'infart.

El primer estudi, on es van valorar els nivells basals (pretractament) de diferents
metal-loproteinases i de dos dels seus inhibidors es demostra I'estreta relacio
entre dues d’elles, la MMP-9 (una gelatinasa) i la MMP-13 (una col-lagenasa), i el
creixement de la lesié en difusié durant la fase aguda en pacients que van rebre
tractament trombolitic.

En un estudi previ es suggeria que la MMP-9 era un bon predictor de I'extensio de
l'infart, tot i que la ressonancia i I'extraccié de sang es feien en les 6 primeres
hores després de I'ictus (Montaner et al. 2003b). Dels models animals, sabem que
la sobreexpressid que es produeix de MMP-9 després de la isquémia esta
relacionada amb la degradaci6 de components de la lamina basal i la matriu
extracel-lular i en ultima instancia amb l'extensié de l'infart (Planas et al.; 2001,
Fukuda et al.;2004 i Wagner et al.; 2003).

Aquests resultats semblen indicar que els nivells tant de MMP-9 com de MMP-13
poden intervenir en el dany tissular post-isquémia que fa incrementar I'extensié de
la lesid inicial. Perd aixd cal discutir-ho, ja que en aquest tipus d’estudis hi ha
algunes associacions que podrien ser una simple consequéncia a la hipoxia i es fa
dificil valorar el seu efecte directe sobre el dany tissular.

En relaci6 amb aquest punt, és important recalcar que cap de les dues MMPs
estaven relacionades amb la lesio inicial (volum en DWI), ni amb la severitat de
lictus (valorat per la puntuacié en l'escala NIHSS). A més, en analitzar les
caracteristiques basals (factors de risc i variables cliniques) que podrien associar-
se a l'increment de la lesid, només el fet de tenir nivells elevats de MMP-9 i/o de

MMP-13 estava clarament relacionat amb les lesions que creixien més.

Aquests resultats, i el fet que les mostres van ser obtingudes en la fase
hiperaguda de l'ictus (dins de les primeres tres hores), ens fan pensar que, tot i
que l'increment general d’aquestes MMPs s’indueixi pel procés d’isquémia, hi ha
certes diferéncies entre individus prou importants com perqué en les primeres
hores puguin determinar de forma fatidica un creixement de l'infart en les hores

seguents, tot i rebre tractament trombolitic.
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Els resultats que fan referéncia a la MMP-9 sb6n coincidents amb les
investigacions prévies que estableixen un rol deleteri de la MMP-9 en els models
d'isquémia (Mun-Bryce et al.;1998, Fujimura et al.;1999, Wagner et al.; 2003,
Aoki et al.;2002 i Zalewska et al.;2002). | estudis més recents mostren la
implicacié d’altres metal-loproteinases, com la MMP-3, en la degradacié d’altres

substrats com 'agrina en un model d’'isquémia/reperfusio (Solé et al.;2004).

Per tant, sembla que hi ha d’altres MMPs que podrien participar en el dany
tissular, com suggereixen els resultats respecte la MMP-13. Aquest estudi és el
primer en qué es relaciona aquesta metal-loproteinasa amb un efecte deleteri
després de la isquémia cerebral. El paper de la MMP-13 esta ben establert en
processos patologics com el cancer, on esta considerada un bon marcador de
progressio tumoral (Brinckerhoff et al.; 2000), o en la remodelacié constant del
teixit ossi que es dona en condicions fisiologiques (Stickens et al.;2004). En canvi,
en l'actualitat no hi ha estudis en models animals d’isquémia que valorin aquesta
MMP.

Només un estudi previ havia intentat comparar els nivells de MMP-13 després de
l'ictus amb un grup control, sense éxit, probablement a causa del rang de 12

hores en que s’obtenien les mostres de sang (Horstmann et al.; 2003).

En qualsevol cas, tot i que els resultats del present estudi indiquen una estreta
relaci6 amb el dany tissular, és necessari aprofundir en l'estudi d’aquesta
metal-loproteinasa en relacié a la isquémia cerebral: valorar la seva expressio en
parénquima cerebral, analitzar el seu perfil temporal en la fase aguda i subaguda
de lictus i, fins i tot, considerar possibles mecanismes d’activaciéo de la MMP-9
mediat per la MMP-13 (Dreier et al.;2004).

