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INTRODUCCIO

1. L'ICTUS

Lfictus és la major causa d’invalidesa i la segona major causa de mort al mon,
amb 6,2 milions de morts per any segons 1'Organitzaci6 Mundial de la Salut

(http://www.who.int/mediacentre/factsheets/fs310/en/). De fet, es preveu que la

incidencia de l'ictus augmenti en paral-lel a 'augment en I'esperancga de vida mitja,
amb aproximadament 14 milions de casos nous d’ictus als Estats Units en els
seglients 18 anys, suposant un cost sanitari pel 2030 d’uns 143 bilions de dolars.
Es creu que només a Alemanya, es donaran 3,5 milions de nous casos d’ictus en els
propers 20 anys, amb un cost de 110 bilions d’euros. Aquestes importants xifres
economiques contrasten amb el fet que només existeix un sol tractament per
l'ictus isquémic que és la trombolisi, i que només és aplicable en les primeres fases
de la trombosis (3-4,5h). Tot i la gran activitat investigadora, més de 286 assajos
clinics d’isquemia cerebral en humans han fracassat

(http://www.strokecenter.org/trials/)

El cervell és un organ altament depenent del continu aport de glucosa i
oxigen. La interrupciéo d’aquest aport, ja sigui per un vessament o obstruccio
vascular, pot comportar la mort cel-lular i neuronal en pocs minuts (Hossmann,
2006). El cervell rep el subministrament del flux sanguini des de quatre grans
arteries, les carotides i les arteries vertebrals, que s’'uneixen a la base de I’encefal
per formar el poligon de Willis (Mamatha et al., 2012). Les arteries naixents
d’aquesta estructura voregen la superficie del cervell, donant lloc a les arteries
pials (Iadecola and Nedergaard, 2007). Aquestes arteries es bifurquen en vasos
meés petits, que penetren al parénquima cerebral donant lloc a les arterioles i
artéries penetrants (figura 1) que finalment ramifiquen en vasos més petits fins

arribar als capil-lars que és on té lloc 'aport de nutrients a les cel-lules neurals.
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Figura 1. Estructura arterial. Els astrocits es troben a prop dels vasos cerebrals i
les sinapsis nervioses. Les arteries pials descansen en les cel-lules glia limitants,
que envolten la superficie del cervell. Les arterioles penetrants estan envoltades
pels peduncles dels astrocits que expressen proteines especialitzades que
contribueixen a la homeostasi cerebral (Extret de ladecola C & Nedergaard M,

2007).

El metge del segle XVII Johan Jakob Wepfer va descriure per primer cop el
fenomen de la isquemia (Historiae apoplecticorum, 1658). La isquemia consisteix
en la davallada sobtada del flux sanguini cerebral que si té una durada suficient
comporta mort neuronal (Dirnagl et al., 1999). Les neurones s6n més vulnerables
que la glia i les cel-lules vasculars, i quan pateixen hipoxia-isquemia esdevenen

rapidament disfuncionals i moren (Lipton, 1999).

18




INTRODUCCIO

Aproximadament el 80% dels ictus son isquemics fruit d'una oclusié d’'una
arteria cerebral, mentre que el 20% restant s6n hemorragics o vessaments
(trencaments de vasos cerebrals)(Adibhatla and Hatcher, 2008). Es freqiient la
isquemia produida per l'obstrucci6 de l'arteria cerebral mitja (ACM). En la
isquemia focal, que afecta un territori arterial cerebral concret, el dany és més
rapid i intens en el centre del territori infartat, anomenat nucli isquémic, on el flux
és més baix i moren rapidament les neurones majoritariament per un procés de
necrosi (Moskowitz et al, 2010). En funci6 del grau de disminuci6é del flux
sanguini en el nucli isquemic, les neurones d’aquesta zona poden ser
irrecuperables, i per tant no hi ha una finestra terapeéutica que podem aplicar per

salvar-les.

A la periferia de la regi6 isquemica, anomenada penombra, la mort
neuronal s’esdevé més lentament perque el flux sanguini provinent de la
vasculatura adjacent (flux colateral) manté la perfusi6 cerebral per sobre del
llindar de la mort cel-lular immediata. En aquest territori la mort cel-lular
normalment va lligada a vies de senyalitzacié pro-apoptotiques. Clinicament, les
neurones periféeriques al nucli isquémic tenen la funcionalitat afectada pero es
mantenen viables durant un temps despres de la reperfusié. El fet que la mort
neuronal esdevingui de forma més tardana en la zona de penombra, dona més
marge d’accié6 per poder fer intervencions destinades a prevenir la perdua

neuronal (Liebeskind and Sanossian, 2012).

Just després de l'oclusié arterial es produeixen mecanismes de
excitotoxicitat que danyen les neurones i la glia. Posteriorment aquests fenomens
desencadenen tot un seguit de respostes, com respostes inflamatories i
immunitaries, i s’activen vies de senyalitzaci6 de mort programada, que poden
contribuir a la mort del teixit (Dirnagl et al., 1999). Per una altra banda, el teixit
cerebral és capa¢ de respondre a la majoria d’aquestes senyals nocives induint
mecanismes protectors com l'activaci6 de mecanismes d’anti-excitotoxicitat,
'activacié de vies anti-inflamatories, anti-apoptotiques, de reparacié i finalment
induint la regeneracio. Perd aquests mecanismes protectors no son suficients per

contrarestar els senyals de mort (figura 2).
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Figura 2: Contribucions perjudicials i beneficioses després d’'un accident
cerebrovascular en el temps. BM, moll de l'os; COX-2, ciclooxigenasa 2; EPO,
eritropoeitina; IL-1, interleucina-1; MMP, proteases de la matriu extracel-lular; OFR,

radicals lliures d’oxigen (Extret de Dirnagl U, 2012).

1.1. Factors de Risc

L ’ictus esta associat a la presencia de factors de risc. Un d’ells és I'edat, que
correlaciona amb una major mortalitat i pitjor pronostic (Fromm et al., 2011). Un
altre dels riscos associats és el sexe, ja que els homes presenten una major
incidencia d’isquémia comparat amb dones de la mateixa edat (Roger et al., 2012).
Tot i aixi, en les dones que pateixen un ictus cerebral, aquest és més greu i
presenten una pitjor recuperacid i major grau d’invalidesa (Appelros et al., 2009;
Niewada et al., 2005). Evidencies experimentals en ratolins de la mateixa edat,
posen de manifest que les femelles presenten una menor inflamacio, fet que s’ha
atribuit, al menys en part, a I'efecte beneficios dels estrogens que desapareix amb
la menopausa (Liu et al., 2009).

Altres factors de risc fortament associats a la isquémia son la diabetis
(Huxley et al., 2011; VanGilder et al., 2009), la hipertensio (Vasilevko et al., 2010) i

'obesitat (Stapleton et al., 2010).
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1.2. Isquémia/reperfusio: la trombolisi

Si l'ictus isquemic és diagnosticat rapidament, es pot restablir el flux
sanguini restituint la circulaci6 de nutrients i oxigen (Sanderson et al., 2013). La
recanalitzacié dels vasos ocluits es pot aconseguir amb 'administracié d’agents
trombolitics ('activador del plasminogen tissular recombinant, rtPA), retirant la
obstrucci6 arterial mecanicament, o bé per combinacié de les dues (Amaro et al,,

2013).

La reperfusi6 és la millor manera de protegir el cervell del dany isquemic, i
la trombolisi amb rtPA és I'inic tractament aprovat a Europa i els Estats Units pel
tractament de l'ictus isquémic. En models experimentals també s’ha demostrat
que l'oclusid transitoria de la ACM seguida de reperfusié causa menys dany que
I'oclusié permanent en un model en rata (Memezawa et al,, 1992; Rogers et al,,

1997), indicant la importancia de recanalitzar I'artéria a temps.

Tant l'administracié6 dels agents trombolitics intra-arterials com la
recanalitzacid6 mecanica van demostrar millor pronostic que l’administracid
intravenosa sola (Mazighi et al., 2009; Nogueira et al., 2012), pero encara s’ha de
fer més estudis que demostrin el benefici de la trombolisi intra-arterial, que no

esta absenta de riscos.

Els primers assajos clinics pel tractament de la isquemia cerebral aguda
amb agents trombolitics van comengar el 1987. L’estudi més fonamental per tal
d’establir l'eficacia del tractament amb I'activador del plasminogen tissular
recombinant (rtPA), dut a terme al National Institute of Neurological Disorders and
Stroke (NINDS), va ser completat i publicat el 1995 (Marler, 1995) amb
I'aprovacié com a tractament per la Food & Drug Administration (FDA) el 1996. Un
gran nombre d’estudis van sorgir posteriorment establint l'eficacia i la

generalitzaci6 d’aquest tractament.

Per tant a la decada dels 90, la “decade of the brain”, amb l'ajut de molts
estudis arreu del mén es va poder determinar una finestra de tractament
trombolitic per a la isquemia que es limitava a les primeres 3 h després de l'inici

dels simptomes i que posteriorment es va estendre a 4,5 h (Hacke et al., 2008).
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La trombolisi fa referencia a la transformacié de plasminogen a plasmina i
a una cascada subseqiient d’esdeveniments que comporta la degradacio de
coaguls de fibrina (Vassalli et al., 1991). El plasminogen és una glicoproteina de

cadena simple abundant al plasma sanguini huma i en fluids extracel-lulars.

Els activadors de plasminogen tissue plasminogen activator (tPA) o bé
urokinase plasminogen activator (uPA) catalitzen la conversid proteolitica del
zimogen plasminogen a la proteasa plasmina activa, que pot degradar fibrina i
altres proteines de la matriu extracel-lular. L’activitat de uPA i tPA pot ser inhibida
per dos inhibidors dels activadors del plasminogen, PAI-1 i PAI-2, i I'activitat de
plasmina pot ser inhibida per la a-2-antiplasmina (Hovsepian and Karceski,
2013).

El plasminogen s’uneix a receptors cel-lulars especifics. Aquesta unio a la
cél-lula té un nombre important de conseqtiéncies. En primer lloc, es produeix la
proteolisi del plasminogen a plasmina activa. Aquesta plasmina activa romandra
unida a la cel-lula, guiant una cascada proteolitica que remodelara la matriu
extracel-lular. En segon lloc, la unié de plasmina a la membrana cel-lular la fa
inaccessible als inhibidors fisiologics que solen inactivar la plasmina soluble, com
la a-2-antiplasmina o la a-2-macroglobulina. Finalment, el plasminogen s’uneix a
receptors especifics permetent que la cel-lula reguli la proteolisi. Alterant
I'expressio i/o distribuci6 de receptors especifics pel plasminogen, la cél-lula pot
temporal i espaialment regular la potenciaci6é de I'activitat de plasmina a la seva

superficie.

El tPA i el sistema plasminogen/plasmina té funcions en situacions normals i
fisiologiques i patologiques (Cesarman-Maus and Hajjar, 2005; Hacke et al., 2008;
Sakharov et al.,, 1999; Samson and Medcalf, 2006; Strickland, 2001; Tsirka et al.,
1995; Yepes and Lawrence, 2004). Aixi, s’expressa de manera elevada en
hipocamp, hipotalem, cerebel, i amigdala (Friedman and Seeds, 1994). A més, es
coneix que el tPA modula la mort neuronal en models d’isquemia, excitotoxicitat, i
estres oxidatiu (Yepes et al., 2009).

El tPA és I'tinic tractament disponible per a la isquemia cerebral. Degut a
les seves propietats fibrinolitiques, pero, el tPA té diversos efectes en cervell, a

nivell tant de plasticitat sinaptica com de desti cel-lular (Minor et al., 2009). Per
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tant, durant la isquemia, el tPA promou la trombolisi perd hi ha evidencies
experimental que suggereixen que també pot incrementar la mort neuronal. El
tPA pot interactuar sobre receptors de N-metil-D-aspartate (NMDA), promovent
excitotoxicitat, mort neuronal i pot activar la microglia (Gasche et al.,, 2006). Per
una altra banda, també pot provocar trencament de barrera hematoencefalica
BHE, alterant les concentracions en plasma de metal-lo proteinases de matriu
(MMPs) i d’inhibidor de metal-lo proteinases de matriu tissular, (TIMPs) fent que
el tPA contribueixi al dany (Michalski et al.,, 2012).

Tenint en compte els possibles efectes adversos del tPA, s’han fet estudis
moleculars per tal d’inhibir aquests efectes perjudicials. Recentment s’ha patentat
una estrategia interessant on els autors han trobat que las proteines que consten
d’'un domini kringle o anticossos que s'uneixen especificament en el domini
aminoterminal de la subunitat NR1 del receptor de NMDA (també anomenat com
'anticos anti-ATD-NR1) s6n actius a dues dianes rellevants pel comportament del
tPA : la BHE i el receptor de NMDA, presentant activitat vasoprotectora i
neuroprotectora. Aquest anticos i la proteinasa que contenen dominis kringle,
funciona com un inhibidor de tPA (Lopez-Atalaya et al., 2008; Petersen and

Vivien, 2011; Spuch and Navarro, 2010).

1.3. Estudis experimentals

1.3.1. Models d’isquémia en animals

Els models experimentals d’isquemia es poden classificar segons una
amplia varietat de factors com poden ser l'especie, els mecanismes d’oclusio,
I'etiologia de l'ictus o organ infartat, presencia o absencia de reperfusio (isquémia
transitoria o permanent), regi6 infartada o territori vascular afectat i finalment,

una combinacio de tots ells (Braeuninger and Kleinschnitz, 2009).

Podem fer una sub-classificaci6 atenent al fet que la isquemia sigui global,

focal o multifocal (figura 3). Dins aquesta classificaci6 els podem dividir segons si
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son intravasculars o extravasculars i a més també, si son transitoris o permanents

(Braeuninger and Kleinschnitz, 2009).

Cerebral Ischemia Etiology Reperfusion (transient ischemia) or Examples
permanent ischemia

Global (complete or incomplete) = model Intravascular  Transient or permanent Cardiac arrest with or without
of circulatory arrest or severe cardiopulmonary resuscitation
hypotension

Extravascular Transient or permanent Cervical compression by neck cuff;
ligation of several brain-supplying
arteries

Focal Intravascular ~ Transient or permanent Intraluminal thread middle cerebral
artery occlusion model

Extravascular ~ Transient or permanent Surgical middle cerebral artery
occlusion models using ligation, clipping,
electrocauterization etc.; endothelin-|-
induced middle cerebral artery
occlusion

Multifocal Intravascular  Transient (spontaneous lysis or Embolization models using blood clots,
thrombolytic therapy possible in blood microspheres or other embolus
clots) or permanent material

Figura 3: Resum dels models experimentals d’isquémia cerebral

(Extret de S Braeuninger et al., 2009).

S’han descrit molts models d’isquemia en diferents especies animals com
en jerbus (Levine and Payan, 1966), cabra (Torregrosa et al, 1998), ovella
(Terlecki et al., 1967), gat (Nakahara et al., 1991), gos (Fisk et al., 1969), primats
(Hudgins and Garcia, 1970), conill (Zhang et al., 1995), rata (Brint et al., 1988) o
ratoli (Connolly et al., 1996).

El model d’oclusié de 'artéria cerebral mitja s’utilitza des de I'any 1975
(Robinson et al., 1975). El nostre laboratori n’ha fet Us per tal d’estudiar la
patologia a través dels models d’isquémia intraluminal transitoris i permanents
de rata i ratoli (Hossmann, 1998). En la rata el model inicialment més emprat va
estat descrit per Tamura i col-laboradors I'any 1981 (Tamura et al., 1981). Aquest
model requereix realitzar craniotomia i per tant és molt invasiu, per aixo es va
modificar posteriorment per assolir 'oclusié de l'artéria cerebral mitja sense

craniotomia a través d’'un metode d’oclusi6 intraluminal (Longa et al., 1989).
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El model intraluminal transitori consisteix en introduir un filament de nilé
a través de l'arteria carotida comuna fins a ocluir l'inici de la base de l'artéria
cerebral mitja. Transcorreguts els minuts necessaris d’oclusid, es retira el filament

i es re-canalitza el vas per tal de restablir el flux sanguini al cervell.

El desenvolupament de models d'isquéemia cerebral animal és
imprescindible per a l'estudi de la patofisiologia i de l'eficacia de diversos
tractaments. Tot i aixi, aquests models presenten un cert nombre de limitacions.
Principalment, els models reprodueixen només alguns aspectes de la patologia
humana i normalment es porten a terme en animals joves i préviament sans,
mentre que l'ictus succeeix predominantment en persones d’edat avancada, i amb
factors de risc com la hipertensio arterial, arteriosclerosi, diabetis, obesitat,

tabaquisme, entre altres.

Una altra de les limitacions dels models animals és la diferéncia en les
respostes immunes i moleculars entre rosegadors i humans. En humans
predominen els neutrofils circulants (50-70%) mentre que en rosegadors
predominen els limfocits (75%-90%) (Mestas and Hughes, 2004). Per una altra
banda, moltes de les molecules relacionades amb la resposta immune com nitrit
oxid sintasa induible (iNOS), receptor purinergic 7 (P2X7), receptor toll-like
TLR2, proteines de presentacié d’antigen, immunoglobulines o quimosines, s6n
diferencialment expressades en ratoli i huma, o fins i tot, son presents en una
especie i no en l'altre (Mestas and Hughes, 2004). Conseqiientment, la resposta
immunitaria inicial pot diferir quantitativa i qualitativament entre humans i
ratolins. L'impacte d’aquestes variacions s’ha de considerar a I'hora d’extrapolar

en humans els resultats trobats en models animals.

Per tant, a I'hora de plantejar un assaig preclinic d’isquemia, cal tenir en

compte les consideracions seglients (Braeuninger and Kleinschnitz, 2009).

1) AT’hora d’escollir I'especie, els rosegadors, com ratolins i rates, presenten molts
avantatges relacionats amb les consideracions etiques, el seu baix cost comparatiu
amb altres espeécies, i la seva practicabilitat. L'obtenci6 de resultats prometedors

en aquesta i altres espécies requerira considerar la possibilitat de realitzar estudis
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en primats. Aquests presenten l'avantatge principal de trobar-se molt propers
evolutivament a I'’huma, amb més similituds amb el cervell huma donat que tenen

el gir encefalic.

2) Dins d’'una mateixa especie animal, els resultats (tant positius com negatius)

obtinguts en una soca haurien de confirmar-se en altres soques.

3) Els estudis es faran en primer lloc en animals mascles joves, que presenten
avantatges com ’homogeneitat i la reproductibilitat de resultats. A continuacio, es
repetiran en femelles i en animals més vells que presenten

diferents comorbiditats, més propers a la situacio real que s’observa en la clinica.

4) A I'hora d’escollir el model d’isquémia, cal triar aquell més idoni per al tipus de
farmac a testar. Aixi, és preferible triar un model tromboembolic per a I'avaluacié
de farmacs trombolitics. També cal destacar que és preferible I'is de models de
reperfusié per davant de models isquemics permanents, ja que el primer és el més
comu en humans amb la implantaci6, cada vegada més estesa, del tractament
trombolitic en pacients. Tot i aixi, és convenient provar els tractaments en ambdéds

models.

5) En el cas del metode anestesic, 'anestésia inhalatoria sol ser millor que la
d’administraci6 intravenosa o intraperitoneal, donat que sol ser més rapida tant
en la inducci6é com a I'hora de despertar I'animal. En general, és preferible evitar

I'ts de barbiturics, donat que poden interferir amb I'estudi.

6) Cal definir criteris d’inclusié-exclusio previs a I'estudi.

7) Es important realitzar estudis farmacocinétics i establir corbes dosi-resposta.

D’aquesta manera es pot determinar la millor dosi i finestra terapeutica.

8) Cal treballar amb emmascarament dels grups experimentals, tant pel que fa al
tractament com als diferents animals transgenics. Aquest metode implica no

coneixer quin farmac s’administra, ni el genotip dels animals que s’estan utilitzant
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fins al final de I'estudi, encara que en alguns casos les diferéncies fenotipiques

aparents fan aquesta premissa impracticable.

9) Monitoritzar parametres fisiologics rellevants per tal de minimitzar la
variabilitat pot ser important per l'estudi, ja que poden aportar informacid extra i

afavorir una millor interpretacid dels resultats.

10) Cal considerar el volum d’infart, realitzar avaluacions neurologiques i de

comportament, avaluacions histologiques, bioquimiques i moleculars.
11) Idealment es faran estudis a temps curts i a temps llargs. L'is de la imatgeria
per ressonancia magnetica pot ser molt util perque no és nociva per I'animal,

permet extreure’n moltes dades informatives i permet fer estudis longitudinals

que donen informaci6 d’'un mateix individu al llarg del temps.