Aquest estudi per si sol no ens permet determinar si els alts nivells en sang
periferica d’aquestes dues MMP-9 sén un reflex del que esta passant en el
parénquima encefalic o bé participen activament en el dany tissular produint un
increment en I'extensié de linfart. En aquest segon cas, seria necessaria una
comunicacié directa amb un intercanvi a través de la xarxa capillar entre les

MMPs en sang periférica i el teixit cerebral d’aquestes proteases; perd només la
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combinacio d’estudis in vivo amb I'obtencié de sang periférica, en un estudi més
ampli, podra aclarir-ho.

Sigui quina sigui la contribucié de MMPs al teixit infartat i provingui d’on provingui,
sembla que, tenint en compte tota la bibliografia publicada en relacié als nivells en
sang periferica de MMP-9, i d’acord amb els nostres resultats, aquesta molécula

€s un bon marcador del que esta passant al parenquima cerebral.
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5.2. Sobreexpressio in vivo de la MMP-9 en el core de I'infart.

El segon estudi ha aconseguit per primer cop valorar I'expressio, in vivo, de MMP-

2 i MMP-9 en el parénquima cerebral en pacients amb un infart extens de 'ACM.

Fins ara, I'estudi del contingut de MMPs en el parénquima isquemic i/o infartat
s’havia realitzat sempre en teixit obtingut post-mortem, tant en models animals
com en els dos estudis que han estat publicats en humans (Anthony et al.;1997 i
Clark et al.;1997). Per tant, I'expressio in vivo de metal-loproteinases i la seva
regulacio temporal en relacié a I'evolucié clinica d’'un mateix individu, no s’havia
realitzat mai. La implantacié de catéters de microdialisi en I'hemisferi afectat ens
va oferir 'oportunitat de valorar in vivo el contingut de diferents proteines i la seva
evolucio6 al llarg del temps.

L’unic estudi previ que ha utilitzat aquesta técnica per determinar els nivells de
gelatinases en rosegadors demostra un augment de la proforma de la MMP-9 en

I'hemisferi ipsilateral en relacié al contralateral (Planas et al.;2002).

En aquest treball, hem pogut estudiar dos casos que ens mostren un augment
dels nivells de MMP-9 ja en el primer dia de lictus, que continua, tot i que
decreixent, en els dies posteriors. Es més, hem anat més enlla diferenciant entre
zones immerses en el core de l'infart i zones situades a la periféria, on hem trobat
diferéncies en els nivells d’expressio: les mostres obtingudes del core presenten

nivells més elevats de MMP-9.

El mal pronodstic d’aquests infarts, amb una evolucié “maligna” i una alta taxa de
mortalitat, fa que en aquests casos hagim d’aplicar terapies més agressives, com
la cirurgia descompressiva (hemicranioctomia), per tal de reduir la pressio
intracranial a causa del gran edema cerebral; o també la induccié d’hipotérmia

moderada, reduint la temperatura corporal a 32°C (Shwab et al.; 1998a i 1998b).
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L'efecte d’aquestes terapies en humans, sobre els nivells in vivo de les

metal-loproteinases en el parénquima cerebral, era desconegut fins ara.

En el present estudi, I'evolucio clinica d’'un dels pacients ens ha permés observar
com el tractament hipotérmic redueix els nivells de les dues gelatinases mentre
que, quan s'inicia la fase de recalentament es produeix una immediata
sobreexpressio que inclou formes actives de MMP-9 associada a un creixement
de linfart. Quin dels dos fendmens succeeix primer, i si un és consequéncia de
l'altre, sén questions que s’hauran d’analitzar en futurs estudis que hauran
d’aclarir si I'increment de MMP-9 en el teixit és la causa, en part, del creixement
de la lesié o bé una consequéncia de la resposta inflamatoria.

Tot i que probablement els dos fendmens s’activen i coincideixen en algun
moment, la coincidencia en el temps de lincrement de gelatinases amb el
creixement de la lesio indica el paper deleteri i actiu que pot estar jugant la MMP-

9, ja que la resposta inflamatoria es retarda unes hores després de la isquémia.

En relacié als nivells de MMP-2 i MMP-9 en sang periférica, els resultats mostren
un clar augment transitori de les dues gelatinases després de la cirurgia
descompressiva (en sincronia amb un augment també en el microdialitzat).
Aquest fet demostra una relacié estreta entre I'expressio in situ de MMPs i el

reflex i/o contribucid que es produeix en sang periférica.

Tot i que aquests resultats demostren per primer cop la produccié i modulacio in
vivo dels nivells de MMP-2 i MMP-9 en teixit cerebral huma, és necessari realitzar
estudis amb un nombre més gran d’individus que ens mostrin el perfil temporal i la

modulacié d’aquestes MMPs.
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5.3. Les metal-loproteinases com a biomarcadors.

Tant els resultats del primer com els del segon estudi, deixen entreoberta la
possibilitat d’utilitzar algunes d’aquestes metal-loproteinases com a biomarcadors
en diferents fases de I'evolucié de lictus, no només per a I'estudi de fendmens

fisiopatologics, sind també com a eina de treball en la practica clinica.

En el primer estudi, tant la MMP-9 com la MMP-13 han resultat ser bons
predictors de grans increments en el volum de l'infart a I'arribada a urgéncies del
pacient abans de rebre cap tractament. En un estudi recent ja haviem suggerit el
valor predictiu de la MMP-9 en relacié a I'extensié de linfart, tant en pacients
tractats com en pacients no tractats amb rt-PA (Montaner et al.;2003b).

Tot i els demostrats beneficis de la terapia trombolitica, sembla que hi ha certa
variabilitat interindividual en els nivells de MMP-9 (perd potser també d’altres
MMPs com la MMP-13) que podrien estar determinant en les primeres hores
d’'isquémia, al menys en part, el desti i evolucid de la lesié de linfart. Es més,
alguns estudis demostren que amb I'administracié de rt-PA s’incrementen els
nivells plasmatics d'MMP-9 i de formes actives (Horstmann et al.;2003), i els
nivells d'MMP-9 en el parénquima cerebral de models animals (Sumii et al.;2002 i
Pfefferkorn et al.;2003); i que participarien activament en l'increment del dany

tissular i el creixement de la lesio.

Sembla, doncs, que els beneficis de la terapia trombolitica podrien estar
contrarestats en alguns pacients pels efectes d’algunes MMPs sobre el dany
tissular abans de rebre el tractament o posteriorment amb un augment de la seva
activitat. Identificar aquests pacients i buscar nous tractaments per inhibir
aquestes MMPs podria millorar l'eficacia i la seguretat dels tractaments

trombolitics actuals.

En el segon estudi, es mostra la possibilitat de valorar els nivells de MMP-2 i
MMP-9 in vivo, combinant les técniques de microdialisi cerebral i zimografia en
gelatina. Tot i que es necessari realitzar més estudis in vivo, s’ha de contemplar la

possibilitat d’utilitzar aquestes técniques per valorar en cada moment I'evolucié de
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la lesi6 i les possibles complicacions que puguin esdevenir en funcié dels nivells

de MMPs en el mateix teixit afectat.

Tot i que les técniques actuals de detecci6 de MMPs (zimografia, ELISAs o
Protein Arrays) son molt sensibles i relativament rapides i senzilles de fer, no sén
encara prou rapides com per ser utilitzades en la practica clinica diaria. Per tant,
per poder utilitzar les MMPs con a biomarcadors, encara €s necessaria una
tecnica que ens permeti avaluar en pocs minuts el contingut en una mostra (ja

sigui de sang o de microdialitzat).
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5.4. Sobreexpressié de MMP-9 en el corei en les zones de

periinfart i perihematoma.

L'estudi de les diferents arees de parénquima cerebral mostra una clara
sobreexpressio de MMP-9 en el core de l'infart, tant de proformes com de formes
actives, comparat amb els nivells de les zones periinfart i contralaterals.

A més, en les zones periféeriques de linfart o de 'hematoma també hi ha un
augment de MMP-9 comparat amb els nivells de I'hemisferi contralateral.

En tots els casos els nivells de MMP-2 van mantenir-se invariables, cosa que ens
fa pensar que la possible contribucié des de la sang periférica (a través de la
barrera hematoencefalica o per I'extravassacié que produeix ’hematoma) no és
significativa, ja que, en aquest cas, també s’haurien d’haver incrementat els nivells
de MMP-2.

L’obtencié de teixit de dos controls que no havien patit cap malaltia neurologica ni
inflamatoria va permetre comparar els nivells normals de les gelatinases amb els
del grup de malalts que havien patit un ictus. Els resultats mostren que, tant en
I'hemisferi contralateral dels ictus (en isquémics i hemorragics) com en el teixit
control, hi ha una expressio basal tant de MMP-2 com de MMP-9 que és similar
en els dos grups. Alguns treballs amb rosegadors també han mostrat aquesta
minima expressio de MMP-9 (Lee et al.; 2004), perd en general, els models
animals d’isquémia cerebral només detecten com a gelatinasa constitutiva del
teixit cerebral la MMP-2.