12) El protocol d’administracié farmacologica ha de ser rellevant per la posterior

aplicaci6 en humans, afavorint la medicina translacional.

13) Considerar terapies combinatories com farmacs neuroprotectors i trombolisi.

14) Es necessari publicar els resultats, ja siguin positius o negatius.

15) Es requereix d’'una confirmacio dels resultats en altres laboratoris.

16) Finalment, cal coordinar la investigacio clinica i els estudis preclinics.

1.3.2. Técniques de neuroimatge

La finestra temporal tan reduida del tPA fa necessari que el pacient sigui
diagnosticat rapidament per poder descartar els ictus hemorragics per tal d’aplicar
el tractament trombolitic. Segons el moment en que ens trobem després de I'oclusid

del vas i dels fenomens cel-lulars que ocorren tant en la part infartada com en el
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parenquima del voltant, podem realitzar estudis de ressonancia magnetica amb

diferents técniques i seqliencies d’escaneig.

Isquéemia aguda menys de 12 hores després del ictus

Avui en dia es pot diagnosticar rapidament i els nous escaners d’alta resolucio
d’altima generacié augmenten la capacitat d’estudiar zones determinades (Marks
and McNeil, 2009; Tomandl et al., 2003).

La tomografia computeritzada (CT) és una tecnica rapida i ampliament
utilitzada en hospitals, que permet detectar la isquémia aguda. Permet identificar
les hemorragies i per tant seleccionar als pacients que poden beneficiar-se d’'una
reperfusié primerenca (Ambrose et al., 2011).

La imatge de difusié (DWI) permet quantificar amb els mapes de coeficient de
difusié aparent (ADC) el volum del nucli isquémic (teixit afectat no rescatable),
mentre que la combinacié d’'imatges de DWI i de perfusiéo (PWI) permet identificar
la penombra o teixit potencialment candidat a ser salvat (Lev et al, 2001) que
manifesta alteracions de PWI pero no de DWI. S’estableix que una diferéncia entre
DWI/PWI >5-6 segons és relativament predictiva del teixit afectat que esdevindra
infartat si aquest no és recanalitzat (Olivot et al., 2009).

Els primers simptomes d’isquémia es manifesten amb un augment d’aigua en
el teixit infartat que es tradueix en un enfosquiment de la imatge d’ADC comparat
amb les estructures no afectades o teixit sa (Minematsu et al., 1992; Moseley et al,,
1990). En el primers minuts, la isquemia ja es detecta en els mapes ADC. Aquest
parametre mesura el moviment brownia de l'aigua. La caiguda en els nivells d’ATP
durant la isquemia resulta en canvis en les bombes de sodi-potassi que provoca un
increment d’aigua intracel-lular, causant finalment una contracci6 de l'espai
extracel-lular. Aquests canvis originen una disminuci6 en el moviment brownia que
pot ser detectat (Gonzalez et al., 1999; Schaefer et al., 2000; Stejskal and Tanner,
1965).

L’augment d’aigua en el teixit resulta en un augment del temps de relaxacio en

imatges de tipus T1 i T2. El parametre T2 és més sensible a aquests canvis que T1,
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donat que a 24h el 90% dels pacients mostren canvis en imatges T2 i només el 50%

mostren canvis en imatges T1 (Marks and McNeil, 2009).

Fase subaguda (2 dies-2 setmanes):

Degut al trencament de la BHE i a la presencia de cel-lules necrotiques es
produeix un augment de fluids extracel-lulars. Aquest fenomen té lloc durant les
primeres 18-24h i esdevé maxim entre les 48-72h (Yang and Rosenberg, 2011).

En aquesta fase, les imatges mostren un major edema vasogenic i una
possible cicatriu depenent de la localitzaci6 i mida de 'infart. Per a les imatges T1,
el seu maxim d’intensitat o moment Optim és a finals de la primera setmana,
mentre que els valors d’ADC presenten una caiguda durant al voltant 3-5 dies. En
els segiients dies, aquest valor incrementara i finalment es normalitzara a les 2-4

setmanes (Sotak, 2002).

Fase cronica (2 setmanes-2 mesos):

En aquesta fase s’inicia la restauracié de la BHE, es resol I'edema i es “neteja”
el teixit de cel-lules necrotiques. Patologicament, aquesta fase es caracteritza per
una atrofia local del cervell, I'aparicié de la cicatriu glial, la formacié de cavitat o
perdua de teixit, i 'expansié/dilatacié del ventricle adjacent (Marks and McNeil,
2009; Tomandl et al., 2003).

L’analisi amb mapes T2* permet detectar la calcificaci6 i deposicié de
productes de la sang. Amb histopatologia s’ha detectat l'aparicié6 d’'una banda
cortical de necrosi amb neurones mortes, glia i degradacié al voltant de vasos
sanguinis (Kemper et al, 2010). La imatgeria de ressonancia magnetica T1 i
seqiiencies FLAIR mostren una hiperintensitat en el cortex que es fa evident a
partir de les 2 setmanes després de la isquémia i que és més notoria al cap de 1-3

mesos (Sitburana and Koroshetz, 2005).

Per tant, quan un pacient arriba a I'hospital, immediatament se li practica
una CT o una ressonancia magnetica (RM) per determinar si 'ictus és isquemic o

hemorragic i avaluar I’extensid de la lesio. L’angiografia mostra 'anatomia vascular
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mentre que la CT i la RM aporten parametres com processos fisiologics, el volum de
lesid i fins hi tot el flux sanguini cerebral. La informacié obtinguda amb la CT o RM

permet decidir si s’aplica o no la recanalitzacié i si cal donar el tractament de tPA

per tal de recanalitzar el vas (Lev et al,, 2001).
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Figura 4: Seleccié de la modalitat d’escaneig segons el temps d’oclusié (Extret de

Hametner C, 2012).
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2. Inflamacid i immunitat en la isquémia

2.1. Unitat Neurovascular

El fracas en molts dels assajos clinics en malalts d’ictus s’ha atribuit en part
al fet que molts d’ells s’han adrecat a la millora de la unitat fonamental del cervell
que és la neurona. La tendencia actual consisteix en I'analisi des d’'una perspectiva
global del cervell i sistemica de l'individu. D’aquesta manera neix, doncs, el
concepte d’unitat neurovascular (figura 5), que posa emfasi al fet que les
neurones, astrocits, cel-lules musculars de la vasculatura, cel-lules endotelials,
pericits, lamina basal i matriu extracel-lular interactuen de manera dinamica en la
patologia de la isquemia (del Zoppo, 2009). Pero per poder identificar el paper
que juga cadascun d’aquests elements en la malaltia, cal un analisi detallat de la

patologia i funcions de cada tipus cel-lular.

Oligodendrocyte
Microglia Depolarization
Activation Cellswelling Pericyte
Phagocytosis Ca**overload Constriction
Free radicals Excitotoxicity TGF-p
Cytokines Mito depolar. PDGF-p
Chemokines Free radicals
DNA damage
Necrosis
PCD
Endothelium

Adhesion
BBBdisruption

Neuron MMPs
Depolarization / Proteases
Cellswelling
Ca-overload
Excitotoxicity
Mitodepolar.
Free radicals Immune cells
DNA damage Transmigration:
Necrosis Neutrophils
PCD E_CZ‘”“’_ " Monocytes
popeptides T cells, including Tregs,
Astrocyte FoEy Y T cells and
Cellswelling HMGB1 B cells
Depolarization Basement AGEs i-NKT
Free radicals membrane and K . Dendriticcells
lon/Excit. ECM Excit. Mast cells
aminoacid Disruption aminoacids
buffering Cytokines
Chemokines

Figura 5: La unitat neurovascular. El complex patobiologic de la lesié i proteccid
després de l'accident cerebrovascular. AGEs, productes finals de glicosilacio
avancada; BBB, barrera hematoencefalica; ECM, matriu extracel-lular; HSPs,
proteines d’estres de calor; MMPs, metallo proteinases de matriu; PCD, mort

cel-lular programada (Extret de Dirnagl U, 2012).
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2.1.1. Astrocits

Els astrocits son les cel-lules més abundants del Sistema Nerviés Central
(SNC) i desenvolupen diverses funcions imprescindibles pel correcte
funcionament del cervell (Molofsky et al, 2012). Participen en la transmissio
sinaptica mantenint ’homeostasi extracel-lular (Parpura and Haydon, 2009),
promouen la supervivencia neuronal en el context de la neuroinflamaci6 (Saijo et
al, 2009) i la hipoxia (Vangeison and Rempe, 2009) i participen en la regulacio
metabolica (Barreto et al., 2011).

A més, els astrocits tenen un paper estructural i funcional junt amb els
pericits i les cel-lules endotelials, ja que els seus peduncles s6n un component
crucial de la BHE (Ballabh et al, 2004). Aquesta estructura, que compren la
vasculatura cerebral, les cel-lules d’astroglia i pericits que I’envolten aixi com la
matriu extracel-lular que forma la lamina basal, constitueix una barrera pel pas
lliure de molecules, ions i cel-lules del torrent sanguini cap al parénquima cerebral
i viceversa (Molofsky et al., 2012).

Els astrocits tenen unions intercel-lulars de tipus gap i adherents que
suposen un mode de comunicaci6 entre ells, (formant una xarxa de comunicacid
intercel-lular) amb I'endoteli i amb les cel-lules circumdants. En aquest sentit, els
astrocits juguen un paper important en la regulacié del flux sanguini cerebral i la
permeabilitat de la BHE (Attwell et al., 2010; Takano et al,, 2006). Aixi, el mal
funcionament dels astrocits pot alterar la integritat de la BHE mitjancant factors
secretats i modificant el volum d’aigua a través dels canals d’aquaporina que
expressen en la membrana (Gundersen et al,, 2013). La importancia d’aquest tipus
de canals s’ha descrit sobre tot pel que fa a l'aquaporina-4 (AQP4), a la que
s’atribueix un paper fonamental en la formacié de '’edema cerebral que s’observa
despres d’un episodi isquemic en animals d’experimentacié (Nicchia et al., 2003).

Altres respostes especifiques dels astrocits a la isquémia inclouen la sobre
expressid de factors glicolitics i angiogenics (Ohab et al., 2006). Per tant, els
astrocits sén candidats potencials per intervencié en la isquemia i s’estan

convertint en dianes prometedores per una terapia eficac en la isquemia cerebral.
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2.1.2. cCél-lules vasculars

Els vasos cerebrals reaccionen a la isquémia amb respostes inflamatories. En
estadis inicials es produeixen citocines, com factor de necrosi tumoral a (TNF-a) o
Interleucina 1  (IL-1B), en cel-lules vasculars i perivasculars. Posteriorment,
s'indueix l'expressi6 de molécules d’adhesi6 com molécula d’adhesid
intercel-lular-1 (iCAM-1) i E-selectina (Zhang et al., 2009; Zhang et al., 1997).
Aquestes integrines promouen el rolling leucocitari i en faciliten I'adhesio (Zhang
etal., 1998).

Per altra banda, en les cel-lules endotelials, I'estres oxidatiu redueix la
disponibilitat d’oxid nitric (NO), un potent vasodilatador i un inhibidor de
I'agregacié plaquetaria i I'adhesié leucocitaria. La pérdua de les propietats
beneficioses del NO fa que el dany per isquemia s’exacerbi degut a la reduccié de
flux sanguini en el territori isquémic (Atochin et al., 2007). En condicions d’estres
oxidatiu, el NO pot donar lloc a peroxi nitrits que poden nitritirosinar proteines

modificant-les irreversiblement (Tajes et al., 2013).

Les cel-lules endotelials dels capil-lars sanguinis estan envoltades per
cél-lules perivasculars anomenades pericits. Aquests son essencials pel
funcionament de la unitat neurovascular, per 'estabilitzacié6 i maduracié dels
capil-lars, aixi com també per la formacié de la BHE (Dore-Duffy et al,, 2006;
Kamouchi et al., 2011). Alguns estudis revelen que aquestes cel-lules presenten
activitat pluripotencial (Brachvogel et al.,, 2005) suggerint que podrien tenir un
paper regenerador (Kamouchi et al,, 2012).

Després d’'un accident vascular cerebral s’ha descrit que els pericits migren
a la zona peri-infartada, rodejant el teixit necrotic (Renner et al, 2003) i
col-laborant en la reparaci6 del cervell danyat (Kamouchi et al., 2011; Kokovay et
al, 2006; Lamagna and Bergers, 2006). La majoria de pericits son reclutats del
moll de l'os a través de la sang periférica o de 'ambient local (Kokovay et al,,
2006).

Després de la isquemia, es produeix una sobre-expressio de gens relacionats
amb la angiogenesis i de factors angiogenics, com el factor de creixement
endotelial vascular (VEGF) en el cervell (Hayashi et al.,, 2004; Zhang and Chopp,

2002). Per tant, és probable que els pericits contribueixin a reparar el teixit
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danyat i controlin I'angiogenesi, neurogénesi i el correcte funcionament de la BHE.

2.1.3. Lalamina basal

La matriu extracel-lular que envolta la part ab-luminal dels vasos és un
component important de la unitat neurovascular. La lamina basal es pot degradar
per proteines activades després de l'ictus com sdn les metal-lo proteinases de
matriu MMPs. La expressio de MMPs és complexa i és un procés molt ben regulat
(Gasche et al., 2006). Aquestes proteases poden degradar proteines extracel-lulars
com el col-lagen, iestan involucrades en la remodelacié de la matriu extracel-lular
(Dejonckheere et al, 2011). Les MMPs contenen un domini N-terminal que
presenta una cisteina conservada quelada amb un atom de Zn?*. En el estadi de
proforma, la metal-lo proteasa es manté inactiva, majoritariament en el citosol
(Jacob-Ferreira et al., 2013). Les proformes de les MMPs poden ser processades
per proteases com plasmina i altres MMPs i passar a 'estat actiu en el que s’ha
descrit que poden danyar l'estructura i funci6 de la BHE (Rosenberg, 2002).

Al cervell un dels majors productors de MMPs després de la isquémia,
especialment de MMP-3 i MMP-9, és la microglia (del Zoppo et al., 2007). Durant
la isquemia es diferencien dues fases d’alteracié de la BHE una primera fase que té
lloc en les hores que segueixen a l'ictus i una fase més tardana en el dia 2. El
trencament de la BHE pot anar seguit de posterior hemorragia i edema. Estudis
experimentals indiquen que el trencament de BHE i I'hemorragia son el resultat
de I'expressio i activacio de MMPs (del Zoppo, 2006; Lo et al., 2004; Lo et al,
2003). En concret, la MMP-9 té efectes citotoxics i pot desestructurar la BHE
(Candelario-]alil et al., 2009). No obstant, la font més important de MMPs després
de la isquémia son els neutrofils infiltrants (Justicia et al., 2003)

El paper de les MMPs en isquemia encara és quelcom complex i calen més
estudis per esbrinar-lo. S’ha descrit que la inhibici6 de MMP-9 24h després
d’oclusio de 'arteria cerebral mitja seguida de reperfusio, en rates, provoca una
reducci6 del volum d’infart. Aquest benefici es perd quan el tractament s’inicia a
dia 3, i el volum d’infart augmenta encara més quan es tracta a dia 7 (Zhao et al,,

2006; Zlokovic, 2006). Aquests estudis suggereixen que la inhibicié6 de MMPs pot
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ser una diana terapeutica viable, en la fase aguda pero pot inhibir processos de

neuroregeneracio en fases més tardanes.

2.2, Cel-lules implicades en la resposta immune
2.2.1. Microglia

Les cel-lules de microglia deriven del sistema hematopoiétic i constitueixen
les cél-lules d'immunitat innata residents del SNC (Ginhoux et al., 2010; Lassmann
et al, 1993), que contribueix a la resposta inflamatoria (Suzumura, 2013). La
microglia s’encarrega del continu monitoratge de I'espai extracel-lular i adjacent a
la superficie cel-lular, per tal de detectar pertorbacions o canvis en la homeostasi

cerebral (Colton, 2013).

L’activacié de la microglia es pot detectar visualment com un canvi
morfologic des d’'una forma extremadament ramificada a una altra de més
ameboide (figura 6). Analisis d’expressié geénica demostren que la via Wingless-
integration o Wnt (Halleskog et al,, 2011) aixi com l'equilibri entre el lligand
CD200 i el seu receptor (Matsumoto et al, 2007), podrien intervenir en aquest
canvi estructural. L’activacié de la microglia correlaciona amb la induccié de la

senyalitzaci6 pro-inflamatoria (Vexler and Yenari, 2009).

-
contralateral ipsilateral 12h ipsilateral 18h P =

Figura 6: Microglia activada en rata, després d’isquemia transitoria (1h) i
reperfusio12h (n) i 18h (o), control (m). Tincié de CD11b (0X-42) (Extret de
Rojas S et al 2006).
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Després d’isquemia la microglia produeix superoxid que és generat per la
NADPH oxidasa (NOX). Estudis in vitro del laboratori de Giffard RG et al., mostren
com la microglia pot potenciar el dany a les cel-lules constituents de la BHE a
través de NOX en models d’isquémia cerebral (Yenari et al.,, 2006). Per tant, les
especies reactives d’oxigen derivades de la microglia podrien sumar-se a les
generades per altres cel-lules i agreujar el dany ocasionat per la isquémia.

Una altre de les vies implicades en la resposta inflamatoria és la via
JaK/STAT. Les proteines Janus kinases (JaK) i els transductors de senyals i
activadors de transcripci6 (STAT) estan de forma inactiva lligades al domini
intracel-lular de molts receptors de citosines de membrana. JaK/STAT s’expressen
normalment en el cervell (Justicia et al., 2000; Planas et al.,, 1997) i els seus nivells
augmenten després d’isquémia focal en rata, particularment en astrocits i
microglia, indicant que JaK/STAT té un paper important com a mediador de la
inflamacié després d’isquémia. En microglia reactiva es produeix una forta
expressio de STAT3 i STAT1 des de les poques hores d’'isquemia (Stephanou,
2004) i apareix un pic de maxima expressid als 4 dies, que coincideix amb la
maxima resposta immunitaria. Estudis previs del grup han demostrat que en
condicions d’isquémia, la citosina antiinflamatoria IL-10 indueix l'activacio de
STATS3, pero no de STAT1, mentre que senyals pro-inflamatories com interferé-y
(INF-y) indueixen I'activacié de STAT1 pero no de STAT3. Per una altra banda,
ambdues STAT3 i STAT1 s’activen amb la interleucina IL-6 (Gorina et al., 2005).

Aixi doncs, la microglia pot modular el dany isquemic mitjancant la bateria
de molecules ROS generades, el trencament de la BHE, I'activaci6 de les vies
JaK/STAT, i d’altres relacionades amb inflamacié. La seva funcié per excel-lencia
és la que realitza en la resposta d'immunitat innata, alertant al seu entorn
mitjancant la resposta inflamatoria.

La resposta microglial inflamatoria pot ser explicada en tres passos (figura
7). En primer lloc, es déna la deteccié de senyals extracel-lulars a través d'una
amplia varietat de receptors extracel-lulars i intracel-lulars. En segon lloc, es
produeix la transduccié d’aquesta senyal, que depén directament de la duracio,
intensitat i tipus de senyals detectats, i finalment, es produeix l'activacié de

diverses respostes inflamatories (Yenari et al.,, 2010).
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La microglia inicia la resposta immune innata i alhora la resposta immune
secundaria (Abbas and Lichtman, 2010) a través de diversos receptors. Els
patrons associats a molécules patogenes (PAMP) sén molecules exogenes
provinents de patdogens mentre que, els patrons moleculars associats a senyals de
perill endogens (DAMP) son receptors de dany tissular o de patrons interns
(Boche et al., 2013). Tots ells activen els mateixos receptors de membrana que
estan presents en cel-lules de microglia.

S’hipotetitza que la mort necrotica provocada per la isquémia, pot alliberar
molecules internes al parenquima extracel-lular. Aquestes poden ser reconegudes
pels receptors de membrana de les cel-lules glials que reconeixen els DAMPs.
Posteriorment al reconeixement, s’iniciara la resposta immunitaria (Song and Lee,
2012).

La subfamilia dels receptors de DAMP, receptors Toll-like (TLR) sén
proteines transmembranes de reconeixement d’epitops pro-inflamatoris. Els TLRs
s’activen en la isquémia a través d'un mecanisme no del tot conegut (Tang et al,,
2007), tot i que s’ha observat la produccié de lligands endogens de TLRs que
activen la resposta inflamatoria durant la isquemia, com l'acid hialuronic, la
fibronectina, proteines d’estres (HSPs) o sulfat d’heparina (Dirnagl et al., 1999).
En concret, TLR4 s’ha vist implicat en la resposta inflamatoria de ratolins nounats
després d’hipoxia/isquemia (Lehnardt et al, 2003) i se sap que contribueix al
dany cerebral posterior al dany isquemic focal (Caso et al., 2007).