L’expressio basal de MMP-9 del nostre estudi pot estar originada per un efecte
d’'isquémia cerebral global que es produeix inevitablement entre el moment de la
mort i 'obtencidé del teixit. Aquesta falta de perfusid, durant unes hores, pot ser la
causa d’un petit increment en els nivells de MMP-9. En els models animals, no
passa aquest periode de temps ja que I'obtencio de teixit €s immediata al moment
del sacrifici de I'animal. Per tal d’aclarir aquest punt, seran necessaris estudis in

vivo com els de microdialisi cerebral en 'hemisferi contralateral.
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Aquests resultats, es van confirmar amb I'estudi per zimografia in situ, que ens va
permetre valorar i localitzar al mateix temps [l'activitat gelatinasa. Les mostres
d’infart tenien més capacitat de degradar la gelatina i mostraven, doncs, un pic de
fluorescéncia i intensitat, en I'analisi al microscopi, comparat amb les altres arees.
Estudis prévis amb zimografia in situ en models animals, també havien demostrat
un augment de l'activitat metal-loproteinasa en I'hemisferi ipsilateral (Loy et al,;
2002 i Justicia et al.;2003).

La localitzacié d’aquest senyal era clarament cel-lular (coincident en la contratincio
amb DAPI), mentre que en les mostres d’infart també hi havia un clar senyal
vascular tant en arterioles com en petits capil-lars (aquesta localitzacié disminuia
en el periinfart i desapareixia en els contralaterals i controls). La contratincié amb
DAPI també va demostrar la pérdua de cel-lularitat en les arees infartades i la
preséncia en totes les arees de cél-lules que no expressaven activitat gelatinasa.
La limitacié d’aquesta técnica és que no ens permet determinar quina gelatinasa
és responsable de la degradaci6 del substrat amb gelatina. Sabem, pero, que la
major part del senyal és causada per una MMP, ja que inhibint I'activitat de les
MMPs amb 1-10-phenanthroline aconseguim minimitzar el senyal de fluoresceéncia
en totes les arees. Perd, tot i aixi, no podem concretar quina MMPs és

responsable del senyal en cada cas.

La immunohistoquimica, en canvi, ens va permetre determinar, en cada una de
les arees, on es localitzava la MMP-9 que haviem vist sobreexpresada per
zimografia.

Els resultats mostren una forta immunoreactivitat al voltant dels capil-lars en el
teixit infartat associaada a una infiltracid de neutrofils perivasculars i, en menys
quantitat, en les arees de periinfart.

Tot i la poca cellularitat que presentava el parénquima infartat per la mort
neuronal i al procés necrotic, diferents tipus cel-lulars eren immunoreactius per
MMP-9, principalment les célllules microglials activades i els neutrofils
perivasculars, perd també, encara que amb menys quantitat, neurones i alguns
macrofags.

En les zones periinfart i perihematoma, la positivitat cellular microglial es
mantenia mentre que la preséncia de MMP-9 vascular i perivascular es reduia i es

feia nul-la en les mostres de ’hemisferi contralateral i en el teixit control.
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Les zones de periinfart estudiades no poden associar-se de forma definitiva a
'area de penombra, ja que no tenim dades radioldgiques en el moment de I'éxitus
que ens permetin assegurar-ho. Tot i aix0, és evident pels resultats obtinguts que
en la periferia de l'infart i de 'hnematoma s’estan produint canvis moleculars
associats al procés isquémic i al dany tissular tot i que el procés necrotic encara
no ha comencgat; aixod suggeria que probablement la sobreexpressié de MMP-9 és
prévia a la mort cel-lular i que aquesta gelatinasa pot estar participant activament

en I'expansio de l'infart durant les hores/dies seglents a l'ictus.

En relacioé a I'increment de MMP-9 que hem trobat en el teixit perihematoma, un
estudi recent en que s’indueix I'hemorragia intracerebral per injeccié directa de
col-lagenasa en rosegadors, mostra també una sobreexpressid protéica, perod
també génica, d’algunes metal-loproteinases (entre elles la MMP-2, -9 i -12) en el
teixit afectat (Power et al.;2003).

En I'estudi per zimografia, a part de les tipiques bandes de MMP-2 i MMP-9, s’ha
identificat una tercera banda de major pes molecular que seguia el patrd
d’expressié de la MMP-9. L’estudi de correlacions va confirmar aquesta relacio, i
per western blot es va identificar aquesta banda com un heterodimer de MMP-9

TIMP-1 mentre que no apareixien formes lliures d’aquest inhibidor.