L’activacié d’aquests receptors desencadena una resposta intracel-lular
que té com a conseqiiencia la produccié de citocines i molécules pro-inflamatories
(Yenari et al., 2010). Les citocines son molecules solubles de baix pes molecular
que actuen com a senyals extracel-lulars i reguladors humorals (Lambertsen et al.,
2012). Originariament, es van descriure com a mediadors en la regulacié del
sistema de la immunitat innata i adaptativa. Les citocines sdn missatgers quimics i
inclouen molecules com el TNF-a, interleucines (IL), quimosines, i factors de

creixement (Lambertsen et al.,, 2012).
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Figura 7: La resposta microglial en la isquémia cerebral. Aquesta resposta pot
ser conceptualitzada en tres components: un component sensorial, un component
de transducciéo de senyal i un component efector. COX2 cicloxigenasa-2; HSP
proteina d’estres de calor; IFN- y interferd- y; IL interleucina; iNOS nitrit oxid
sintasa induible; MMP metal-lo proteinasa de matriu; NF-kB factor nuclear -kB;
NO oxid nitric; TLR4 receptor toll-like 4, TNF-a factor de necrosi tumoral-a (Extret
de Yenari MA et al 2010).

La biologia de les citocines és particularment complexa. Algunes citocines
actuen en un nombre diferent de cel-lules i receptors (pleiotropiques); algunes
poden desencadenar diferents funcions (multifuncionals), mentre que diferents
citocines poden desencadenar la mateixa funcié (redundants). La redundancia és
deguda, en part, al paper de les citocines com a molecules activadores de vies de

senyalitzaci6 compartides intracel-lularment (Esmaeili et al., 2012).
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2.2.2. leucocits infiltrants

La lesié isquemica provoca l'alliberaci6 de senyals de perill, en primer lloc
per part de les cel-lules sota condicions d’estres i a continuacid, per part de les
cel-lules necrotiques. Aquestes senyals activen receptors purinergics i receptors
DAMP que indueixen una resposta inflamatoria en les ceél-lules residents del

cervell i leucocits infiltrants.

Les cel-lules presentadores d’antigen (APC) disminueixen en la periferia i
es concentren en la zona isquémica, tant en models de ratoli (Felger et al., 2010;
Gelderblom et al,, 2009) com en huma (Yilmaz et al,, 2010). Aquestes cel-lules APC
proteolitzen antigens estranys per les cel-lules i els presenten en la superficie
formant un complex amb la proteina complex major d’histocompatibilitat II (MHC
II) (Abbas and Lichtman, 2010). El complex MHC Il-antigen sera reconegut pel
receptor dels limfocits T (TCR) i posteriorment donara lloc a I'activacié de les
cel-lules T CD4+. Tot seguit, aquestes inicien I'expansié clonal en els organs

limfoides, un procés promogut per IL-2 (Abbas and Lichtman, 2010).

Les cel-lules CD4+ esdevenen T helpers perque no presenten funcions
citotoxiques, pero coordinen i modulen la resposta immune. Depenent de les
senyals moleculars del microentorn, es poden desenvolupar diferents
subpoblacions efectores, que es caracteritzaran per una secrecié concreta de
citocines (Huang et al., 2013).

Aixi, el subtipus Th tipus 1 (Th1) secreten principalment IFN-y i TNF-a. El
seu desenvolupament és promogut per la IL-12 i tenen una funcié de caire pro-
inflamatori. Th tipus 2 (Th2) secreten IL-4, IL-5, IL-9, IL-10 i IL-13, que s6n
molecules amb un rol anti-inflamatori (Wan, 2010).

Les cel-lules T reguladores (Treg o cél-lules T supressores) estan presents
constitutivament, o bé poden desenvolupar-se a partir de cel-lules Th quan es
troben en presencia de (transforming growth factor-ff) TGF-f. Les cel-lules Treg
indueixen immunosupressié a través de la produccio de IL-10 i de TGF-B (Wan,
2010). Les Treg son critiques pel manteniment de la homeostasi del sistema
immune ja que poden equilibrar 'efecte destructiu de la inflamaci6 excessiva, i

podrien oferir un rol protector en el dany per isquemia (Li et al., 2012).
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La presencia de cel-lules T s’ha identificat per immunohistoquimica en
cervells isquémics 24h després de reperfusio, concretament als vasos sanguinis
periférics de la zona afectada (Jander et al, 1995; Schroeter et al, 1994). El
tractament amb un anticos selectiu d’integrina 4, que inhibeix la infiltracié
limfocitaria, provoca una protecci6é contra la patologia (Wagner et al., 1997). No
obstant, la importancia dels limfocits T i el rol que poden jugar en la isquémia esta
lluny de ser resolt.

Encara es coneix menys sobre el paper dels limfocits B en el procés
inflamatori. S’ignora si presenten antigens als limfocits T o bé produeixen
anticossos en la zona de penombra. D’acord amb aquesta hipotesi, animals SCID
(Severe Combined Immundefficiency) que no presenten limfocits T ni B, presenten
proteccié en front de la isquemia/reperfusié (Yilmaz et al., 2006). Per una altra
banda, s’ha observat en animals una reducci6é en els volum d’organs del sistema

immunitari com la melsa i el timus (Offner et al., 2009).

En conclusid, I'aparicié de necrosi tissular alerta al sistema inflamatori
innat del cervell (figura 8). Aixo provoca I'expressiéo de moléecules d’adhesié que
afavoriran fenomens de rodament (rolling) dels leucocits circulants. Aquests
seran activats i a través de la secrecid6 de quimosines o citocines, alertaran el
sistema immunitari provocant la infiltracié de leucocits circulants a la zona

afectada comengant per la penombra (Offner et al., 2009).
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Figura 8. Resposta inflamatoria després d’isquemia/reperfusio. (1) L’oclusio
per un coagul proximal esdevé en una cascada inflamatoria del teixit isquemic als
capil-lars distals. La P-selectina pre-formada és alliberada dels llocs
d’emmagatzematge i, juntament amb E-selectina, s’uneix a sialyl-Lewis X per
promoure I'adhesié de neutrofils. (2) La isquemia indueix I'expressio de IL-1 en
les cel-lules infiltrants que a continuacié indueixen l'expressié de ICAM-1 a la
superficie de les cel-lules endotelials. Les integrines macrofag antigen-1 MAC-1 i
LFA-1 (Lymphocyte Function-associated Antigen-1) dels leucocits s’'uneixen a
ICAM-1, ICAM-2 i VCAM-1 provocant una forta uni6. (3 i 4) Els astrocits, els
macrofags i la microglia del teixit cerebral isquemic alliberen cytokine-induced
neutrophil chemoattractant-1 (CINC) i proteina quimioatraient de monocits-1
(MCP-1) en resposta a les citocines induides per la isquemia. Aquestes quimosines
provoquen la migracio en el parénquima, liderant la destruccié del teixit. (Extret

de Huang ] et al 2006).
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2.3. Resposta immune sistémica

La inflamacié post-isquemia es caracteritza per una seqiiéncia d’events
ordenats que involucren el cervell, els vasos, la sang circulant i els organs
limfoides (figura 9) (Chamorro et al, 2007). L’ictus provoca hipoxia tissular,
canvis en l'estres cel-lular (Eltzschig and Carmeliet, 2011), i producci6 d’especies
reactives d’oxigen i nitrogen que desencadenen l'activaci6 del complement de
plaquetes i de cel-lules endotelials (Hayon et al., 2012) i activen la coagulacid
(Peerschke et al., 2010), Els efectes pro-coagulants provoquen I'acumulacié de
fibrina intravascular, que atrapa plaquetes i leucocits induint oclusions en la
microvasculatura. (del Zoppo and Mabuchi, 2003) Minuts després de la isquémia,
la molecula d’adhesié P-selectina transloca a la superficie de les plaquetes i les
cél-lules endotelials, mediant l'adhesi6 de leucocits circulants a les parets

vasculars (Yilmaz and Granger, 2010).

A T'espai perivascular, la isquémia/reperfusié (I/R) activa els macrofags
perivasculars i mastocits (Lindsberg et al., 2010). Els mastocits alliberen
mediadors vasoactius (histamina), proteases, i TNF-a, mentre que els macrofags
alliberen sobre tot citocines pro inflamatories (Strbian et al, 2006). Aquests
mediadors pro inflamatoris contribueixen a I'expressio de molecules d’adhesié en
I'endoteli i provoquen dany a la BHE, promovent la infiltracié de leucocits

circulants com neutrofils, limfocits i monocits (Konsman et al.,, 2007).

Com ja hem descrit, el sistema nervids central (SNC) i el sistema immune
son dos supersistemes altament relacionats (Elenkov et al., 2000). Aquesta unid
estreta podria comportar manifestacions immunologiques sistemiques pel fet de
patir dany cerebral, i viceversa. El SNC modula l'activitat del sistema immune a
través de complexes vies humorals i neurals que inclouen l'eix hipotalamic
pituitaria adrenal (HPA), el nervi vagus i el sistema nervios simpatic (Elenkov et
al,, 2000). L’eix HPA esta composat pel nucli para ventricular (PVN) del hipotalem,
el 1obul anterior de la glandula pituitaria, i el cortex de la glandula adrenal.
Aquestes vies connecten els diferents organs amb el cervell. Aixi, I'estimulacié
directa del nervi vagus eferent inhibeix la sintesis de TNF-a en diferents organs

durant I'endotoxémia experimental i en animals sota I/R (Bernik et al., 2002).
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Chamorro i col-laboradors van mostrar com la via neural colinergica,
I'adrenergica, la glandula medul-lar adrenal i els organs limfoides estan
funcionalment connectades, demostrant com el sistema immunitari respon a la

isquemia cerebral (figura 9).

També s’ha descrit que la isquémia s’associa amb una major incidéncia
d’infeccions en pacients (Mattila et al, 1998), especialment amb infeccions
pulmonars com la pneumonia (Kwan et al., 2006), i amb un risc de mortalitat més
elevat. Una possible causa d’aix0 és la limfopénia que s’ha descrit després del
fenomen isquemic. Aquest fet s’associa a una reducci6 de limfocits T i cel-lules
natural killer NK circulants en sang periferica, generant un estat
d’'immunosupressio (Chamorro et al., 2007; Meisel et al., 2005; Prass et al., 2003).

Aixi doncs, la modificacié o modulaci6 del sistema immunitari en aquesta
malaltia podria ser una terapia prometedora que requereix d'un estudi en

profunditat.
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Figura 9: Representaciéo esquematica de la comunicacioé entre les diferents
vies del sistema nervios central i el sistema immunitari. ACTH hormona
adrenocorticotropina; E, epinefrina; GCs, glucocorticoides; HT, hipotalem; MN,
metanefrina; NE, norepinefrina; NMN, normetanefrina; NST, nucli del tracta. (Extret

de Chamorro A et al 2007).
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2.4. Activacio del complement

Des del seu descobriment els anys 1880s, el complement, es va identificar
com una maquinaria de reconeixement i destrucci6 de patogens. Pero des
d’aleshores, diversos autors han descrit altres rutes en les quals pot estar
involucrat (Ricklin and Lambris, 2013) que inclouen la interconnexié6 amb el
sistema de coagulaci6 (Mastellos and Lambris, 2002).

El sistema del complement involucra proteines, la majoria de les quals
son inactives, i que requereixen ser seqiiencialment tallades i activades. En
aquesta cascada proteolitica hi intervenen diferents subunitats, de C1 a CO9.
Finalment, la via culmina en la lisi de la cél-lula per la formacié d’'un porus gracies
a I'accié de C9 en el complex d’atac a la membrana (membrane attack complex o
MAC) (Laursen et al., 2012). El sistema del complement s’activa per tres vies

conegudes: la classica, I'alternativa i la de les lectines.

2.4.1. La via classica

El complex C1 és un complex multimeric format per les subunitat C1q, C1ri
C1s (figura 10). Aquestes molecules poden unir-se a les fraccions Fc (regio de
fragment cristal-litzable) de les immunoglobulines IgG i IgM. L’activacié de Cls i
C1r té lloc quan Clq s’uneix a Fc. A continuacio, C1s talla C4 i C2 per formar la
convertasa C3, C4bC2b (Wallis et al., 2010). L’activitat C3 convertasa, que es troba
en les formes C4bC2b i C3bBb, talla C3 per donar C3a (anafilatoxina) i C3b. C3b
col-labora en l'amplificaci6 de la senyal d’activacié del complement i en la
fagocitosi (Hourcade and Mitchell, 2011). Per una altra banda, C3b forma
complexes amb C3 convertasa (C3bBbC3b i C4bC2bC3b) per tal de generar
activitat C5 convertasa. La C5 convertasa talla C5, originant C5a (anafilatoxina) i
C5b. El porus MAC (C5b-9) és iniciat amb la uni6é de C6 i C7 a C5b i posteriorment
a C8. En darrer lloc, multiples moléecules de C9 s’uniran al complex C5bC6C7. El
complex MAC forma un porus a la membrana, i com a resultat provocara la lisi de

la cél-lula.
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2.4.2. Lavia alternativa

Aquesta ruta és iniciada per carbohidrats, lipids i proteines que es troben
tipicament a la superficie d’agents patogens (Qu et al., 2009). C3 és constantment
hidrolitzat de manera espontania en molt petites quantitats originant C3b, que
s'unira a dianes com per exemple bacteris. A continuacid, es recluta el factor B
que s’'uneix a C3b per formar C3 convertasa o C3Bb (figura 10). Aquest complex
inestable s’estabilitza en unir-se amb la proteina plasmatica properdina (Kemper
et al., 2010). Properdina és majoritariament produida per neutrofils, tot i que
també es troba en macrofags i limfocits T. Aquesta proteina estabilitza C3Bb
unint-se a C3. A més a més, estudis recents suggereixen la possibilitat que
properdina pugui actuar mitjancant unié directa amb cel-lules apoptotiques i
necrotiques (Kemper et al,, 2010). Contrariament a l'acci6é de la properdina, els
factors H i [ promouen la degradacié proteolitica del complex C3bBb i atenuen

'activacié de la via alternativa (Kouser et al., 2013).

2.4.3. La via de les lectines

Aquesta ruta és activada per la proteina lectina d'uni6 a les manoses MBL o
bé la ficolina (figura 10). Aquestes molecules s’'uneixen a carbohidrats de la
superficie de patogens com llevats, bacteris, parasits i virus. Ambdues MBL i
Ficolina circulen en el sérum com complexes amb MBL-associated proteins o
MASPs (Wallis, 2007). L’activacié de MBL es déna gracies a les MASPs. En concret,
la MASP-2 és essencial pel tall de C4 i C2 que origina la C3 convertasa (Dommett
et al,, 2006). Existeixen quatre tipus de MASPs diferents: MASP1, MASP2, MASP3 i
la MASP2 truncada, coneguda com MAP19 (Sorensen et al., 2005). Quan MASP2
s'uneix als patogens, es produeix un canvi conformacional que l'auto-activa.
Aleshores, MASP2 pot tallar C4 en les formes C4a i C4b. C4b s’uneix a la superficie
dels patogens induint la unié de C2, que podra ser tallada per MASP2 per formar
C2b i C2a. C4b junt amb C2b tenen activitat enzimatica per formar la C3

convertasa o C4bC2b (Dommett et al, 2006). El paper de les altres MASPs és
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encara desconegut, tot i que s’ha descrit que MASP1 pot tallar C2 pero no C4
(Wallis, 2007), afavorint 'activacio del complement per uni6 dels complexes. MBL
pot també reconeixer i unir-se a cel-lules hoste (Ogden et al., 2001) i és possible
que aquest reconeixement es doni també en cél-lules danyades del SNC (Cervera
et al,, 2010). El gen de la MBL huma presenta diferents variants resultants de
diversos polimorfismes que comporten nivells circulants baixos de MBL (Garred
et al, 2003; Garred et al, 2006). Aquests polimorfismes tenen una incidéncia
d’entre el 5-30% de la poblacié que varia notablement en funci6 de la raga
(Madsen et al., 1998).

S’ha suggerit que el dany que media el complement en la I/R cerebral
podria ser independent de Clq (la via classica). Aquest fet centra I'atenci6 en
qualsevol de les dues altres vies, tant l'alternativa com la de les lectines (De
Simoni et al,, 2004). Estudis en models murins d’I/R on s’administren inhibidors
de C1, suggereixen que la MBL és la responsable d’aquest efecte protector
(Gesuete et al., 2009). La via de les lectines s’ha descrit que contribueix al dany
per I/R en un model d’isquémia al mesenteri donat que s’ha observat proteccid
significativa en animals deficients en MBL i s’ha identificat les IgM naturals com
activadors de la via de les lectines (Zhang et al., 2006b). En pacients d’ictus, el
nostre equip ha descrit previament que els nivells baixos de MBL en sang
correlacionen amb un bon pronostic i un menor volum d’infart als 3 mesos, i que
els ratolins deficients en els gens de la MBL (en ratoli dos gens codifiquen per
MBL, mentre que només un gen codifica per la MBL humana) també presentaven
menors volums d’'infart i menor afectacié6 neurologica després de la isquémia
cerebral amb reperfusid, comparats amb els ratolins silvestres (Cervera et al,

2010) (Orsini et al.,, 2012)

Aquest fet posa de manifest la importancia d’'inhibir de forma selectiva
'activacié del complement, tenint en compte que una inhibicié sistémica podria
incrementar el risc d’'infeccié. Algunes estrategies que inhibeixen el sistema del
complement en estats primerencs (al nivell d’iniciaci6 dels complexes, C1, MBL-
MASPs i ficolin-MASP) bloquegen selectivament una o dues vies deixant les altres
intactes. Aquesta pot ésser la millor estrategia per modular el sistema del

complement.
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2.4.4. Via independent de C3

El sistema del complement, el de coagulacio, kallikrein-kinin i el sistema
fibrinolitic son funcional i evolutivament propers, donat que comparteixen moltes
proteases i inhibidors (Markiewski et al, 2007). La coagulacio, com el
complement, és un sistema altament conservat composat per diversos factors que
s’activen seqiiencialment i amplifiquen el procés, resultant en la formacié final
d’'un coagul de fibrina insoluble. Addicionalment, s’ha descrit que les proteases
MASPs, concretament MASP2, pot activar protrombina a trombina i iniciar la
coagulacio in vitro, fet que podria explicar el mecanisme pel qual la trombina és
produida en animals C3 deficients (Krarup et al., 2007).

A més de les 3 vies anteriors, els neutrofils i macrofags també poden
activar el complement a través de l'alliberacié de proteases o factors com
Kallikrein-kinin, plasmina i factor XIla (Bottazzi et al., 2010; Ward and Zvaifler,
1973). Aixi, la trombina, un component de la via de coagulacid, pot generar
localment C5a en animals deficients en C3, que no son capacgos de formar C5
convertasa (C3bBbC3b i C4bC2bC3b) a través de la ruta convencional (Huber-
Lang et al., 2006). Un dels objectius d’aquesta tesi ha consistit en I'estudi de la
implicaci6 de la via de les lectines en la lesi6 cerebral després
d’isquemia/reperfusio.

Classical pathway Lectin pathway Alternative pathway

C1q MBL, ficolins C3
C1r*, C1s*

c4 c4 MASPs*
c2 Cda Caa c2 C3(H.0) factor B
c3 l<_ factor D*
C2a C2a C3(H,0)Bb*
N
" \oa“o C3a
@5(\? C3b factor B
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Fig.10 Activacio del complement i les seves funcions. Les tres rutes d’activacio6

del sistema del complement (Extret de J6zsi M et al, 2011).
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3. Respostes a la reperfusio

3.1. Induccio de neuroproteccié endogena: proteines d’estres

L’estrés cel-lular provoca l'expressido de gens que responen a canvis en
I'entorn cel-lular com altes temperatures, isquemia, exposicio a toxines, i d’altres
que resulten en la desnaturalitzacié de proteines (Giffard et al., 2004; Sharp et al,,
1999). Uns d’aquests gens que s’indueixen son els de les proteines d’estres de
calor (Hsps), que mantenen la integritat i viabilitat cel-lular en condicions d’estres.
Les Hsps prevenen la desnaturalitzacié de proteines i la incorrecte agregacio de
polipeptids durant l'exposicié a canvis fisicoquimics. No obstant, també estan
involucrades en la presentacié d’antigen, el transit intracel-lular, la uni6 a
receptors nuclears i 'apoptosi (Giffard and Yenari, 2004; Kiang and Tsokos,
1998).

La proteina induible per estres Hsp-70, és una xaperona que s’ha detectat en
poblacions de cel-lules del sistema nervidos com neurones, glia i en cel-lules
endotelials en condicions d’estres (Foster and Brown, 1997). S’'indueix en diverses
situacions que inclouen el xoc de calor (Mosser et al, 1997), I'estres oxidatiu
(Bellmann et al., 1996), estimuls apoptotics (Buzzard et al., 1998; Jaattela et al,,
1998) i isquémia (Popp et al., 2009). Es una proteina que s'uneix als péptids
naixents i col-labora en el seu correcte plegament, a més d’afavorir el transport
entre el diferents compartiments cel-lulars (Wegele et al.,, 2004).

La seva expressid s’associa a fenomens de supervivencia cel-lular (Kinouchi
et al, 1993a). La induccié natural de Hsp-70 esta associada amb supervivencia
neuronal despres de la isquemia cerebral (Planas et al., 1997; Rajdev et al., 2000).
L’expressio de Hsp-70 s’ha detectat en neurones de la periferia del nucli isquemic
després de 24h d’oclusié de ’ACM, mentre que en el nucli isquemic es troba en
vasos sanguinis (Popp et al., 2009). La seva dinamica d’expressio després de la
induccié d’isquemia suggereix que és expressada per les neurones viables de la
penombra (Kinouchi et al, 1993b). A més, s’Tha demostrat que en zones amb
supressio de la sintesi proteica pero amb prou ATP, I'Hsp-70 s’indueix fortament
en la penombra de la isquemia després de la reperfusié del vas (Hata et al., 2000).

En estudis més recents del grup de Koji Abe, s’ha demostrat I'expressié de la
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proteina a diferents temps en un model transitori en rata, i no és fins a les 12h
després de la reperfusioé que augmenta la seva expressiéo amb un pic maxim a 24h,
i una disminucid a les 48h (Zhan et al,, 2010).

Aquest paper protector de la Hsp-70 podria explicar-se pel fet que pot
participar en una amplia varietat de vies metaboliques. Entre d’elles, intervé en la
cascada proteica apoptotica incrementant l'expressi6 de la proteina
antiapoptotica cel-lula B del limfoma 2 (Bcl-2) (Kelly et al., 2002) i inhibint
I'alliberacié de citocrom C del mitocondri (Creagh et al.,, 2000). Sha demostrat
que interfereix amb l'activitat de factors pro-apoptotics com el factor 1 activador
de proteasa apoptotica-1 (Apaf-1) per tal de prevenir el reclutament de
procaspasa-9 en 'apoptosoma (Beere et al., 2000; Saleh et al., 2000) i també pot
unir-se i segrestar el factor inductor de I'apoptosi (AIF) (Matsumori et al., 2005).
Totes aquestes proteines tenen un rol efector en etapes inicials de la ruta
metabolica d’apoptosi. Es probable que la millora i proteccié en isquémia que
aporta Hsp-70 sigui deguda al seu paper anti-apoptotic des de fases inicials
(Yenari etal., 2005).

A més del seu paper en l'apoptosi, Hsp-70 també pot alterar altres
proteines o gens involucrats en la resposta inflamatoria. S’ha suggerit que Hsp-70
podria interactuar amb 'inhibidor del factor nuclear x-B (NFx-B), I'inhibidor IkB,
prevenint la seva fosforilacio i la dissociacio del complex NFk-B (Ran et al., 2004).
Aixi, diversos estudis ressalten que Hsp-70 té efectes antiinflamatoris. Estudis
d’endotoxemia recurrent en un model porci de shock inflamatori demostren que
I'expressio previa de Hsp-70 redueix els mediadors inflamatoris (Hayashi et al,,
2002) i protegeix contra el shock inflamatori letal de TNF-a (Ding et al., 2001).
Per una altra banda, Feinstein i col-laboradors van realitzar estudis en cel-lules
glials transfectades amb Hsp-70 i exposades a estres per calor i tot seguit
estimulades amb lipo-polisacarid (LPS). Aquestes cel-lules mostraven menys
translocaci6 de NFk-B al nucli i, en conseqiliéncia, menys expressio de iNOS
(Feinstein et al.,, 1996). Finalment, el laboratori de Lee va descriure una reduccio
in vitro de la producci6 de MMP-9 en astrocits exposats a retirada de glucosa i
oxigen, i aquests que sobre-expressaven Hsp-70 (Lee et al., 2004).

Totes aquestes evidencies experimentals suggereixen que Hsp-70 podria

reduir la inflamacio i la neurotoxicitat en la isquémia. No obstant, els mecanismes
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d’aquesta proteccié encara s6n desconeguts.

3.2. El dany per reperfusio

La reperfusié comporta una série de riscos associats, com les transformacions
hemorragiques i el dany ocasionat per edema, que pot ser atribuit, en part, al dany
per reperfusidé (Schaller and Graf, 2004). El dany ocasionat per la reperfusio del
teixit esta molt ben documentat en l'ictus cardiac, pero en cervell huma ha estat
meés complicat de posar de manifest pel propi benefici que comporta la reperfusio
(Kutala et al., 2007).

Models intraluminals d’isquémia transitoria seguida de reperfusi6 en rata han
mostrat que a 6h d’oclusi6 de 'artéria cerebral mitja o isquéemia permanent es
produeix menys dany que a 3h d’oclusié transitoria i 3h hores de reperfusioé (Yang
and Betz, 1994). Aronowski va descriure al 1997 que rates de la soca Lewis
presentaven més dany amb oclusions transitories de 2 6 5 h seguides de
reperfusié a 24h, que no pas les que patien isquémia permanent 24h (Aronowski
et al, 1997). Aquests estudis demostren que el dany isquemic i el dany per
reperfusié soén depenents de factors com el grau i temps d’oclusio, o factors
genetics. Aixo suggereix que el dany per reperfusié en humans pot ser variable, i
que factors genetics i de comorbiditat hi poden estar-hi involucrats. En pacients la
isquemia pot ser diferent en termes de la duracio, grau, localitzacid i reduccié del
flux sanguini.

Aixi, el dany per reperfusio s’atribueix a diferents factors com I'estres oxidatiu
(Chan, 1996), el trencament de la barrera hematoencefalica (del Zoppo and
Mabuchi, 2003), I'acumulaci6 de leucocits en sang (del Zoppo et al,, 1991) i la seva
infiltracié6 en el parénquima del cervell (Zhang et al., 1994), l'activacié del
complement (D'Ambrosio et al, 2001), plaquetes (Chong et al, 2001) i
transformacions hemorragiques (Pan et al., 2007). També pot causar un augment
del flux sanguini per sobre dels nivells basals, com s’ha descrit en models

d’isquemia animal (Tsuchidate et al.,, 1997) i en pacients (Kidwell et al., 2001).
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3.2.1. Estreés oxidatiu i antioxidants

El cervell és un organ molt sensible a I'estres oxidatiu degut al seu elevat
consum d’oxigen, el seu contingut en ferro i lipids insaturats i a la seva capacitat
antioxidant relativament baixa (Flamm et al, 1978). En aquest sentit, el
mitocondri juga un paper critic en la patogénesi de la isquemia cerebral, no només
a través de la generaci6 de ROS, sin6 també a través de la disfuncié mitocondrial i

apoptosi (tipus II) mitocondrial (Sanderson et al., 2013).

En condicions normals, el mitocondri allotja les proteines involucrades en
la cadena de transport electronic, que s’encarreguen del transport d’electrons i
mantenen el potencial de membrana mitocondrial (AWm) en un rang de 80-
140mV (Sanderson et al, 2013). Aquest estat respiratori condueix a una

producci6 optima i maxima d’ATP (figura 11).

La isquemia indueix una desfosforilacié de les proteines de la cadena de
transport electronic, afavorint la hiper-reactivitat d’aquests complexos. Pero per
una altra banda, també provoca una disminuci6 dels nivells d’oxigen. Aquest fet és
el responsable de I'aturada de l'activitat de la cadena de transport d’electrons

(CTE) degut a la manca del substrat terminal per la respiracio (figura 11).

Com s’ha explicat més amunt, el tractament per prevenir i reduir el dany
neurologic en pacients que han patit un ictus isquemic és restaurar el flux
sanguini del teixit afectat amb la trombolisi el més aviat possible per tal d’evitar
un major deteriorament neurologic. Paradoxalment, la restauracio del flux
sanguini o reperfusié pot causar dany addicional i exacerbar el deficit cognitiu
(Roberts et al., 2013).

Aquest fet es pot explicar perquée la recanalitzacié del vas provoca un
increment sobtat d’oxigen que re-inicia el transport d’electrons, el bombeig de
protons i la sintesi d’ATP (Kalogeris et al., 2012). En aquest estat es produeix una
hiperpolaritzaci6 del potencial de membrana a >150mV, causant un increment
exponencial d’especies d’oxigen reactives (ROS) als complexos I i/o III de la
cadena mitocondrial (figura 11). Aquest augment explosiu en els nivells de ROS

pot actuar com a senyal catalitzador de l'apoptosi, un procés de mort cel-lular
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controlada que es caracteritza per la formaci6 de porus a la membrana
mitocondrial, la peroxidaci6 de cardiolipina o l'activacié6 de caspases (Drose,
2013).

Addicionalment, la produccié de superoxid, oxid nitric o peroxi nitrit
facilita I'activacié d’un cercle viciés que incorre en major dany mitocondrial,
excitotoxicitat, peroxidacié lipidica i inflamacié (Crack and Taylor, 2005). Aixo
origina la sobre-expressid de citocines, molecules d’adhesié endotelials i MMPs,
augmentant encara meés I’estres oxidatiu i el dany tissular (Jian Liu and Rosenberg,

2005).

a Normal Oxidative b Ischemic Starvation c Reperfusion-Induced d Mitochondrial Dysfunction
Phosphorylation Ay,, = Depolarized Hyperactivation Ay, Collapse
Ay, = 80-140mV Ay,, > 150mV
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Figura 11: Progressio del dany causat per isquemia/reperfusio. (a)

Condicions normals, cel-lula no estressada. (b) La isquémia produeix un estat
d’hipoxia on la cadena de transport d’electrons no pot funcionar degut a la
insuficiencia d’Oz. (c¢) La reintroduccié d’O; gracies a la reperfusié inicia la
transferencia d’electrons, el bombeig de protons i la sintesi d’ATP. (d) L’augment
en ROS provoca senyalitzacié que promou la mort cel-lular per apoptosi (Extret de

Sanderson TH, 2013).

La primera funcié de la CTE, és transportar electrons fins a I'acceptor final
de la cadena, que és I'0;. Finalment, el complex IV catalitza la donaci6 dels
electrons a 'Oz, promovent la transformacié d’O; i H* a Hz0. El poder reductor
dels electrons és transferit a través dels complexos I, III i [V afavorint el bombeig
de protons a la membrana mitocondrial interna. Aquest bombeig constitueix la
forca més important per establir el potencial de membrana mitocondrial, que pot
ser utilitzat per I’ATP sintasa (complex V) per convertir el ADP i Pi a ATP. Aquesta

reaccio proporciona el 90% de I'energia del cervell en condicions normals. No
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obstant hi ha un petit percentatge d’electrons que escapen de la CTE,
concretament en els complexos I i IIl. Aquests poden reaccionar amb 1'Oz per
formar I'ani6 superoxid (O-2), un potent agent pro-oxidant ROS. La reducci6 de les
cinetiques de transport d’electrons i del potencial de membrana provocat per
aquest ROS, indueix un estat de disfuncié mitocondrial que es tradueix en una
manca d’energia cel-lular. En aquest sentit, el model proposat per Hiittemann
descriu un desequilibri entre l'accessibilitat d’energia i la seva demanda

(Sanderson et al,, 2013).

El sistema endogen antioxidant esta constituit pel conjunt de superoxid
dismutases (SOD), que converteixen I'anié6 02 en H202 que sera processat per
altres enzims com la catalasa o glutatié peroxidasa fins a H20 (Chance et al,
1979). En condicions normals, aquest sistema és suficient per corregir la quantitat
de ROS produit i prevenir el dany cel-lular. No obstant, en condicions patologiques
els antioxidants endogens s’exhaureixen degut a la produccié incontrolada de
ROS, i per tant el resultat és que ROS reacciona amb molecules cel-lulars com

proteines, lipids, acids nucleics i polisacarids de forma indiscriminada.

Aquests resultats destaquen el possible Us d’antioxidants exogens en el
tractament del dany per reperfusid. Diverses terapies antioxidants han mostrat
efectes neuroprotectors en models experimentals d’'isquemia cerebral (Diener et
al, 2008), especialment els que pertanyen a inhibidors o bloquejants de la
producci6é de radicals lliures i activadors de la degradacio de radicals (Amaro et
al, 2013). Fins i tot, alguns d’aquests antioxidants s’han provat en combinacid

amb agents trombolitics amb efectes sinergics o additius (Amaro et al., 2013).

Aixi doncs, estudis en models d’isquémia/reperfusi6 mostren que els
antioxidants exogens tenen un paper beneficiés i poden protegir inhibint el dany
per reperfusid. En aquesta tesi hem investigat el paper d’'una molécula sintetica, el
3,4-dihydro-6-hydroxy-7-methoxy-2,2-dimethyl-1(2H)-benzopyran (CR-6), com a
agent antioxidant. Aquesta molecula simple analoga a la vitamina E, té la propietat
addicional de quelar les especies reactives de nitrogen. Estudis previs mostren un
efecte beneficios del CR-6 en front el dany oxidatiu in vitro (Miranda et al., 2007;

Montoliu et al., 1999; Sanvicens et al., 2006).
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3.2.2. Activacio del complement

S’ha descrit que la reperfusi6 després de la isquemia pot activar la via del
complement (Mocco et al., 2006). Diversos estudis han mostrat que la inhibici6 del
sistema del complement en casos de dany per I/R es relaciona amb millores en
I'infart de miocardi (Walsh et al.,, 2005), de rony6 (de Vries et al., 2004) , intestinal
(Hart et al., 2005) i de muscul esqueletic (Chan et al, 2006). Aixi, estudis on
s’'inhibeixen totes tres vies d’activacio del sistema del complement descriuen una
neuroproteccio significativa en la isquemia cerebral (Akita et al.,, 2003; Atkinson
et al,, 2006; Figueroa et al., 2005; Harhausen et al., 2010; Mocco et al,, 2006). A
meés, la inhibici6 de les tres vies explicades anteriorment també disminueix
I'acumulacié de neutrofils infiltrants (Storini et al., 2005) aixi com la producci6 de
radicals lliures i la peroxidaci6 de lipids després d’I/R (Costa et al., 2006).

El sistema del complement és essencial per lluitar contra les infeccions, pero
recentment s’han presentat estudis indicant que també esta involucrat en
processos no inflamatoris i en vies de desenvolupament cel-lular. Aixi, I'activacid
del complement pot tenir conseqliéncies negatives sobre el pronostic de la
isquemia cerebral i en d’altres organs, tal i com hem exposat anteriorment
(Padilla et al, 2007; Zhang et al., 2006a). Per una altra banda, l'activaci6 del
complement també s’ha vist involucrat en el rebuig de transplantament d’organs
(Elham et al.,, 2010).

El complement també activa la fagocitosi (opsonitzacid) i pot actuar com a
quimiotactic estimulant les cel-lules inflamatories. Després de la isquemia, el
complement és activat i els seus components se sobre-expressen en la glia i en
neurones degut al trencament de la BHE (Yanamadala and Friedlander, 2010). La
implicaci6 d’aquest sistema en la isquemia es demostra pel fet que I’eliminaci6 de
components inhibitoris endogens del complement augmenten el dany causat al
cervell, mentre que la seva sobre-expressi6 o administraci6 és protectora
(Ducruet et al., 2008). L’activaci6é del complement contribueix al déficit cognitiu i
origina volums de lesié cerebral més grans (Atkinson et al., 2006), mentre que la

deplecio resulta en efectes beneficiosos (Cowell et al., 2003).
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La reperfusié és ara per ara la Unica estratégia per protegir el cervell en
malalts d’ictus isquemic degut a la importancia de I'aport de glucosa i oxigen per a
la supervivencia neuronal. No obstant aixo, la reperfusio pot induir estres oxidatiu
i promoure processos inflamatoris que poden ocasionar danys secundaris, encara

que la seva contribuci6 a la lesid cerebral no esta del tot definida.

Aquesta tesi s’ha centrat en la identificacié d’alteracions induides per la
reperfusié després de la isquémia cerebral. L'objectiu ultim és contribuir a
dissenyar estrategies protectores, partint de la hipotesi que el dany per reperfusio

es pot prevenir amb tractaments farmacologics beneficiosos.
Els objectius concrets son:

1. Identificar i visualitzar mitjangant tecniques d’imatge optica
mecanismes neuroprotectors endogens que s’activen després de la

isquemia/reperfusio.

2. Valorar la contribuci6 de I'estres oxidatiu en la lesi6 per reperfusio:

efecte d'un antioxidant (CR-6).

3. Esbrinar si 'activacio del complement per la via de les lectines

contribueix al dany per reperfusio.
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Article 1

- In vivo imaging of induction of heat-shock protein-70 gene expression with
fluorescence reflectance imaging and intravital confocal microscopy
following brain ischaemia in reporter mice.

de la Rosa X, Santalucia T, Fortin PY, Purroy ], Calvo M, Salas-Perdomo A, Justicia
C, Couillaud F, Planas AM.
Eur ] Nucl Med Mol Imaging. 2013 Feb;40(3):426-38.

ABSTRACT:

La isquemia cerebral indueix una forta expressio de HSP-70. L’expressio
neuronal de HSP-70 es considera un marcador de penombra. El proposit d’aquest
estudi va ser analitzar in vivo la inducci6 de 'expressié genica de Hsp-70 per
estudis d’imatgeria després d’isquémia cerebral utilitzant un ratoli transgenic.
Amb aquesta finalitat, es va utilitzar una seqiiencia de DNA de Hspalb com a
promotor per tal de generar un vector Hsp70-mPlum que emet en la regié de
fluorescencia del vermell llunya. El constructe va ser provat en un sistema
cel-lular, la linia de fibroblasts murins NIH3T3. Aquestes cel-lules es van
transfectar de forma transitoria i es va examinar la induccié6 de mPlum i Hsp-70
després d'un estimul d’estres. A continuaci6 de la validacio del constructe, es van
generar animals transgenics. Es va induir isquémia cerebral focal mitjangant
'oclusio6 intraluminal transitoria de I'arteria cerebral mitja i el cranis intactes dels
animals es van analitzar in vivo amb Fluorescence Reflectance Imaging (FRI).
També es van analitzar per microscopia confocal després d’obrir una finestra
cranial.

Les cél-lules transfectades amb el constructe Hsp70-mPlum presentaven
fluorescencia atribuible a mPlum després de I'estimulaci6. Un dia després de la
induccié d’isquemia, els animals transgenics mostraven senyal FRI localitzada en
la zona positiva per HSP-70 dins de I'hemisferi ipsilateral, tal i com es va validar
per immunohistoquimica. Per una altra banda, la microscopia confocal intravital
va permetre visualitzar el teixit cerebral a nivell cel-lular. La fluorescencia de
mPlum s’observava in vivo en el cortex ipsilateral un dia després de la induccid
d’isquemia en neurones. Aquesta expressio és compatible amb la penombra i la
viabilitat neuronal. Per una altra banda, també s’observava expressié en vasos
sanguinis en el nucli de 'infart.

Aquest estudi mostra la inducci6 in vivo del gen de la Hsp70 en cervells
isquemics d’animals transgenics. La senyal de fluorescencia detectada in vivo ens
indica la induccié de Hsp-70 en neurones de la penombra i en la vasculatura dins
el nucli isquemic.

61



ARTICLES

62




Eur J Nucl Med Mol Imaging (2013) 40:426-438
DOI 10.1007/500259-012-2277-7

ORIGINAL ARTICLE

In vivo imaging of induction of heat-shock protein-70 gene
expression with fluorescence reflectance imaging
and intravital confocal microscopy following brain

ischaemia in reporter mice

Xavier de la Rosa - Tomas Santalucia -
Pierre-Yves Fortin - Jesus Purroy - Maria Calvo -
Angélica Salas-Perdomo - Carles Justicia +
Franck Couillaud - Anna M. Planas

Received: 6 August 2012 /Accepted: 4 October 2012 /Published online: 8 November 2012

© Springer-Verlag Berlin Heidelberg 2012

Abstract

Purpose Stroke induces strong expression of the 72-kDa
heat-shock protein (HSP-70) in the ischaemic brain, and
neuronal expression of HSP-70 is associated with the
ischaemic penumbra. The aim of this study was to image
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induction of Hsp-70 gene expression in vivo after brain
ischaemia using reporter mice.