La formacié d’aquest complex ha estat descrita en el sistema nervids i en sang
periférica (Crocker et al.;2004 i Pucci-Minafra et al.;2001), pero, ni en treballs en
parénquima huma (Clark et al.;1997), ni en estudis en models animals, on es

realitzen les mateixes técniques, no s’ha descrit fins ara.

La finalitat amb qué es formen aquests heretodimers en el parénquima cerebral
durant el procés isquémic és encara desconeguda. Tot i aix0, els resultats
obtinguts poden estar suggerint una resposta del sistema endogen d’inhibicié de
metal-loproteinases paral-lel a la sobreexpressio d’aquestes. Si futurs estudis ho
confirmen, es podria obrir una nova via de bloqueig de les MMPs des de la propia

resposta a la isquémia que podria donar lloc a plantejar noves terapies. Es més,
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alguns estudis recents mostren el potencial terapeutic del TIMP-1 ja que és capag
d’inhibir la mort neuronal per excitotoxicitat (Tan et al.;2003).

Respecte als models animals, tot i que intenten ajustar-se al model huma, poden,
en alguns casos, no reconeixer mecanismes que poden ser caracteristics d’altres
especies. Pel que fa a al treball en parénquima huma, cal dir que simplement no
es menciona la preséncia de cap altra banda. Possiblement, en el moment en qué
es van realitzar aquests estudis, les técniques no eren tan sensibles com ara; o bé
podria ser que no se’ls donés el valor que poden tenir avui dia quan sabem la
importancia que pot tenir en I'evoluciéo de la lesio tissular el fet d’inhibir les

metal-loproteinases.
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5.5. MMP-9 i barrera hematoencefalica

Com hem vist, el trencament de la barrera hematoencefalica per degradacié dels
components de la lamina basal i 'augment de la permeabilitat amb infiltracid de
leucocits i macrofags, és probablement un dels processos més importants en la
resposta isquémica (Hamann et al.;1995), que té com a consequéncies
'increment de 'edema vasogeénic i els fendmens hemorragics derivats. Per tant,
mantenir la seva integritat, almenys durant la fase hiperaguda/aguda, pot ser

determinant en la millora del tractament de l'ictus.

En el cas dels malalts que reben tractament trombolitic, protegir la integritat de la
BHE requereix encara més esforgos, ja que sabem que el rt-PA contribueix a
debilitar-la, entre d’altres mecanismes per I'activaci6 de MMPs (com la MMP-9)
amb la formacié de plasmina durant la lisi del coagul.

Estudis en models animals demostren un augment de la permeabilitat vascular i
un trencament de la BHE en els grups de animals tractats amb rt-PA associat a un
augment de MMP-9 (Pfefferkorn et al.;2003 i Sumii et al.;2002) i que, inhibint
aquesta MMP es manté la integritat de la BHE i es redueix el risc d’hemorragies
intracranials. També sabem que nivells més elevats de MMP-9, tant en pacients
tractats amb rt-PA com en pacients no tractats amb rt-PA, es relacionen amb
majors taxes de complicacions hemorragiques i amb una major extensio

d’aquestes (Montaner et al.;2001 i Montaner et al.;2003a).

L’estudi que s’ha realitzat en diferents arees del parénquima cerebral de malalts
que van morir durant la fase aguda ens demostra una clara immunoreactivitat de
la MMP-9 i de l'activitat gelatinasa al voltant dels vasos/capil-lars sanguinis en les
zones infartades, associada a una infiltracioé de neutrofils carregats de MMP-9.

Tot i aixd, sOn necessaris més estudis en humans en relacié a quins substrats
s’estan degradant i en quina mesura, i sobre la integritat directa de la BHE, que
permetin valorar una terapia dirigida a inhibir aquesta metal-loproteinasa tal i com
han demostrat ja alguns models animals en qué es reduia I'extensi6 de l'infart i el
trencament de la BHE (Asahi et al.;2000 i Jiang et al.; 2001).
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5.6. Perfil temporal del balan¢ angiogenésic-angiostatic

En aquest estudi, demostrem que tant el VEGF com [I'endostatina estan
sobreexpressats ja en la fase hiperaguda de l'ictus isquémic, i que un balang
endogen cap a la inhibicié de I'angiogénesi, es relaciona amb una mala evolucio
neurologica a curt i llarg termini.