Methods A genomic DNA sequence of the Hspalb promot-
er was used to generate an Hsp70-mPlum far-red fluores-
cence reporter vector. The construct was tested in cellular
systems (NIH3T3 mouse fibroblast cell line) by transient
transfection and examining mPlum and Hsp-70 induction
under a challenge. After construct validation, mPlum trans-
genic mice were generated. Focal brain ischaemia was in-
duced by transient intraluminal occlusion of the middle
cerebral artery and the mice were imaged in vivo with
fluorescence reflectance imaging (FRI) with an intact skull,
and with confocal microscopy after opening a cranial
window.

Results Cells transfected with the Hsp70-mPlum construct
showed mPlum fluorescence after stimulation. One day after
induction of ischaemia, reporter mice showed a FRI signal
located in the HSP-70-positive zone within the ipsilateral
hemisphere, as validated by immunohistochemistry. Live
confocal microscopy allowed brain tissue to be visualized
at the cellular level. mPlum fluorescence was observed in
vivo in the ipsilateral cortex 1 day after induction of ischae-
mia in neurons, where it is compatible with penumbra and
neuronal viability, and in blood vessels in the core of the
infarction.

Conclusion This study showed in vivo induction of Hsp-70
gene expression in ischaemic brain using reporter mice. The
fluorescence signal showed in vivo the induction of Hsp-70
in penumbra neurons and in the vasculature within the
ischaemic core.
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Introduction

The inducible 72-kDa heat-shock protein (HSP-70) is a
chaperone that binds to nascent polypeptides and supports
protein folding and protein trafficking through intracellular
compartments [1]. HSP-70 is induced in response to several
types of stress situations [2], and it is regarded as a survival
molecule that is coupled with functional protein translation
[3]. Although it is not expressed in the adult brain under
physiological conditions, the expression of HSP-70 is
strongly induced by ischaemia [4—6]. Natural induction of
HSP-70 after the start of cerebral ischaemia is associated
with neuronal survival [7-9]. Very intense expression of
HSP-70 is seen in neurons at the periphery of the ischaemic
core 24 h after occlusion of the middle cerebral artery
(MCA), while this protein is mainly expressed in blood
vessels within the core [4-6]. The dynamic features of
regional HSP-70 expression after induction of ischaemia
suggest that it is expressed by viable penumbral neurons
[4-10]. The demonstration of HSP-70 induction in the brain
zones with suppressed protein synthesis but preserved ATP
has confirmed that HSP-70 is strongly induced in the ischae-
mic penumbra [11, 12]. The extension of the penumbra
region is gradually reduced with time as brain infarction
progresses [13]. Short periods of MCA occlusion induce
HSP-70 in neurons to a larger extent than more prolonged
episodes or than permanent ischaemia [5, 6], which is con-
sistent with the notion that early reperfusion rescues pen-
umbral neurons from death [14—16].

The aim of this study was to develop reporter transgenic
(Tg) mice expressing the far-red fluorescent protein mPlum
under the transcriptional control of the Hsp-70 gene pro-
moter to visualize Hsp-70 gene expression in vivo after the
induction of transient cerebral ischaemia. We examined the
living mouse brain by fluorescence reflectance imaging
(FRI) and by intravital confocal microscopy. We selected
mPlum as the fluorescent reporter to minimize fluorescence
absorption and scattering by the cerebral parenchyma.

Methods
Plasmid construction

The Hsp70-mPlum reporter plasmid contains a minigene
that expresses mPlum (the excitation and emission peaks
are at 590 and 649 nm, respectively) under the control of the
mouse Hspalb gene proximal promoter. The minigene was
assembled using a multisite gateway three-fragment vector

construction kit (Invitrogen, Carlsbad, CA) according to the
manufacturer’s instructions. This required prior construction
of three entry clones that provided the elements for the
construction of the reporter. The first clone, pDONR-P4-
P1R-hspalb, contained a 516-bp DNA fragment of the
mouse Hspalb gene comprising positions 21304395 and
21304910 in the C57BL/6 J mouse chromosome 17 ge-
nomic contig (NCBI accession number NT 039649.8; the
gene runs on the complementary strand). This represents
284 bp of sequence upstream of the transcription initiation
site and the complete 5'-UTR of Hspalb. The insert was
amplified by PCR from genomic DNA isolated from a Balb/
C mouse, with primers that furnished 5’ attB4 and 3’ attB1
sites, and was cloned into pDONR-P4-P1R. The second
entry clone (pDONR221-mPlum) contained the mPlum
ORF, which was amplified by PCR from plasmid pBAD-
mPlum (a kind gift from Dr. Roger Y. Tsien, UCSD) with
primers that provided 5" attBl and 3’ attB2 sites, and was
cloned into pDONR221. Finally, a cassette containing the
SV40 early polyadenylation signal was amplified from
pCDNA3.1 by PCR with primers that furnished 5’ attB2
and 3’ attB3 sites, and was subsequently cloned into vector
pDONR-P2R-P3.

All inserts were amplified through a two-step PCR with
two sets of primers that sequentially furnished the appropri-
ate attB sites for each clone. Primer sequences are shown in
Supplementary Table 1. PCR-amplified inserts were cloned
into the corresponding vectors through BP Clonase-
mediated reactions. Clones containing the correct inserts
were checked by sequencing. The Hsp70-mPlum reporter
vector was obtained as a result of a multisite LR Clonase-
mediated recombination reaction between the promoter-less
destination vector pPDEST-R4-R3 and each of the three entry
clones. Clones were analysed by sequencing to ensure the
integrity of the minigene’s constituents. The Hsp70-mPlum
vector was further modified by the introduction of a Kozak
sequence (ACCACC), and a rabbit 3-globin intron 5’ rela-
tive to the initiation codon in the mPlum ORF (Norsk
Transgen Senter, Oslo, Norway), in order to improve cellu-
lar processing of the mRNA expressed from the minigene.

Animals and generation of the reporter Tg mice

Purified DNA containing the minigene was injected into a
(C57BL/6 ] x CBA/J)F2 mouse blastocyst at the Norsk
Transgen Senter. Four female founders that carried the
mPlum minigene, as deduced by PCR genotyping, were
obtained. Three of the founder females produced offspring
in crosses with wild-type (wt) C57BL/6 J males. Tg female
offspring were backcrossed to C57BL/6 J wt males for
seven generations. Litters were genotyped to identify male
Tg mice to be used in the experiments. A colony of homo-
zygous Tg mice was maintained in the animal house of the
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School of Medicine of the University of Barcelona. Double
Tg C57BL/6 J mice were obtained by crossing the Hspalb/
mPlum(+/—) mice with the Hspalb/lucF(+/+) strain [17],
and were reared at the University of Bordeaux transgenic
facilities. Animal work was conducted in the animal house
of the School of Medicine of the University of Barcelona
under the approval of the ethics committee of this university
(CEEA) and the Generalitat of Catalunya according to the
directives of Spanish law on this matter, and at the Univer-
sity of Bordeaux under the directives of the French Research
Ministry, all in compliance with the regulations of the Eu-
ropean Union.

PCR genotyping of Tg mice

DNA from tail clips was extracted and subjected to PCR
amplification using an Extract’N’Amp tissue PCR kit (Sig-
ma-Aldrich) according to the manufacturer’s instructions. A
524-bp fragment in the Hsp70-mPlum vector was amplified
with oligonucleotide primers specifically recognizing the
Hsp70-mPlum transgene: 5'-CCTGGGCAACGTGCTGGT
TATTGT-3' (forward) and 5'-CGCGCACCTTCACCTTGT
AGAT-3' (reverse). The conditions for the PCR were: initial
denaturation at 94 °C for 5 min, 30 cycles of amplification
with denaturation at 94 °C for 30 s, annealing at 61 °C for
30 s and extension at 72 °C for 45 s. A final extension step
was carried out at 72 °C for 5 min. Primers ICAMfw (5'-
CTGAGCCAGCTGGAGGTCTCG-3") and ICAMrv (5'-
GAGCGGCAGAGCAAAAGAAGC-3'), which amplify a
178-bp DNA fragment from the mouse ICAM gene, were
included in the PCR master mix in order to provide an
internal positive control for each sample. After completion,
the PCR reactions were run on 1 % agarose gels and visu-
alized by staining with SYBR safe (Invitrogen). A represen-
tative result is shown in Supplementary Fig. 1.

Induction of HSP-70 and mPlum in cell cultures

The NIH3T3 mouse fibroblast cell line was transiently
transfected with the Hsp70-mPlum reporter vector. Briefly,
10° cells per well seeded in 12-well dishes were transfected
with 1.5 ug of Hsp70-mPlum vector and 7.5 ul of Superfect
transfection reagent (Qiagen, Crawley, UK) according to the
manufacturer’s instructions, and 48 h later were exposed for
4 h to 50 uM sodium arsenite (NaAsO,) [18]. mPlum
fluorescence was evaluated 24 h later under an Olympus
IX70 inverted epifluorescence microscope (Olympus,
Barcelona, Spain). Total cellular extracts were prepared
immediately after observation and used in Western blotting
experiments. Expression of mPlum (about 27 kDa) and
HSP-70 (about 70 kDa) was detected using specific anti-
bodies (see below).
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Induction of cerebral ischaemia

Focal brain ischaemia was produced in 22 Tg and 12 wt
mice by transient intraluminal occlusion of the right MCA,
as described previously [19]. Anaesthesia was induced with
4 % isoflurane in a mixture of 30 % oxygen and 70 %
nitrogen protoxide) and maintained with 1-1.5 % isoflurane
in the same a mixture with a facial mask. A longitudinal cut
was made in the ventral middle line of the neck to expose
the right common carotid artery. Next, the submaxillary
glands and the omohyoid and sternohyoid muscles were
separated, exposing the carotid vessels. A filament (nylon
monofilament 6/0; Suturas Arago, Spain) was introduced
through the external carotid artery to the level where the
MCA branches out. Cerebral blood flow was assessed with
laser Doppler flowmetry (Perimed, Jérfilla, Sweden). After
60 min, the filament was cautiously removed, and the suture
of the ipsilateral common carotid artery was removed to
allow reperfusion. Animals were allowed to recover and
were killed 1-2 days later. As non-ischaemic controls, eight
animals were subjected to a sham operation in which all
surgical and anaesthetic procedures were carried out includ-
ing introduction of the filament through the external and
internal carotid arteries but with its immediate removal to
avoid ischaemia.

Fluorescence and bioluminescence imaging of live mice

Two days before the study, the posterior part of the mice was
shaved with clippers and a depilatory cream to facilitate
light propagation. FRI was performed in six mPlum/lucF
mice before and 30 h after induction of ischaemia and in two
control mice. Fluorescence images of the mice were ac-
quired using a NightOWL II LB 983 system equipped with
a NC 100 CCD deep-cooled camera (Berthold Technolo-
gies, Bad Wildbad, Germany). The mice were sedated with
isoflurane (2 % in air) and fluorescence images (exposure
1 s, binning 1x1, field of view 12.5 x 12.5 cm?) and photo-
graphs (100 ms exposure) were obtained in the prone posi-
tion. Excitation wavelengths of 590 nm/20 nm were used
and the fluorescence emission was detected at 680 nm/
30 nm in a Berthold chamber. Grey-scale body-surface
reference images were acquired so that the FRI images
could be superimposed on anatomical maps. Pseudocolour
fluorescent images representing the spatial distribution of
emitted photons were generated using IndiGO 2 software
(Berthold Technologies). The FRI images were analysed
manually by placing a small region of interest (ROI) at the
level of the area of interest in the ipsilateral and contralateral
hemispheres. Within this ROI, the mean light intensity
(photons per second per centimetre) was measured. Images
were processed with IndiGO 2 software, and measurements
taken from the ROIs. At the end-point after in vivo imaging,
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animals were killed and the brain was quickly removed from
the skull and imaged again ex vivo for comparison
purposes.

Bioluminescence (BLI) images of mice were acquired
using a NightOWL II LB 983 system equipped with a NC
100 deep-cooled CCD camera (Berthold Technologies).
Mice received an intraperitoneal (i.p.) injection of D-lucif-
erin (Promega, Madison, WI; 2.9 mg in 100 ul sterile
phosphate buffer). The mice were then sedated with isoflur-
ane (2 % in air), and BLI images (2 min integration period,
4 x 4 binning) and photographs (100 ms exposure) were
obtained 10 min after the luciferin injection. During acquis-
itions mice were anaesthetized with isoflurane (2 % in air).
A low light-emitting standard (Glowell; LUX Biotechnolo-
gy, Edinburgh, UK) was placed next to the animal during
each image acquisition to provide a constant reference for
the resulting images. Grey-scale body-surface reference
images were acquired so that the BLI images could be
superimposed on anatomical maps.

Control experiments evaluating reporter gene expression
by BLI (luciferase activity) and FRI (mPlum expression) in
double Tg mice were carried out by heating a leg of the mice
(45 °C for 8 min, n=8) to activate the Hspalb promoter
using a previously described water bath method [20]. In
these experiments, FRI time-course studies of fluorescence
induction were carried out showing a maximum at 30 h,
which was the time chosen for FRI in the present work (see
Supplementary Fig. 2).

Intravital confocal microscopy

For intravital confocal microscopy a cranial window was
opened in the skull of the ipsilateral hemisphere either
immediately after ischaemia/reperfusion in six mPlum Tg
and three wt animals. The mice were anaesthetized with
isoflurane and the cranial window was opened avoiding
breaking the dura mater and was then sealed with a cover-
slip, following a previously described procedure [21]. In
brief, a circle of about 5 mm diameter was drilled in the
skull and the island of cranial bone removed. A cover glass
was placed in the hole and dental cement was applied to seal
the glass to the skull. The live cerebral cortex was observed
under a high-speed confocal microscope (Leica TCS SP5
confocal resonant scan spectral microscope; Leica Micro-
systems, Heidelberg, Germany) using a x25 glycerol water
immersion objective (numerical aperture 0.95). For micro-
scopic observations, mice were anaesthetized with an i.p.
injection of 100 ul of a solution of ketamine (0.1 mg/g) and
xylazine (0.01 mg/g). A solution of sodium fluorescein
(250 mM, 2 uM/Kg) was injected intravenously for live
observation of the blood vessels under the confocal micro-
scope. Some mice also received an i.p. injection of a solu-
tion of Hoechst 33342 (10 mg/mL, 12.5 ng/g) to visualize

the cell nuclei. The excitation and emission wavelengths for
observation of mPlum were 594 nm and 649 nm, respec-
tively, for the detection of sodium fluorescein were 490 nm
and 515 nm, respectively, and for the detection of Hoechst
were 405 nm and 455 nm, respectively. Images were
scanned at 8,000 lines/s.

Real-time RT-PCR

Hsp-70 and mPlum mRNA was studied at 24 h after induc-
tion of ischaemia in the ipsilateral and contralateral hemi-
spheres. Total RNA was extracted using TRIzol (Invitrogen)
from the brain of six Tg and six wt ischaemic mice and from
two control mice per group). RNA quantity and purity were
determined using a microspectrophotometer (ND-1000;
NanoDrop Technologies, Wilmington, DE). Total RNA
(500 ng) was reverse-transcribed using a mixture of random
primers (high-capacity cDNA reverse transcription kit; Ap-
plied Biosystems, Foster City, CA). Real-time quantitative
RT-PCR analysis was carried out using SYBR green I dye
detection (#11761500, Invitrogen) using an iCycler iQ mul-
ticolour real-time detection system (BIO-RAD, Hercules,
CA). PCR primers were designed with the aid of Primer3
software to bridge the exon—intron boundaries within the
gene of interest to exclude amplification of contaminating
genomic DNA. Primers were purchased from IDT (Labora-
torios Conda, Torrejon de Ardoz, Spain) and the following
sequences were used: forward 5'-GGCTGATCGGCCG
CAAGTT-3', reverse 5'-GGAAGGGCCAGTGCTTCAT-3',
for Hsp-70; and forward 5'-CCCCGTAATGCAGAA
GAAGA-3', reverse 5'-GTCCAGCTTGATGTCGGTCT-3',
for mPlum. Quantification was performed by normalizing
Ct (cycle threshold) values with the RPL14 (forward 5'-
GGCTTTAGTGGATGGACCCT-3', reverse 5'-ATTGA
TATCCGCCTTCTCCC-3") control gene Ct, and analysis
was carried out using the 2-AACT method [22].

Assessment of brain infarction

To verify the presence of brain infarction, mice were anaes-
thetized with isoflurane and killed. The brain was sliced into
I-mm thick coronal sections. After FRI imaging of the
sections, they were stained with 1 % 2,3,5-triphenyltetrazo-
lium chloride (TTC) for 10 min at 37 °C.

Immunohistochemistry

Ischaemic mice (24 h; six Tg and three wt) and control mice
(three Tg and two wt) were anaesthetized with isoflurane,
and their heart perfused with saline followed by paraformal-
dehyde (PFA, 4 %) in phosphate buffer (pH 7.4). The brain
was removed, postfixed with PFA overnight and then kept
in phosphate buffer, washed in the same buffer and then
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sliced in a vibratome to obtain 30 um thick coronal sections.
In a separate set of experiments 1 mm thick TTC-stained
sections (see above) were also used for immunohistochem-
istry. To this end the TTC brain sections were fixed in PFA
overnight, washed in phosphate buffer and sliced in the
vibratome. The vibratome brain sections were cryoprotected
in a solution containing glycerol and were kept frozen at
—20 °C. Immunohistochemistry was performed free-floating
as previously described [10]. Endogenous peroxidases were
blocked with 3 % hydrogen peroxide and 10 % methanol in

a 21,318K
v 1 kbp

+1 +1

E Hspata - E Hspatb

PBS for 25 min. Sections were incubated for 2 h in 3 %
normal horse or goat serum for mouse monoclonal or rabbit
polyclonal antibodies, respectively, to block nonspecific
binding sites, washed in T-PBS (PBS containing 0.5 %
Triton X-100), and incubated overnight at 4 °C with either
mouse monoclonal antibody against HSP-70 (HSPO1;
Calbiochem, San Diego, CA) diluted 1:500, or rabbit poly-
clonal anti-red fluorescence protein antibody (ab34771;
Abcam, Cambridge, UK) diluted 1:400. The sections were
then rinsed in T-PBS and incubated for 1 h with a

-21,301K
v

Chr 17

(complementary strand)

.~ Hspa1b proximal promoter + 5UTR

b-glebin intron

Phase contrast
Fig. 1 a Genomic structure of the mouse Hspalb gene. The intron-less
Hspalb gene sequence lies on the complementary strand of chromo-
some 17, near the almost identical Hspala gene. Arrowheads indicate
positions in the sequence of mouse strain C57BL/6 J chromosome
17 genomic contig (NT 039649.8). The Hspalb coding sequence
is represented by closed rectangles, while the 5'- and 3'-UTRs are
represented by open rectangles. The positions of the PCR primers
used for amplification of the proximal promoter and 5’-UTR up to
the initiation codon of Hspalb are represented by dashes above
(forward primer) and below (reverse primer) the gene. This frag-
ment (dashed arrows) was used to drive transcription of the
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mPlum

mPlum Fluorescence

Hsp70-mPlum mini-gene

SWV40 polyA signal

b NaAsQ,: - + +
Hsp70-mplum vector: + + +
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IB: Hsp70
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IB: B-actin

merged

Hsp70-mPlum minigene inserted into the Tg mice. The structure
of the minigene is depicted below (for details see the section
Plasmid construction in Methods). b Western blotting using anti-
bodies against HSP-70 and RFP illustrates induction of both
proteins in NIH3T3 cells transfected with the Hsp70-mPlum re-
porter vector after stimulation with sodium arsenite (NaAsO,); (3-
actin is shown as the loading control. ¢ NIH3T3 cells (all trans-
fected with the Hsp-70-mPlum reporter vector) express mPlum
fluorescence after stimulation with sodium arsenite (bottom row),
but not in the absence of stimulation (upper row). Scale bar
20 pwm
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biotinylated secondary antibody (1:200; Vector Labora-
tories, Burlingame, CA), followed by incubation with
1 % avidin-biotin-peroxidase complex (ABC kit; Vector
Laboratories). The reaction was visualized with 0.05 %
diaminobenzidine or with 0.01 % benzidine dihydro-
chloride and 0.025 % sodium nitroferricyanide in
0.01 M sodium phosphate buffer, pH 6. The reaction
was developed after addition of 0.005 % H,0,. Immu-
noreaction controls were included omitting the first or
second primary antibodies. Alternatively, immunofluores-
cence staining was carried out using the same primary
antibodies as above, followed by Alexa Fluor®488 and/
or Alexa Fluor®546 secondary antibodies (Invitrogen).
Hoechst was used to highlight the cell nuclei. Fluores-
cence was evaluated under an inverted fluorescence mi-
croscope (IX70 Olympus).