Els resultats obtinguts mostren que el balang angiogenésic basal prediu I'evolucio
neurologica durant la fase aguda de l'ictus i també la funcionalitat a llarg termini:
un balan¢ angiostatic sembla deleteri, mentre que un balan¢g a favor de
angiogenesi es relaciona amb una millor evolucidé neuroldgica. D’altra banda,
podria ser que l'augment de permeabilitat de la barrera hematoencefalica
necessaria per l'angiogénesi pogués relacionar-se amb les transformacions

hemorragiques induides pel rt-PA.

Els nostres resultats, confirmen la immediata resposta que es produeix després
de la isquemia, amb una sobreexpressié protéica tant del VEGF com de
'endostatina a nivell plasmatic. Fins al moment actual, els estudis realitzats en
pacients havien explorat la resposta angiogenésica en temps meés tardans
(Krupinski et al.;1994 i 1997, Slevin et al.;2000 i Scheufler et al.;2003). Per tant,
aquest estudi aporta nova informacié temporal i demostra que la resposta
angiogeneésica a la isquémia cerebral comencga dins de les tres primeres hores de

I'ictus tot i que pateix una posterior regulacio.

D’acord amb els nostres resultats del perfil temporal dels 2 biomarcadors, un
estudi utilitzant un model animal de ratoli i un array d’expressié génica demostra
que, nomeés 1 hora post-isquémia, més de 40 gens relacionats amb I'angiogénesi
ja estan sobreexpressats (Hayashi et al.; 2003), tot i que es produeix una
regulacio posterior. Concretament, factors angiostatics com la trombospondina-1
estaven sobreexpressats a més de molts d’altres factors promotors. Un altre
estudi amb un model d’isquémia en rata demostra que la trombospondina-1 fa un
pic d’expressid geénica i protéica en les primeres 4 hores post-reperfusio, seguit
d’'un pic de trombospondina-2 que contribuiria a la maduracié del procés

angiogenésic (Lin T et al.; 2003). Recentment, s’ha vist que en un grup de
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pacients amb estenosis intracranials, els qué presentaven nivells més elevats
d’endostatina, en relacié al VEGF, presentaven un major nombre d’estenosis i
tenien un risc més elevat de recurréncia en la aterosclerosi intracranial

simptomatica (Arenillas et al.; 2005)

En el nostre grup de pacients, la modulacié angiogenésica-angiostatica continua
24 hores després de l'inici dels simptomes. Altres estudis, demostren que la
modulacié temporal d’angiogénesi continua, i que, al voltant de la setmana, es
produeix un pic en la concentracié de VEGF que es manté elevada als 15 dies
(Slevin et al.; 2000). | d’altres, han demostrat també increments en I'expressio tant
de VEGF com dels seus receptors, en la zona limit de l'infart entre 2 i 28 dies
després de la isquémia, coincidint amb un increment de la neovascularitzacio a la
zona i suggerint un altre cop una regulacio espacial i temporal que es correlaciona

amb I'angiogénesi (Zhang et al.; 2002).
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5.7. L’'angiogénesi en la fase aguda de l'ictus: ¢ beneficiosa o

perjudicial?

En relaci6 amb aquesta sobreexpressio inicial de les dues molécules, vam trobar
una correlacidé entre els nivells de VEGF i endostatina i I'evolucié neurologica
després de l'ictus. Els pacients que tenien una bona evolucié i milloraven, eren els
que tenien nivells més baixos d’endostatina i els pacients que sobrevivien, durant
el periode d’estudi, eren els que presentaven uns nivells basals de VEGF més
elevats. Per tant, sembla que neutralitzar o inhibir 'increment inicial d’endostatina
podria ser tant o0 més important que augmentar els nivells de VEGF en el cas que
una possible terapia angiogenésica estigués indicada. Aixi doncs, hem de tenir en
compte una possible terapia angiogenesica ha de valorar també dianes

terapéutiques angiostatiques.

Un punt important, encara per resoldre, relacionat amb els efectes beneficiosos o
no de l'angiogénesi, és la formaci6 de nous vasos sanguinis, immadurs i
inestables, en la fase aguda de I'ictus isquémic. La hipotesis més classica postula
que I'angiogénesi és un mecanisme que s’activa amb la hipoxia per regenerar el
teixit cerebral malmés. En aquesta situacido és necessaria la formacié de nous
vasos sanguinis que incrementin el flux sanguini en la zona afectada per tal
d’aportar nutrients i oxigen. D’altra banda, hi ha hipotesis alternatives més recents
que suggereixen que la sintesi de nous vasos es produeix per facilitar I'entrada de
macrofags, necessaria per a la destruccid i eliminacid del teixit necrotic

(Manookitiwongsa et al.;2001).

En qualsevol cas, un possible efecte advers de I'angiogénesi, per I'efecte del
VEGEF, és l'aparicié de transformacions hemorragiques. Durant la fase d’sprouting
els vasos incrementen la seva permeabilitat vascular i la barrera hematoencefalica
es troba momentaniament oberta per permetre la migracid de les cellules
endotelials, situacié que implica un risc d’extravassacio del contingut hematic i per
tant d’hemorragia (Zhang et al.;2000 i Valable et al.;2005). La qual cosa suggereix
bloquejar farmacologicament el VEGF per tal de reduir 'edema cerebral relacionat

amb la reperfusiéo post-isquémia. En relaci® amb aixd, en aquest estudi hem
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observat que els pacients amb transformacions hemorragiques meés extenses
presentaven una nivells basals més elevats de VEGF tot i que el reduit nombre de

pacients amb complicacions hemorragiques no ens permet establir una relacio.

Unes altres molécules relacionades amb el risc de transformacions
hemorragiques son les metal-loproteinases. Tant en la fase d’sprouting com en la
de maduraci6, és necessaria una remodelacio de la matriu extracel-lular on
aquestes proteases prenen gran protagonisme (Pepper MS;1997 i Heissig et
al.;2003). Hem vist que, els nivells de MMP-9, tant en sang periférica com en teixit
cerebral, es relacionen amb [l'aparici6 de complicacions hemorragiques
intracranials (Montaner et al.;2001 i Laphack et al.;2000) i, recentment, s’entan
demostrant importants correlacions entre els nivells de VEGF i MMP-9 relacionat

amb el trencament de la barrera hematoencefalica (Valable et al.;2005)

Per tant, un efecte col-lateral important en el procés d’angiogénesi post-isquémia
és el risc d’hemorragies intracranials, que pren més importancia en I'administracio
de rt-PA en la fase hiperaguda. Aixi doncs, respecte a la possible terapia
angiogenésica després de l'ictus amb VEGF i amb I'administracié de trombolitics
com d’rt-PA, els nostres resultats indiquen que seria una terapia passada la fase
hiperaguda la que ajudaria a una millor recuperacio neurologica després de l'ictus,
mentre que en les primeres hores inhibir I'angiogenesi podria protegir el

trencament de la barrera hematoencefalica i reduir els fendmens hemorragics.

Tenint en compte que hem observat que els nivells elevats de VEGF es
relacionen amb l'aparicié de transformacions hemorragiques més extenses, i que
en la fase hiperaguda de [lictus sabem que hi ha un augment de
metal-loproteinases de matriu relacionades també amb ['aparici6 de
transformacions hemorragiques, creiem aquesta és una altra radé de pes per
regular l'expressié daquestes MMPs en la fase hiperaguda de [lictus;

especialment si el malalt ha de rebre un tractament trombolitic.

Finalment, tot aixd ens duu a la conclusié que una modulacié temporal adequada

del procés, i d’algunes de les molécules implicades a nivell local, pot oferir noves
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perspectives terapeutiques molt beneficioses, que en un futur podrien formar part

d’'una terapia combinada en fase aguda de l'ictus isquémic.

Tot i aixd, sén necessaris futurs estudis on es valorin balangos angiogenésics més
complets, aixi com també valorar I'expressio de biomarcadors d’angiogenesi amb
imatges de ressonancia magnetica que ens mostrin I'estat en qué es troba el

teixit.
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5.8.

Implicacions directes dels resultats

Dels resultats obtinguts en aquests estudis, se’n deriven diferents implicacions :

Consolidacié de l'is de la MMP-9 com a biomarcador i predictor de
'extensié de la lesio, de I'evolucio neurologica, del creixement de I'infart o

de I'aparicié de complicacions hemorragiques.

Tal i com mostraven estudis en sang periférica, la microdialisi in vivo
demostra una rapida sobreexpressio de MMP-9 en el teixit infartat que es

podria regular mitjangant tractaments com la hipotermia.

La inhibicié de la MMP-9 en la fase hiperaguda de l'ictus pot formar part
d’'una terapia combinada per aturar el creixement tant de l'infart com de

’hematoma, perd també per millorar I'eficacia del tractament trombolitic.