Western blotting

After a brief wash in PBS, cells were scraped from the wells
in 100 pl of 1x loading buffer for sodium dodecyl sulphate-
polyacrylamide gel electrophoresis (SDS-PAGE; 10 mM
phosphate buffer, pH 7, 10 % glycerol, 2.5 % SDS,
0.5 mg/ml DTT, 0.16 mg/ml bromophenol blue). The lysates
were spun through Nucleospin filters (Macherey-Nagel,
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Fig. 2 Brain ischaemia induces HSP-70 as shown by immunohisto-
chemistry in post-mortem tissue at 24 h. HSP-70 immunoreactivity is
seen in the ipsilateral hemisphere (b—f) but not in the contralateral
hemisphere (a). Several immunoreactive neurons are seen (b, f

Diiren, Germany) to break denatured chromatin. Ten percent
of each sample was denatured at 100 °C for 5 min and then
loaded into 10 % polyacrylamide gels. Proteins were then
transferred to a polyvinylidene difluoride membrane (Immo-
bilon-P; Millipore, Bedford, MA). The membranes were
incubated overnight at 4 °C with the mouse monoclonal
antibody against HSP-70 and the rabbit polyclonal anti-
body against red fluorescence protein (RFP; see the sec-
tion Immunohistochemistry) both diluted 1:1,000. On the
following day, membranes were incubated for 1 h with
an anti-mouse Ig peroxidase-linked secondary antibody
(1:2,000; Amersham, GE Healthcare, Little Chalfont,
UK). The reaction was visualized using a chemilumines-
cence detection system based on the luminol reaction.
Membranes were then reacted with a control antibody
to check for equal protein loading in each lane. A mouse
monoclonal antibody against actin (Sigma-Aldrich), dilut-
ed 1:50,000, was used as the loading control.

Statistical analyses

Comparisons by surgery (sham vs. ischaemia) and by brain
hemisphere (ipsilateral vs. contralateral to MCA occlusion)
and time-point were carried out with two-way ANOVA

followed by the post-hoc Bonferroni test.
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arrowheads) at the borders of the ischaemic core, which mainly shows
immunoreactive vessels (b—e arrows). Scale bar a, b 60 um; c—e
30 um; £15 pm
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Results
In vitro characterization of the mPlum construct

The constructed Hsp-70 (Hspalb)-mPlum reporter vector is
shown in Fig. la. NIH3T3 mouse fibroblasts were trans-
fected with the reporter vector and showed mPlum fluores-
cence after exposure to sodium arsenite, a chemical that
induces Hsp-70 gene expression [18]. Total cellular extracts
were prepared 24 h after exposure to sodium arsenite for 4 h,
and were used in western blotting experiments to detect
induction of mPlum and HSP-70 expression using antibod-
ies against RFP and against HSP-70, respectively. RFP
(about 27 kDa) and HSP-70 were induced after treatment
(Fig. 1b). In addition, after transfecting the cells with the
mPlum reporter vector, fluorescence was observed by mi-
croscopy in cells treated with arsenite, but not in untreated
cells (Fig. 1c¢).

aga o]

Fig. 3 Immunohistochemistry (a, ¢) and immunofluorescence (b, d)
with antibodies against HSP-70 and RFP (to label mPlum), respective-
ly, reveals the presence of positive neurons (a, b) and blood vessels (¢,
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Expression of mPlum and Hsp-70 after brain ischaemia
in Tg mPlum mice

The construct described above was used to generate Hsp-70-
mPlum Tg mice. Brain ischaemia was induced in Tg mice
and the expression of Hsp-70 and mPlum mRNA was ex-
amined at 24 h. Induction of these mRNAs was detected in
the ipsilateral but not in the contralateral hemisphere of the
Tg mice. The level of expression (fold induction versus
control) of mPlum mRNA showed a very good correlation
(linear regression, 7% = 0.95) with the level of expression of
Hsp-70 mRNA in the different mice. Control (sham-operat-
ed) mice showed no expression of Hsp-70 or mPlum mRNA
(not shown). Ischaemia in wt mice induced Hsp-70 mRNA
in the ipsilateral hemisphere, but no expression of mPlum
mRNA was detected.

Immunohistochemical studies established that 24 h after
induction of ischaemia, HSP-70 protein was expressed in
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d). Double immunofluorescence against mPlum (f, i) and HSP-70 (e,
h) shows colocalization (g, j). Scale bar a—d 30 um; e-g 20 um; h—j
15 um
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cortical neurons located at the border of the infarction and in
blood vessels within the ischaemic core (Fig. 2). This cel-
lular and regional pattern of HSP-70 expression agrees with
that previously reported [4—6]. Immunohistochemistry and
immunofluorescence against RFP with specific antibodies

a in vivo fluorescence

showed expression of mPlum in cells with the morphology
of neurons located around the ischaemic core (Fig. 3a, b)
and in blood vessels within the core (Fig. 3c, d). Colocali-
zation of RFP and HSP-70 was observed after double im-
munohistochemistry (Fig. 3e—j). These findings demonstrate

ex vivo
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Fig. 4 a Whole-body FRI reveals mPlum fluorescence both in vivo
(left and centre) and ex vivo (right) in the ischaemic hemisphere (upper
row), but not in the hemisphere of sham-operated mice (bottom row).
Colour scales indicate fluorescence intensity ( maximum, purple min-
imum). /nsets surface of the brain at higher magnification to illustrate
the fluorescent region. b—d The fluorescence signal intensities in ROIs
placed in the ipsilateral or the contralateral brain hemispheres are
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increased in the ipsilateral hemisphere at 30 h after induction of
ischaemia (n = 4), both in vivo (b, ¢) and ex vivo (d), but not in the
hemisphere in sham-operated mice (n=2). Fluorescence is expressed
either in absolute units (photons per second per centimetre, phs/s/cm?;
b, d) or as the ratio between the fluorescence at 30 h and the fluores-
cence at 0 h in the same mice (¢). **p<0.01, ***p<0.001
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HSP-70 and mPlum proteins were located in the same cells,
and therefore the mPlum transgene is a good reporter for
HSP-70 expression.

In vivo imaging mPlum by FRI and BLI

For imaging the head of living mice (with an intact skull) the
Hsp70/mPlum/luciferase reporter mouse was used. FRI
showed an increase in fluorescence signal intensity in the
ipsilateral hemisphere of living double Tg mice the day
(30 h) after 60-min MCA occlusion in relation to the signals
obtained before ischaemia (at 0 h; Fig. 4a), while no
changes were observed in sham-operated mice. Ex vivo
imaging of the brain after removal from the skull in the
same animals showed similar results, but the intensity of the
signals were higher than in vivo (Fig. 4a). The fluorescence
intensity signals obtained in vivo were quantified (photons
per second per centimetre) in the ipsilateral and the contra-
lateral hemispheres before and after ischaemia. Increases in
fluorescence signal intensity were detected in the ipsilateral
hemisphere of ischaemic mice compared to that in sham-
operated mice (p<0.01; Fig. 4b). For each mouse the ratio
between the intensity obtained after ischaemia (time 30 h)
and that obtained before ischaemia (time 0 h) was calculat-
ed. Statistically significant increases in intensity in the ipsi-
lateral hemisphere of the ischaemic mice were found
(»<0.001, two-way ANOVA by condition, i.e. ischaemia
versus sham-operation, and hemisphere, i.e. ipsilateral ver-
sus contralateral hemispheres; Fig. 4c). The signal intensi-
ties in the ex vivo images again showed statistically
significant increases (p<0.001) in the ipsilateral hemisphere
of the ischaemic mice compared to the contralateral hemi-

sphere and to the signal in the sham-operated mice (Fig. 4d).

The brains of these mice were also imaged ex vivo the
day after MCA occlusion after slicing the post-mortem
tissue into 1 mm thick coronal sections. After FRI, the tissue
sections were stained with TTC to visualize the infarcted
core (Fig. 5, pale zone). Good correspondence was found
between the location of the infarction and the location of
fluorescence emission (Fig. 5). A strong signal intensity
focus was observed within the infarcted region. HSP-70
immunohistochemistry on thinner slices (30 pm-thick vibra-
tome sections) obtained from each TTC section showed that
the zones with mPlum fluorescence grossly corresponded to
the HSP-70-immunoreactive zones (Fig. 5). Nevertheless, it
must be emphasized that in reporter mice any differences
between the expression and/or localization of the reporter
fluorescent protein (mPlum) and the endogenous protein
(HSP-70) can be attributed to the fact that the reporter
fluorescent protein traces induction of gene expression
(Hsp-70 gene). However, the fate, half-life, and cellular
trafficking of the reporter (mPlum) and the endogenous
(HSP-70) proteins in the cells are not necessarily identical.
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The double Tg mice were also imaged for in vivo BLI
after induction of brain ischaemia following administration
of luciferin. However, no increases in signal intensity were
observed in the brain after induction of ischaemia (not
shown), even though the Tg animals showed an intense
BLI signal in control experiments in which a leg of the mice
was heated to induce Hsp-70 expression (see Supplementary
Fig. 2). BLI by the firefly luciferase reaction after injection
of luciferin relies on the presence of oxygen and ATP, which
is the limiting factor in this reaction [23]. Absence of a BLI
signal in the ischaemic zone suggests that the availability of
ATP or luciferin after induction of ischaemia was insuffi-
cient for the luciferase reaction to take place.

Confocal microscopy in the living mice

Intravital confocal microscopy was carried out to image the
brain of living mice at the cellular level after opening a cranial
window in the skull of the ipsilateral hemisphere (see the
section Intravital confocal microscopy). The brain was exam-
ined 24 h after induction of ischaemia. Prior to live observa-
tion under the microscope, mice received an intravenous
injection of sodium fluorescein to visualize blood vessels
and fluorescence extravasation, as an indicator of alterations
in the permeability of the blood—brain barrier (BBB). This dye
remains inside the blood vessels under normal conditions but
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Fig. 5 Ex vivo FRI in coronal brain sections (I mm thick) of a
representative mouse 30 h after induction of ischaemia (left column)
show fluorescence in the ischaemic hemisphere demonstrating induc-
tion of Hsp-70 gene expression. Fluorescence intensity is indicated on
the colour-coded scale (red maximum, purple minimum). The same
brain sections stained with TTC after FRI imaging (middle column)
show the area of brain infarction (pale zone). Sections of thickness
30 um (right column) obtained by slicing the 1-mm sections show
corresponding immunoreactivity against HSP-70
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Fig. 6 In vivo confocal microscopy of wt (a, b) and mPlum Tg (c—g)
mice 24 h after MCA occlusion. a—c Fluorescein-positive vessels
(green) and Hoechst-positive cell nuclei (blue) are shown together with
mPlum fluorescence (red), which is seen in the Tg mice only. d—g
mPlum fluorescence (red) is seen in certain vessels. f Spectrum of the

extravasates to the brain parenchyma when the permeability of
the BBB is altered [24]. Red fluorescence was observed in the
ipsilateral cortex of mPlum Tg mice after induction of ischae-
mia (Fig. 6¢c—g), but not in ischaemic wt mice (Fig. 6a, b) or in
non-ischaemic wt or Tg mice (not shown). The red fluores-
cence spectrum approximately corresponded to the wave-
length of mPlum emission (Fig. 6f).

mPlum-positive cells were occasionally observed in the
ipsilateral cortex following induction of ischaemia (Fig. 6¢).
The size and morphology of these cells suggested that they
were neurons. In addition, mPlum fluorescence was often
observed in the brain vasculature (Fig. 6d, e, g). mPlum

red fluorescence zone indicated in e. g Large mosaic area generated
from multiple consecutive images illustrates the presence of fluores-
cence in certain vessel segments. Fluorescein extravasation indicative
of alterations in BBB permeability is seen in certain areas (green in d
and g). Scale bar a—¢ 60 um; d 85 um; e 80 pm; g 250 pm

fluorescence was restricted to certain segments of the blood
vessels located around vessel branching points (Fig. 6d, e, g).
The size of some of the imaged vessels (20-30 pum) indicated
that they were arterioles. Fluorescein extravasation was seen in
several areas (Fig. 6g) suggesting alterations in BBB
permeability.

Discussion

We imaged cerebral Hsp-70 gene expression in vivo after
inducing brain ischaemia in reporter Tg mice expressing the
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far-red fluorescent protein mPlum under the promoter of
Hsp-70. After validating the Hsp-70-mPlum DNA construct
in transfected cells exposed to challenges inducing Hsp-70
in cellular systems, the Tg mice were generated and were
subjected to transient MCA occlusion for imaging Hsp-70
induction in the ischaemic brain. Hsp-70 expression is un-
detectable in the brain under physiological conditions but it
is strongly induced by cerebral ischaemia [4-10]. Accord-
ingly, FRI of the brain of mice with an intact skull showed a
fluorescence signal in the ipsilateral hemisphere the day
following MCA occlusion, and the affected zone corre-
sponded to the zone of Hsp-70 induction, as revealed by
immunohistochemistry in the post-mortem brain of the same
mice. FRI after the brain had been removed from the skull
gave a more intense signal and a better signal-to-noise ratio
than in the living mice, since the signals obtained in vivo
were attenuated by the presence of the skull. This experi-
ment showed that Hsp-70 gene expression in the brain after
induction of ischaemia can be followed noninvasively in
vivo using reporter mice and FRI technology. Cerebral
Hsp-70 induction was also monitored in vivo at the cellular
level using intravital confocal microscopy after opening a
cranial window. This technique allowed visualization of
mPlum-positive neurons and blood vessels.

Numerous studies have shown that Hsp-70 overexpres-
sion or pharmacological induction has a neuroprotective
effect against ischaemic neuronal cell death [25-33]. Also,
astrocyte-targeted overexpression of Hsp-70 reduces neuro-
nal vulnerability to transient global ischaemia [34]. More-
over, systemic administration of recombinant HSP-70
protein linked to cell-penetrating peptides reduces infarct
volume and improves neurological function after transient
focal cerebral ischaemia in mice [35] and rats [36]. In spite
of these beneficial effects, one study in an experimental
model of global cerebral ischaemia involving Hsp-70 Tg
mice has shown that such mice are not protected [37], and
viral delivery of Hsp-70 is not protective in a model of
transient MCA occlusion, in contrast to delivery of Hsp-27
that was found to be beneficial [38].

In line with most of the above findings, the natural
induction of Hsp-70 in neurons after induction of ischaemia
is also thought to exert protective effects [7-9]. Hsp-70 is
induced in viable neurons of the penumbra region and it is a
molecular marker of the penumbra after stroke [11, 12].
Therefore, mPlum fluorescence in neurons indicated neuro-
nal survival. Expression of Hsp-70 in the vasculature might
also have protective effects since it is associated with atten-
uation of microvascular injury induced by ischaemia—reper-
fusion in other organs [39]. The size of some of the imaged
fluorescent vessels was compatible with that of arterioles.
Following the vessel tree under the confocal microscope
showed mPlum fluorescence not along the full length of
the vessels but in particular vessel segments only. The latter
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were often located adjacent to branching points and might
reflect shear stress in these zones. Shear stress has been
reported to induce Hsp-70 in synovial cells [40] and thus
induction of Hsp-70 in certain arteriolar segments after
induction of brain ischaemia might be due to increased shear
stress in these zones. Further studies are needed to address
whether the segmented vascular induction of Hsp-70 gene
expression is due to vascular stress, and whether it might be
related to changes in local blood flow and vascular
autoregulation.

The benefits of Hsp-70 induction described in the litera-
ture [25-33] make it a good target for pharmacological
intervention. Several drugs inducing Hsp-70 expression,
such as geldanamycin [41, 42], exert protective effects
against ischaemic brain damage. The Hsp-70 reporter mice
described here will allow monitoring of Hsp-70 gene induc-
tion in vivo after pharmacological intervention and will
contribute to the validation of its use as an imaging bio-
marker in preclinical studies. New developments, including
functionalized magnetic/optical nanoparticles or PET tracers
targeting Hsp-70 [43, 44], are needed to guarantee ready
availability of Hsp-70 imaging in humans.

Overall, this study showed in vivo expression of Hsp-70
gene in ischaemic brain with fluorescent reporter mice using
FRI and intravital confocal microscopy. FRI showed Hsp-70
induction in the ischaemic region of whole mice, while
confocal microscopy after opening a cranial window
allowed visualizing it in neurons and in the brain vascula-
ture. Neuronal Hsp-70 is taken as a marker of penumbra and
indicates neuronal viability, whereas Hsp-70 in vessels is a
marker of the ischaemic core. We conclude that the Hsp-70-
mPlum reporter mouse is a good tool to study the induction
of Hsp-70 gene expression in vivo.
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- Antioxidant CR-6 protects against reperfusion injury after a transient
episode of focal brain ischemia in rats.

Pérez-Asensio FJ], de la Rosa X, Jiménez-Altayé F, Gorina R, Martinez E, Messeguer
A, Vila E, Chamorro A, Planas AM.

] Cereb Blood Flow Metab. 2010 Mar;30(3):638-52

ABSTRACT:

L’estrés oxidatiu i nitrosatiu sén dianes per la intervencié despres de la
isquemia/reperfusid. El proposit d’aquest estudi va ser explorar els efectes del
CR-6, una molecula analoga a la vitamina E, amb efecte antioxidant i quelant
d’espécies reactives de nitrogen.

Es va ocluir l'arteria cerebral mitja permanentment o transitoriament
durant 90 min en rates Sprague-Dawley. La perfusio cortical va ser monitoritzada
continuament amb un sonda laser doppler. Es va administrar oralment el
compost CR-6 amb dosis de 100mg/kg a 2 i 8h després de I'oclusio, o bé només a
2 h. Es van determinar signes de deéficit neurologic, volum d’infart i signes de
dany per reperfusid, a dia 1 i 7 en els animals operats. El compost CR-6 va ser
detectat en plasma i en cervell per HPLC. El animals administrats amb CR-6,
presentaven una reduccio6 del consum de glutatio i una produccio6 de superoxid en
I’hemisferi ipsilateral. El tractament amb CR-6 va fer disminuir el volum d’infart i
atenuava el deficit neurologic a dia 1 i 7 despres d’isquémia/reperfusio, pero aixo
no s'observava després d'isquémia permanent. Immediatament després de la
reperfusid, en la majoria d’animals el flux sanguini cortical retornava als valors
previs a la isquemia (¥20%) mentre que d’altres mostraven una hiperémia on el
flux sanguini després de la reperfusi6 era superior a un 20% del valor pre-
isquemic. La hiperémia es va associar amb esdeveniments com un increment del
trencament de la barrera hematoencefalica, edema, nitrotirosinacié de proteines,
expressio de COX-2, acumulacié de neutrofils i una avaluacié neurologica pitjor.
El CR-6 atenua tots aquests efectes. En conclusi6, 'administracio oral del CR-6
després d’isquémia transitoria protegeix el cervell del dany per isquémia
reperfusio.
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Antioxidant CR-6 protects against reperfusion
injury after a transient episode of focal brain
ischemia in rats

Fernando ] Pérez-Asensio’, Xavier de la Rosa', Francesc Jiménez-Altay6®, Roser Gorina’,
Emili Martinez', Angel Messeguer?, Elisabet Vila?, Angel Chamorro*® and Anna M Planas’

'Department of Brain Ischemia and Neurodegeneration, Institut d’Investigacions Biomédiques de Barcelona
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Oxidative and nitrosative stress are targets for intervention after ischemia/reperfusion. The aim of
this study was to explore the effect of CR-6, a vitamin-E analogue that is antioxidant and scavenger
of nitrogen-reactive species. Sprague—-Dawley rats had the middle cerebral artery (MCA) occluded
either for 90 mins or permanently. Cortical perfusion was continuously monitored by laser-Doppler
flowmetry. CR-6 (100 mg/kg) was administered orally either at 2 and 8 h after MCA occlusion, orat 2h
only. Infarct volume, neurological deficit, and signs of reperfusion injury were evaluated. CR-6 was
detected in plasma and brain by HPLC. CR-6 reduced glutathione consumption in the ischemic brain
and superoxide generation in the isolated MCA. CR-6 decreased infarct volume and attenuated the
neurological deficit at 1 and 7 days after ischemia/reperfusion, but not after permanent ischemia.
Immediately after reperfusion, cortical blood flow values returned to their baseline ( £ 20%) in several
animals, whereas others showed hyper-perfusion (>20% of baseline). Reactive hyperemia was
associated with adverse events such as increased cortical BBB leakage, edema, protein
nitrotyrosination, COX-2 expression, and neutrophil accumulation; and with a poorer outcome,
and CR-6 attenuated these effects. In conclusion, oral CR-6 administration after transient ischemia
protects the brain from reperfusion injury.