S’ha de valorar I'activaciéo de l'angiogenesi, sobretot en relacié amb la
sobreexpressio de metal-loproteinases ja que, en la fase aguda, pot
contribuir a augmentar les complicacions hemorragiques secundaries al

tractament trombolitic.
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6. CONCLUSIONS
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En la fase hiperaguda de l'ictus isquemic, els nivells plasmatics
d’MMP-9 i també d’MMP-13 es relacionen amb un increment de la
lesio en difusio ja en les primeres 24 hores, essent predictors
independents del creixement de I'infart en pacients que posteriorment

es tracten amb rt-PA.

Els nivells tissulars de MMP-2 i MMP-9 monitoritzats in vivo per
téecniques de microdialisi cerebral des de la fase hiperaguda de l'ictus,
mostren que el contingut de MMP-9 és maxim en la fase més aguda i
gue és més elevat en el core que en I'area periinfart, decreixent amb el
temps en les dues zones. La induccié de la hipotérmia redueix els
nivells tissulars de les dues gelatinases, mentre que, amb el
recalentament, I’expansio de l'infart i la craniotomia descompressiva

augmenten.

En el teixit cerebral, hi ha una sobreexpressiéo maxima de MMP-9 en el
core de l'infart pero també en les zones periinfart en relacié a
I’lhemisferi contralateral. La producci6 de MMP-9 es localitza
principalment a la zona vascular/perivascular associada a la infiltracio
de neutrofils carregats de MMP-9 i també en cel-lules del teixit nervios
com la microglia, neurones i alguns macrofags. El teixit cerebral més
immediat a I’hematoma intraparenquimatdés (zona perihematoma)

presenta també alts nivells de MMP-9.

La complexa modulacié de I'angiogeéenesi, en el temps i en I'espai, és
clau en la fase hiperaguda/aguda per tal de mantenir estable la barrera
hematoencefalica durant la resposta neuroinflamatoria i millorar la
perfusio cerebral a mig-llarg termini. Promotors, inhibidors i diferents

MMPs participen en el procés d’angiogénesi.

La producci6 de molecules pro- i anti-angiogenésiqgues esta
incrementada en la fase hiperaguda de [lictus. Nivells elevats
d’endostatina es relacionen amb una pitjor evoluciéo neurologica,
mentre que nivells elevats de VEGF poden associar-se a l'aparicio i

extensié de complicacions hemorragiques.
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8. ANNEXOS
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8.1. Acronims i Abreviacions

ACM: Arteria Cerebral Mitja

ADN: Acid Desoxiribonucleic

bFGF: de I'anglés basic Fibroblast Growth Factor

BHE: Barrera Hematoencefalica

CBV: : de I'anglés Cerebral Blood Volume

DAPI: de I'anglés Diamidino-phnylindole

DWI: de I'anglés Diffusion Weighted Image

EDTA: de I'anglés Etilendiaminotetracetic

ELISA: de I'anglés Enzyme-Linked Immunosorbent Assay
eNOS: de I'anglés endothelial Nitric Oxide Synthasa

FITC: de I'anglés Fluorescein Isohiocyanate

HGF: de I'anglés Hepatocyte Growth Factor

HIF-1 de I'anglés Hipoxia Inducible Factor

ICAM: : de I'anglés Intercellular Adhesion Molecule

IL- : interleuquina

LRP de I'anglés Low Density Lipoprotein Receptor-related Protein
MCP-1: : de I'anglés Monocyte Chemoattractant Protein
MMP: de I'anglés Matrix Metalloproteinase

MT-MMP: de I'anglés Membrane-Type Matrix Metalloproteinase
NIHSS: : de I'anglés National Institutes of Health Stroke Scale
NMDA: : de I'anglés N-Metil-D-Aspartat

NO: de I'anglés Nitric Oxide

PDGF: de I'anglés Platelet Derived Growth Factor

PWI: : de I'anglés Perfusion Weighted Image

RM: Ressonancia Magnética

rt-PA: de I'anglés recombinant tissue Plasminogen Activator
TAC: Tomografia Axial Computeritzada

TGF: de I'anglés Transforming Growth Factor

TIMP: de I'anglés Tissue Inhibitor of Metalloproteinase

TNF: de l'anglés Tissue Necrotic Factor

TTP: de I'anglés Time-To —Peak

VCAM: de I'anglés Vacular Cell Adhesion Molecule

VEGF: de I'anglés Vascular Endothelial Growth Factor
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