Journal of Cerebral Blood Flow & Metabolism (2010) 30, 638-652; doi:10.1038/jcbfm.2009.237; published online
11 November 2009

Keywords: antioxidants; hyperemia; ischemia; middle cerebral artery; reperfusion; stroke

Introduction

Reperfusion is currently the best way to protect the
brain against ischemic damage, and thrombolysis
with recombinant tissue plasminogen activator
(rtPA) is the only approved stroke treatment in
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Europe and North America. Also, preclinical studies
have shown that transient middle cerebral artery
occlusion (MCA) occlusion plus reperfusion causes
less damage than permanent MCA occlusion in rats
(Memezawa et al, 1992; Rogers et al, 1997). However,
reperfusion carries some risks, such as hemorrhagic
transformation and fatal edema, which could be
attributed, at least in part, to reperfusion injury
(Pan et al, 2007). Post-ischemic damage associated to
reperfusion injury is well-documented in the heart
(Kutala et al, 2007), but demonstration of reperfusion
injury in human brain has become more elusive.
Experimental data obtained from certain rat models
of intraluminal MCA occlusion (Dietrich, 1994;
Yang & Betz, 1994; Aronowski et al, 1997) provide
evidence for reperfusion injury in the preclinical
setting. For instance, Yang and Betz (1994) showed
that 6-h (h) permanent MCA occlusion causes less
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damage than 3-h transient MCA occlusion plus 3h
of reperfusion in the rat. Aronowski et al (1997)
reported that a period of ischemia ranging between 2
and 5h followed by reperfusion up to 24h causes
more damage than 24-h permanent occlusion in
Lewis rats, but not in spontaneously hypertensive
rats. These studies evidence that the manifestation of
reperfusion injury might depend on several features,
such as the degree and duration of MCA occlusion,
and genetic factors, among others. This suggests that
reperfusion injury in humans, if any, might be
variable, as genetic and comorbidity factors could
be involved and the length, degree, and location of
flow reduction might differ in each patient.
Reperfusion injury is attributed to several effects of
reperfusion, such as oxidative stress (Chan, 1996),
blood-brain barrier (BBB) damage (del Zoppo and
Mabuchi 2003), leukocyte accumulation in blood
vessels (del Zoppo et al, 1991) and infiltration into
the brain parenchyma (Zhang et al, 1994), platelet
(Chong et al, 2001) and complement (D’Ambrosio et al,
2001) activation, and hemorrhagic transformation (Pan
et al, 2007). Also, reperfusion might induce increases in
blood flow above basal levels, as it has been reported in
animals (Tamura et al, 1980; Traupe et al, 1982; Gourley
and Heistad, 1984; Todd et al, 1986; Tsuchidate et al,
1997) and in humans (Kidwell et al, 2001).
Antioxidants exert beneficial effects in preclinical
studies of ischemia/reperfusion, and they might protect
against brain damage by inhibiting reperfusion injury
(Tasdemiroglu et al, 1994). Here we investigated
whether the antioxidant CR-6 (3,4-dihydro-6-hydro-
xy-7-methoxy-2,2-dimethyl-1(2H)-benzopyran) ex-
erted beneficial effects in transient and permanent
cerebral ischemia. CR-6 is a synthetic, structurally
simpler, analogue of vitamin-E, with the additional
capacity to scavenge nitrogen-reactive species (Mon-
toliu et al, 1999). Previous reports showed beneficial
effects of CR-6 against oxidative stress injury in vitro
(Montoliu et al, 1999; Sanvicens et al, 2006) and in
vivo (Miranda et al, 2007). We searched for signs of
reperfusion injury by examining the development of
early reactive hyperemia, BBB leakage, edema, signs
of oxidative and nitrosative stress, and markers of
inflammation and leukocyte accumulation.

Materials and methods
Animals

Adult, male Sprague-Dawley rats (Charles River, Lyon,
France) (300 to 350g body weight) were used in this study.
Animal work was performed according to the local legislation
(Decret 214/1997 of 30th of July by the ‘Departament
d’Agricultura, Ramaderia i Pesca de la Generalitat de
Catalunya’) under the approval of the Ethical Committee
(CEEA) of the University of Barcelona, and in compliance with
the European legislation. Animals were kept under a 12-h day/
night light cycle, controlled environmental conditions of
temperature and humidity, and were given food and water
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ad libitum. Surgical interventions were performed under
isofluorane anesthesia.

Induction of Focal Ischemia

Focal brain ischemia was induced by intraluminal occlusion
of the right middle cerebral artery (MCA) with reperfusion, as
reported (Justicia et al, 2006). A group of rats was subjected to
90-min ischemia followed by reperfusion, whereas permanent
ischemia was induced in another group of rats. Briefly, rats
were anesthetized with isoflurane in a mixture of O, and N,O
(30:70) and intubated through the trachea for controlled
ventilation. Blood samples were taken to determine blood
gases (EasybloodGas Analyzer; Medica Corp., Bedford, MA,
USA) and glucose concentration (Accu-chek Sensor Comfort;
Roche Diagnostics Spain, St Cugat del Valles, Barcelona) at
various time points during the surgical procedures. Mean
arterial blood pressure was monitored and body temperature
was maintained between 36.5°C and 37.5°C during surgery.
Briefly, the common and external carotid arteries were
exposed and the pterigopalatine artery was ligated. A filament
(nylon monofilament 4/0, Look-sutures; Harvard-Apparatus,
Holliston, MA, USA) heat-rounded at the tip was introduced
(21 mm) through the external carotid artery to the level where
the MCA branches out and a ligature was placed on the
internal carotid artery. In the reperfusion group, the ligature
of the internal carotid artery was taken off and the filament
was cautiously removed 90mins after occlusion to allow
reperfusion. In the permanent ischemia group, the intralum-
inal filament was not removed. Sham-operated rats were
subjected to all the surgical procedures and the filament was
introduced in the MCA and immediately removed. Rats were
allowed to recover from the anesthesia, and at 8 h, 24 h, or 7
days after MCA occlusion; they were deeply anesthetized
with isofluorane and killed. Rats of the same gender and
body weight that were not subjected to surgery were used as
controls for biochemical determinations.

Measurement of Cerebral Blood Flow

Cortical cerebral blood flow (CBF) was assessed with a
laser—Doppler system (Perimed AB, Jarfalla, Sweden). The
day before induction of ischemia, rats were anesthetized
and a guide was implanted at the surface of the skull after
reducing the thickness of the bone with a 1-mm-thick
microdrill. The guide was fixed to the skull with dental
cement and two miniature screws at the following stereo-
taxic coordinates: 2mm posterior and 3.5mm lateral to
bregma. This location corresponds to the margin of the MCA
territory. On the following day, the laser—Doppler probe was
introduced through the guide and registration was started.
After achieving a stable registry, ischemia was induced as
described above. Perfusion was continuously monitored
before ischemia, through the 90-min ischemia period, and
during the first 15 mins after reperfusion. CBF data were
used as criteria to exclude animals from the study, as
follows: (1) rats, which after introducing the MCA occlusion
filament, did not show a perfusion rate lower than 65% of
basal were excluded, as it was considered that ischemia was
not successfully induced; (2) rats, which at reperfusion did
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not show recovery higher than 80% of the basal value, were
excluded; and (3) rats with surgical complications, such as
subarachnoid hemorrhage, were discarded.

Treatment

CR-6 was chemically synthesized as reported (Casas et al,
1992). CR-6 is a rather lipophilic molecule and for this reason
it was dissolved in commercial edible olive oil (Carbonell,
SOS Corporacién Alimentaria S.A., Madrid, Spain) and it was
orally administered to rats at a dose of 100mg/kg in 1mL
using a feeding gauge. This dose was previously shown to
protect rats against oxidative-stress damage (Miranda et al,
2007). The same oil was used as vehicle. Rats received CR-6 or
the vehicle either twice, at 2h and 8h after the onset of
ischemia, or at 2h only. Rats received a code that did not
reveal the allocated treatment, for the purpose of performing
all further studies in a masked manner as experimenters
analyzing the samples were not aware of the treatment
assigned to each rat.

Evaluation of Infarct Volume

Rats were anesthetized with isofluorane and killed by
decapitation. The brain was removed and sliced in 2-mm-
thick coronal sections, which were stained with a 1% solution
of 2,3,5-triphenyltetrazolium chloride for 10mins at 37°C.
Sections were then immersed overnight in a 4% paraformal-
dehyde solution in 0.1 mol/L phosphate buffer (pH 7.4) and
then washed and stored in the same buffer. Images of the
sections were scanned and analyzed with an image analysis
system (Scion Image; Scion Corporation, Frederick, MD,
USA). Correction for brain edema was made by multiplying
the infarct area by the ratio of the contralateral area to the
ipsilateral area. Areas were integrated to calculate infarct
volume. The extent of edema was assessed by calculating the
percent increase of the ipsilateral/contralateral region volume.

Neurological Score

A simple neurological test on a nine-point scale (0 =no deficit
to 9=highest handicap) was performed before killing the
animals, as reported previously (Justicia et al, 2006). Four
tests were followed: (1) spontaneous activity (moving/explor-
ing=0, moving without exploration=1, no moving or only
when pulled by the tail =2); (2) circling to the left (none=0,
when elevated by the tail and pushed or pulled=1,
spontaneously =2, circling without displacement (spinning
top) =3); (3) resistance to left forepaw stretching (not stretch-
ing allowed =0, stretching allowed =1, no resistance = 2); and
(4) parachute reflex (symmetrical =0, asymmetrical =1, con-
tralateral forelimb retracted =2). Animals, which died are
reported separately for each treatment group.

RNA Isolation, cDNA Synthesis, and Real-Time
Detection of iNOS, TNF-«, and IL-18 mRNA

Total RNA from ipsilateral cortex was isolated using
Trizol® reagent (Invitrogen Carlsbad, CA, USA) according
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to the manufacturer’s protocol. RNA quantity and purity
were determined using an ND-1000 micro-spectrophot-
ometer (NanoDrop Technologies, Wilmington, DE, USA). A
2-ug weight of RNA was used for cDNA synthesis using the
AMV First-Strand ¢cDNA Synthesis kit (no.-12328 to 040;
Invitrogen) and the cDNA was stored at —20°C until use.

Real-time quantitative reverse transcription-PCR analy-
sis was performed by SYBR green-I dye detection using
the iCycler iQTM Multicolor Real-Time Detection System
(Bio Rad Laboratories Inc., Hercules, CA, USA). Inducible
nitric oxide synthase (iNOS), tumor necrosis factor-o (TNF-
o), interleukin-1f (IL-1f), and f-actin were amplified in
duplicate in a PCR optical 96-well reaction plate (Bio
Rad Laboratories Inc., Hercules, CA, USA). A 15-ul volume
of the PCR mixture per well contained 3 ul of 1:4 diluted
cDNA, 0.75 ul of each sequence-specific primer (10 yumol/L),
75ul of 1x iQ SYBR Green Supermix (Bio-Rad), and
3.75ul of nuclease-free water. Primers were synthesized
(F. Hoffmann - La Roche AG, Basel, Switzerland) and recon-
stituted in nuclease-free water before use. The following
primers were used for iNOS (forward): 5'-TGGTGCAGAAGC
ACAAAGTC-3" and (reverse) 5-GAACTGGGGGAAACCATT
TT-3'; for TNF-x: (forward) 5-GGGGCCACCACGCTCTTCTG
TC-3' and (reverse) 5'-TGGGCTACGGGCTTGTCACTCG-3'; for
IL-1f: (forward) 5'-TGAAGCAGCTATGGCAACTG-3' and (re-
verse) 5-TGCCTTCCTGAAGCTCTTGT-3'; and for f-actin:
(forward) 5'-CAACCTTCTTGCAGCTCCTC-3' and (reverse)
5-TTCTGACCCATACCCACCAT-3'. Optimized thermal cyc-
ling conditions were as follows: 5 mins at 95°C followed by 45
cycles of 15 secs at 95°C, and 45 secs at 59°C and 1:30 mins at
72°C. Data were collected after each cycle and presented
graphically (iCycler iQTM Real-time Detection System Soft-
ware, version 3.1; Bio-Rad). Specificity was confirmed by
melting-curve analysis of the PCR products. Quantification
was performed by analyzing the cycle threshold (C) values by
the 2—AAC, method (Livak and Schmittgen, 2001).

BBB Breakdown

A 4-mL/kg (body weight) amount of a 2% (w/v in saline)
solution of Evans Blue (Sigma-Aldrich, St Louis, MO,
USA) was injected through the femoral vein 4h after the
induction of reperfusion, and 2h later, rats were anesthe-
tized and perfused through the heart with saline. The brain
was cut in 2-mm-thick coronal sections, which were used
for Evans Blue extraction. The ipsilateral and contralateral
cortex and striatum were dissected out, weighted, and
immersed in a solution containing 50% trichloroacetic
acid (1.3 mL/g of tissue). The tissue was homogenized with
a polytron device and centrifuged at 12,000 g for 20 mins.
The supernatant was mixed with ethanol (1:3). Fluores-
cence intensity was measured with a fluorimeter at 680 nm
using a 110-ul sample aliquot. The concentration of Evans
Blue (ng/mL) was calculated by using a standard curve
generated with known concentrations of the dye.

Determination of Glutathione Concentration

Twenty-four hours after ischemia rats were anesthetized
and killed. Brain tissue was dissected out to separate the



ipsilateral and contralateral cortex and striatum, and it was
rapidly frozen and kept at —80°C until further analysis. The
contralateral hemisphere was used as control. Total (GSx)
and oxidized (GSSG) glutathione concentrations (nmol/mg
of protein) were measured as described by Baker et al
(1990), with minor modifications. Tissue was sonicated in
3.3% 5-sulfosalicylic acid (1 mL per 200 mg of tissue) and
centrifuged at 12,000 g for 30 mins at 4°C. The supernatant
was used to determine GSx and GSSG, whereas the pellet
was used to determine protein concentration (Bradford
Method; Bio-Rad). The reaction is based on the oxidation
of DTNB (5,5'-dithio-bis-(2-nitrobenzoic acid)) followed
by measurement at 405 to 412nm in a spectrophotometer.
Formation of GSSG was determined in 100ul of the
supernatant after addition of 2 ul of 2-vinylpyridine. The
content of reduced glutathione (GSH) was estimated as
follows: GSH = GSx—(2*GSSG).

Western Blotting

Western blotting was performed using monoclonal anti-
bodies against myeloperoxidase (MPO) (PeliCluster; A
Menarini Diagnostics, Badalona, Barcelona, Spain), diluted
1:500, and against nitrotyrosine (Abcam Limited, Cam-
bridge, UK), diluted 1:500. A rabbit antibody against
cyclooxygenase-2 (COX-2) (Cayman Chemical Co.,
Ann Arbor, MI, USA) was used diluted 1:1,000. Mouse
monoclonal antibodies against p-tubulin (Sigma-Aldrich,
St Louis, MO, USA), diluted 1:50,000; anti-glyceraldehyde
3-phosphate dehydrogenase (Assays Designs, Ann Arbor,
MI, USA), diluted 1:5,000; or a rabbit polyclonal antibody
against actin (Stressgen, Victoria, Canada), diluted
1:100,000, was used as loading controls. The optical density
of the bands was measured by densitometric analysis (GS-
800 Densitometer; Bio-Rad). The ratio between band in-
tensity of specific proteins and the corresponding loading
control was calculated to correct for differences in protein
gel loading. For each gel, values are expressed as the
percentage of control.

Inmunohistochemistry

Protein expression was studied at 24h by immunohisto-
chemistry. Two-millimeter-thick coronal brain sections
were immersed in 4% paraformaldehyde in phosphate
buffer (pH 7.4) overnight and then washed in the same
buffer. Sections measuring 50um were obtained with a
vibratome and were used free-floating for immunostaining
using a rabbit polyclonal antibody against COX-2 (Cayman
Chemical Co., Ann Arbor, MI, USA) diluted 1:200, as
previously reported (Planas et al, 1999). Immunohisto-
chemistry against MPO was performed with a rabbit
polyclonal antibody (Dako, Glostrup, Denmark), diluted
1:800, in 5-um-thick paraffin sections. After the primary
antibody, sections were incubated with biotinylated sec-
ondary antibodies followed by the ABC procedure (Serotec
AbD, MorphoSys UK Ltd, Kidlington, Oxfordshire, UK).
The reaction was developed with diaminobenzidine. MPO +
cells were examined with a light microscope in four different
areas per brain section and in two different brain sections.
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For each area, MPO+ cells were counted in a systematic
manner in four different zones by an investigator who was
not aware of the treatment, and the count average was
calculated for each rat.

Isolation of the MCA and Evaluation of Oxidative
Stress

The ipsilateral MCA was isolated (n=17) at 24h after
ischemia, as previously reported (Jiménez-Altay6 et al,
2007). This study was conducted with ischemic rats that
received either the vehicle (n=7) or CR-6 (n=6). Sham-
operated animals (n=4) were also studied to underscore
any mechanical effect of the filament on the MCA.
Segments of the MCA were placed in Krebs—HEPES buffer
(130mmol/L NaCl, 5.6mmol/L KCl, 2mmol/L CaCl,,
0.24 mmol/L. MgCl,, 8.3 mmol/L. HEPES, 11 mmol/L glu-
cose, pH 7.4) containing 30% sucrose overnight and
transferred to a cryomold (Bayer Quimica Farmacéutica,
Barcelona, Spain) containing Tissue-Tek OCT embedding
medium (Sakura Finetek Europe B.V., Zoeterwoude, The
Netherlands) for 20 mins, and then they were immediately
frozen in liquid nitrogen for storage at —70°C until further
measurements. The oxidative fluorescence dye dihy-
droethidium (DHE) was used to evaluate in situ production
of superoxide radicals, as described by Jiménez-Altayo6 et
al (2006). The frozen MCA was cut into 14-um-thick
sections and placed on a glass slide. Serial slices were
equilibrated under identical conditions for 30 mins at 37°C
in Krebs—HEPES buffer. Fresh buffer containing DHE
(2 pmol/L) (Ex 546 nm and Em 610 nm) was applied topically
on each tissue section, coverslipped, and incubated for 2h in
a light-protected humidified chamber at 37°C, and then
viewed by fluorescence laser-scanning confocal microscopy
(Leica TGS SP2, Heidelberg, Germany; x 63), using the same
imaging settings in all samples. Parallel sections were
incubated with polyethylene glycol superoxide dismutase
(PEG-SOD; 500U/ml) for 2h at 37°C. Fluorescence was
detected with a 568-nm long-pass filter. For quantification,
integrated optical densities were calculated from four
sampled areas per ring for each experimental condition using
the MetaMorph image analysis software (Universal Imaging;
Molecular Devices, Downingtown, PA, USA). The integrated
optical densities in the target region were calculated.

Determination of CR-6 Concentration in Plasma and
Brain

The concentration of CR-6 in plasma and brain tissue was
evaluated by high-performance liquid chromatography
(HPLC) with fluorimetric detection. CR-6 (100 mg/kg)
was orally administered to ischemic rats after 30 mins of
reperfusion or to control non-ischemic animals. Blood
samples were taken at different time points (ranging from
15mins to 4h) under isoflurane anesthesia. At either
15mins or 4h after CR-6 administration, animals were
anesthetized and perfused through the heart with saline to
remove blood from brain vessels. The method used for CR-
6 extraction from biological samples and detection was an
adaptation of a method for detection of vitamins by direct
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liquid chromatography (Ruperez et al, 2004). Briefly,
plasma (50 uL) and brain tissue (200mg) were deprotei-
nized in acetone (150 uL for plasma and 750 uL for brain
tissue) and the samples were sonicated for 10 secs (plasma)
or 20secs (brain tissue) with an ultrasound microprobe
(Labsonic M; Sartorius AG, Goettingen, Germany), fol-
lowed by centrifugation for 4 mins at 12,000 g (Centrifuge
5415 D; Eppendorf, Hamburg, Germany). Aliquots (10 to
50 uL) of the supernatant were injected into the HPLC
system (Water Associates, Milford, MA, USA) made of a
600E Pump, a 717 plus Auto sampler, and a 2475
fluorimeter. A reverse-phase Nucleosil C18 5-um column
(10 x0.4cm) was used (Teknochroma, Sant Cugat del
Valles, Spain). The mobile phase was methanol/H,O (80/
20 v/v), which was run with an isocratic regular low flow
rate of 0.8 mL/min. For CR-6 detection, the fluorimeter was
adjusted to 296nm Ex/334nm Em according to the
fluorescence spectrum of the compound. CR-6 eluted from
the column at 2 mins of retention time. Quantification was
performed by external calibration. The CR-6 detection limit
in plasma samples was 10ng/mL. In good agreement with
data of Ruperez et al (2004), the recovery from plasma was
close to 100%.

Statistical Analyses

Comparisons between two groups were made using t-test
or Mann-Whitney non-parametric test, depending on
whether or not the data passed the normality test
(D’Agostino & Pearson omnibus normality test). Compar-
isons between more than two groups were made by one-
way analysis of variance followed by Bonferroni’s post hoc
analysis for data conforming normality. Otherwise, data
were analyzed using Kruskal-Wallis test followed by
Dunn’s multiple comparison test. Correlation analysis
was performed using Pearson’s test. Statistical analyses
were carried out with the GraphPad Prism software.

Results

CR-6 Reduces Infarct Volume and Ameliorates the
Neurological Score after Transient but not Permanent
Ischemia

In the 90-min ischemia group, administration of the
antioxidant agent CR-6 twice, at 2h and 8h after the
onset of MCA occlusion, reduced infarct volume
(P<0. 05) (Figure 1A) and ameliorated (P<0.05) the
neurological score at 24h (Figure 1B) as compared
with that in rats receiving the vehicle. Infarct volume
(mean +s.d.) was 75.3+40.8mm® (n=15) in the
CR-6-treated group versus 141.1 £64.2mm?® (n=23)
in the vehicle-treated group. Neurological score
(mean £ s.d.) was 3.4+ 1.7 points (n=15) in the CR-
6-treated group versus 4.8+1.8 (n=23) in the
vehicle-treated group. CR-6 protected the cortex
and the striatum (Figures 1C and 1D). There were
no statistical differences between the groups regard-
ing the physiological parameters measured during
surgery (Supplementary Table 1). In this experiment,

Journal of Cerebral Blood Flow & Metabolism (2010) 30, 638-652

mortality was 14% in the vehicle-treated group and
8 % in the CR-6-treated group.

Ninety-minute transient ischemia was induced in
an additional group of rats to examine whether the
beneficial effect of CR-6 persisted for a longer time
period. Rats received CR-6 or vehicle, as above, and
were killed at 7 days. Only one rat in this experiment
died and it belonged to the CR-6-treated group. There
were no differences between the groups regarding
the physiological parameters measured during sur-
gery (Supplementary Table 2). Infarct volume
(meants.d.) at 7 days in the CR-6-treated group
(69.6 £43.3mm?®, n=9) was smaller (P<0.03) than
that in the vehicle-treated group (115.1 £41.9mm?,
n=11) (Figure 1E). Likewise, CR-6 attenuated the
neurological deficit (2.3 +0.8 points, n=9) in rela-
tion to the vehicle (3.6 £ 1.2 points, n=11) at 7 days
(Figure 1F). Therefore, the benefit of CR-6 in
transient ischemia that was found at 24h was
maintained at 7 days.

However, this CR-6 treatment regime was not
protective in a model of permanent ischemia, as it
neither reduced infarct volume (P=0.94) (Figure 1G)
nor ameliorated the neurological score (P=0.21)
(Figure 1H), at 24h. Mortality after permanent
ischemia was 11% in the vehicle-treated group,
whereas none of the rats of the CR-6-treated group
died within the first 24 h. Comparison of the extent
of brain damage in the vehicle-treated group depend-
ing on whether the MCA was transiently (90 mins)
or permanently occluded, showed that infarct
volume (mean+s.d.) was smaller (P<0.001) after
transient (141.1+64.2mm?®) than after permanent
(291.5 + 66.3 mm?) ischemia at 24 h. Also, neurologi-
cal function was less affected (P<0.05) after transi-
ent (4.8 +1.8 points) than after permanent (6.3 +1.9
points) ischemia. Likewise, in rats treated with CR-6,
infarct volume (meanzts.d.) was significantly
(P<0.001) larger after permanent (294.4 £ 79.4 mm?®)
than after transient (75.3 £ 40.8 mm?) ischemia, and
neurological score (mean +s.d.) was worst (P<0.05)
after permanent (5.3 £ 1.1 points) than after transient
(3.4 £ 1.7 points) ischemia.

One single administration of CR-6 at 30 mins after
reperfusion was not sufficient to induce protection
in the transient ischemia group, as it did not signifi-
cantly (P=0.70) reduce infarct volume (141 + 82 mm?
(n=9) in controls versus 123 + 72 mm?® (n=38) in the
CR-6-treated group) and did not ameliorate (P=0.70)
the neurological score either (4.8 +2.2 (n=9) points
in controls versus 4.4 + 1.3 points (n=28) in the CR-6-
treated group) at 24 h. This suggests that a prolonged
antioxidant action might be necessary to neutralize
the effects of reperfusion.

Consumption of Endogenous Glutathione is Attenuated
in the Animals Treated with CR-6

The concentration of total (GSx) and oxidized
(GSSG) glutathione was measured in the ipsilateral



CR-6 protects against ischemia/reperfusion brain injury
FJ Pérez-Asensio et al

A transient 24h B transient 24h C transient 24h
%007 . : 1 . * 200 - .
nE E 1
E ‘oo 9 1 o o 5 150 - **
o 200 - ee® G o 6+ see A =% .
- " § 5] aseeeee & EE : -
3 . alpa 2 4+ oo ana 4 .
« 100 - *,* g '§ 3 4 seene AAA £ 3 —v e .
5 oo Tz 3 24 ce AMAAA 8% 501 . ags
pu ., A, 2 L ‘: AL
= -
= . ﬁhﬁﬂ 1 A ®ene® 2.&‘3‘3
0 T T 0 T T 0 + e
vehicle CR& vehicle CR& vehicle CR6
D transient 24h E transient 7 days F transient 7 days
100 *#
200 - . 7 -
B~ E . d o 6 .
£ E 150 . S 5 *
E £ : .® aAp w T ¢
-= £ T 4 -
S e 01 3 1004 “eege " § 4] —ooee a
£ 5 2 i g 3 eee AL
-‘é S 254 g 50 - b ;% 2 4 .e AAAAA
@ E A a8 € 14 A
0 0 T T 0 T T
vehicle CR6 vehicle CR-6
G permanent 24h H permanent 24h
- 4007 ) A &
i oo A 8 4 0000
E A @
E0{ —900 —hd 5 74 A
® ° A EI 6 o o A A
5 2004 3 51 oo L
g [ g 41 Ad
5 A § 34 o
..l'.ii 100 3 24
£ = ¥
D L} Ll D L L)
vehicle CR6 vehicle CR6

Figure 1 Effect of CR-6 after transient and permanent ischemia. Rats received the vehicle or CR-6 twice, that is, at 2 and at 6 h after
the onset of ischemia. Animals were examined at 24 h (A-D, G-H) or 7 days (E-F). (A-F) Ninety-minute MCA occlusion and (G-H)
permanent MCA occlusion. (A) CR-6 (n = 15) reduces infarct volume and (B) attenuates the neurological deficit as compared with
the vehicle (n = 23). (C-D) The effect of CR-6 is apparent in the cortical (C) and subcortical (D) regions. (E-F) Animals were studied
7 days after 90-min MCAOQ. The beneficial effect of CR-6 (n = 9) versus vehicle (n = 11) on infarct volume (E) and neurological score
(F) was also observed at 7 days. (G-H) Rats received vehicle or CR-6 starting 2 h after permanent MCAO. CR-6 (n =7) is not
protective against permanent ischemia as it does not reduce infarct volume (G) or ameliorate the neurological deficit (H) at 24 h, as

compared with the vehicle (n =8). *P < 0.05; **P < 0.01.

and contralateral cortex and striatum 24h after
ischemia in rats treated with either vehicle or CR-6
(two doses), and reduced glutathione (GSH) content
was calculated from the previous measurements
(see section Materials and methods). At 24h after
transient ischemia, the concentration of GSH sig-
nificantly decreased in the ipsilateral cortex
(P<0.05) (Figure 2A) and striatum (P<0.001) (Figure
2B) of rats receiving the vehicle. This effect was
attenuated by CR-6 treatment, as the GSH content in
this group was not significantly different from that of
the controls (Figures 2A and 2B). A negative relation-
ship was found between cortical GSH content and
infarct volume (Figure 2C), suggesting that the extent
of GSH consumption was indicative of the magni-
tude of tissue damage after ischemia/reperfusion.

CR-6 Attenuates Oxidative Stress in the Isolated
MCA

To test whether CR-6 might have an effect on
blood vessels, we isolated the MCA of sham-operated
and ischemic rats treated with either CR-6 (two
doses) or the vehicle. Compared with sham-operated
rats, transient ischemia induced a positive DHE
reaction (P<0.01) that was detected in the three
layers of the MCA vascular wall of the vehicle
group. CR-6 strongly attenuated this DHE reaction
(P<0.01) (Figures 2C and 2D). To verify the involve-
ment of superoxide anions in this effect, we used the
permeable superoxide scavenger, PEG-SOD, which
strongly diminished DHE fluorescence in all the
groups (Figures 2C and 2D).
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Figure 2 CR-6 attenuates oxidative stress in brain tissue and in the isolated MCA. (A-C) Brain tissue and (D-E) isolated MCA.
(A) GSH was measured in the ipsilateral cortex 24 h after ischemia in rats administered the vehicle (n =11) or CR-6 (n =9). The
contralateral cortex was used as the control (n = 20). (B) GSH was measured in the ipsilateral striatum 24 h after ischemia in rats
administered the vehicle (n = 12) or CR-6 (n = 15). The contralateral striatum was used as control (n = 27). CR-6 attenuates the
reduction of GSH induced by ischemia. (C) A significant (P < 0.005) negative correlation between infarct volume (expressed as log
(10) of mm?3) and cortical GSH content is apparent, suggesting that the reduction in GSH content was indicative of tissue damage.
*P < 0.05 and ***P < 0.001 versus control. (D) Representative fluorescence photomicrographs and (E) quantification of confocal-
microscopic sections of the MCA from sham-operated, ischemic-vehicle-, and ischemic-CR-6-treated rats in the absence or presence
of pegylated superoxide dismutase (PEG-SOD, 500 U/mL). Vessels were labeled with the oxidative dye hydroethidine, which
produces red fluorescence when oxidized to DHE bromide by superoxide anion. (D) Ischemia increases DHE fluorescence and this
effect is strongly attenuated in rats treated with CR-6. By scavenging superoxide radicals, PEG-SOD inhibits the increase of DHE
fluorescence. adv, adventitial layer; end, endothelial layer; med, media layer; iel, internal elastic lamina (n = 5 to 7 per group). Image
size, 256 x 256 um. (E) The y-axis represents arbitrary fluorescence units. Two-way analysis of variance by treatment and by
presence or absence of PEG-SOD followed by post hoc Bonferroni's test shows significant increase of fluorescence in ischemic
vehicle-treated as compared with sham-operated rats (**P < 0.01), and reduction in CR-6 as compared with the vehicle (&&

P <0.01). PEG-SOD reduces DHE intensity in all the groups.

Relation of Reactive Hyperemia after Transient
Ischemia and Infarct Volume

In exploratory analyses of cortical CBF, we observed
that immediately after reperfusion (before any
treatment) blood flow values returned to baseline
levels in several rats, whereas other rats showed
values well above basal (see example in Supplemen-
tary Figure 1). To find out whether this effect was
related to the outcome of ischemia, we first analyzed
data from rats that received the vehicle. Reactive
hyperemia at the time of reperfusion tended to
correspond with larger infarct volumes, suggesting
that increases of blood flow above basal levels
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(hyperemia) at the time of reperfusion were associated
to larger infarct volumes. A significant positive
correlation was found between flow at reperfusion
and infarct volume (P<0.05) (Figure 3A), suggesting
that, at reperfusion, high increases of blood flow were
associated to larger infarct volumes. This phenomenon
was not attributable to the degree of blood flow
reduction during ischemia, as blood flow at occlusion
was not significantly correlated to blood flow at
reperfusion or to infarct volumes (Supplementary
Figure 2). Therefore, under these experimental condi-
tions, the occurrence and magnitude of hyperemia was
not strictly attributable to the measured CBF reduction
during ischemia. However, we cannot discard that
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Figure 3 CBF at reperfusion influences tissue outcome. Only rats subjected to ischemia/reperfusion and receiving the vehicle are
shown in this figure (n =23). (A) Infarct volume (mm3) is positively correlated to cortical CBF at reperfusion. CBF values are
expressed as percent of basal CBF level. Points represent individual rats. (B) Animals were separated according to whether at
reperfusion they had a cortical CBF similar (+20%) to their basal CBF, that is, they did not develop hyperemia (No) (n = 7), or they
had a cortical CBF level higher than their corresponding baseline (above 20%), that is, they developed hyperemia (Yes) (n = 16).
(C) Infarct volume was larger (D) and neurological function was worse in the hyperemic group. (E) Cortical infarct volume was larger
in hyperemic than in non-hyperemic rats, whereas subcortical infarct volume (F) was not significantly affected by hyperemia;

*P <0.05, **P <0.01.

it might be related to higher reductions of CBF in the
core during ischemia, as our CBF measurement was
taken in a peripheral location.

Values of cortical blood flow immediately after
reperfusion (first 15mins) that recovered to their
corresponding baseline pre-ischemia values (+20%)
were considered as similar to basal, whereas in-
creases of cortical blood flow above 20% of basal
values were considered as hyper-perfusion and were
considered a sign of reactive hyperemia. According
to this criterion rats were divided in two groups,
which were termed hyperemic (Yes) and non-
hyperemic (No) (Figure 3B). The mean + s.d. percent
blood flow value during ischemia in the group of rats
with hyperemia (44.1 £ 15.7 % of basal flow) was not
significantly different from that in non-hyperemic
rats (48.4+12.9 % of basal flow). Then, infarct
volumes were compared as a function of the
presence or absence of reactive hyperemia. Infarct
volume (mean+s.d.) was larger (P<0.01) in the
group of rats showing hyperemia (166.6 + 56.6 mm?)
than in the group without hyperemia (82.9%
37.8 mm?®) (Figure 3C). Likewise, neurological score
(mean ts.d.) was worst (P<0.05) in hyperemic
(5.4+1.6 points) than in non-hyperemic (3.4+1.3
points) rats (Figure 3D).

Examination of the size of infarction in cortical
and subcortical regions showed that cortical infarc-
tion (mean * s.d.) was larger (P<0.01) in the hypere-
mic (97.0+52.8mm?®) that in the non-hyperemic

(24.0 £ 16.7 mm®) group (Figure 3E). In contrast, no
significant differences in infarct volume (mean + s.d.)
were found in the striatum between the group with
cortical hyperemia (67.8 £ 16.7 mm?®) and that with-
out cortical hyperemia (55.4 £ 23.4 mm?®) (Figure 3F).
This might be expected since hyperemia here refers
to cortical hyper-perfusion, that is, the laser—Doppler
probe measured cortical blood flow, but we had no
information on subcortical flow. These results sug-
gest that cortical hyperemia at reperfusion was a
predictor of exacerbated cortical damage, and there-
fore it might be a marker of reperfusion injury
affecting the cerebral cortex.

CR-6 is Protective in Animals Showing Reactive
Hyperemia after Reperfusion

Treatment (two doses of CR-6 or vehicle) was
initiated 30mins after reperfusion, whereas blood
flow was studied prior to administration of treat-
ment. Animals were randomly allocated to a given
treatment regardless of whether they developed
hyperemia or not, as hyperemia was only identified
a posteriori after calculation of the blood flow
registry. In the group of animals used to study infarct
volume, the incidence of reactive hyperemia was
60%. However, hyperemia was not distributed
evenly between the two treatment groups, as hyper-
emia was retrospectively found in 70% of the rats
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the CR-6 group, 8 rats did not develop hyperemia, whereas 7 rats did. (A) The extent of blood flow increase at reperfusion is similar
in the hyperemic groups that received the vehicle or CR-6. (B) In spite of differences in blood blow at reperfusion, the blood flow
value during ischemia is similar in all the groups. (C) Infarct volume is larger in the vehicle-treated group with hyperemia than in the
vehicle-treated group without hyperemia, but this effect is not observed in the CR-6 treated rats. The hyperemic rats treated with CR-
6 show infarct volumes significantly smaller than the hyperemic rats receiving the vehicle. (D) In the vehicle-treated group, the
neurological deficit is worse in hyperemic than in non-hyperemic rats, but there were no differences within the groups of rats treated
with CR-6, which showed smaller infarct volume than hyperemic rats of the vehicle group. (E) CR-6 protects the cortex of hyperemic
rats better than subcortical regions (F); *P <0.05, **P < 0.01 versus vehicle No; #*#P <0.01 versus CR-6 No; P < 0.05,

&&p < 0.01, &P < 0.001 versus vehicle Yes.

allocated to the vehicle-treated group (16 out of 23
rats), whereas only 47% of rats in the CR-6-treated
group (7 out of 15) developed hyperemia. This might
be a confounding factor in neuroprotection studies,
as hyperemic rats showed larger infarct volumes than
non-hyperemic rats (see the last section). Therefore,
we took into account the factor hyperemia Yes or No
in the comparisons between animals receiving the
vehicle or CR-6.

The magnitude of increase in cortical perfusion in
hyperemic rats was similar in the vehicle-treated and
CR-6-treated groups (Figure 4A), and the extent of
blood flow reduction during ischemia was similar
in all the groups (vehicle and CR-6, either hyperemic

Journal of Cerebral Blood Flow & Metabolism (2010) 30, 638-652

or non-hyperemic) (Figure 4B). As shown above,
hyperemic animals had larger infarct volume than
non-hyperemic animals in the vehicle-treated
group (Figure 4C). However in CR-6-treated rats,
infarct volume (meanzs.d.) in hyperemic rats
(85.7 £ 39.2mm?®) was similar to that in non-hypere-
mic rats (73.8 £ 40.6 mm®) (Figure 4C). Furthermore,
hyperemic rats treated with CR-6 showed reduced
infarct volume (P<0.01) as compared with hypere-
mic rats receiving the vehicle (Figure 4C), whereas
no statistical differences were found for non-hypere-
mic rats (Figure 4C). Similar results were found for
the neurological score, as hyperemic rats treated
with CR-6 performed better that those receiving



150

>

control)
g

iNOS mRNA
(fold increase vs
3

control NO YES NO YES

vehicle

w
8 8

[ 23
o
L

control)

TNFa mRNA
(fold increase vs
8

=y
o
L

0 - :‘ L]
control NO YES NO YES

vehicle

(9]

IL-1p mRNA
(fold increase vs
control)

control NO YES NO YES

vehicle CR-6
Hyperemia:NO or YES |

Figure 5 Expression of iNOS, TNF-o, and IL-1f mRNA.
Expression of the mRNA of proinflammatory molecules was
studied at 6 h after reperfusion. Hyperemic rats showed higher
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the vehicle, whereas there were no significant
differences in the score between hyperemic and
non-hyperemic rats treated with CR-6, or between
non-hyperemic rats receiving either vehicle or
CR-6 (Figure 4D). CR-6 protected more the cortex
than the striatum (Figures 4E and 4F). These results
show that CR-6 was more beneficial in hyperemic
than in non-hyperemic rats, suggesting that this
antioxidant was more effective under conditions
with signs of reperfusion injury as seen in the cortex
in this experimental model.

CR-6 protects against ischemia/reperfusion brain injury
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Effect of Hyperemia and CR-6 on the Expression of
mRNA of Proinflammatory Molecules

Expression of iNOS, TNF-«, and IL-1f mRNA at 6h
after reperfusion was significantly increased (P<0.05)
in rats showing the hyperemic response as compared to
the controls, but not so in the non-hyperemic groups
(Figures 5A—-5C). CR-6 did not reduce the expression of
iNOS and TNF-2 mRNA, but showed a tendency
(P=0.087) to reduce the expression of IL-1 mRNA in
hyperemic rats (Figures 5A-5C).

CR-6 Attenuates Alterations in BBB Permeability

Alterations in BBB permeability were assessed by
Evans Blue technique at 6h after the onset of
reperfusion. In this group of animals we measured
the physiological parameters of the rats during
surgery and immediately after surgery, and the
results for both treatment groups were similar
(Supplementary Table 1). Rats with cortical hyper-
emia at reperfusion had more (P<0.01) Evans Blue
extravasation in the cortex than non-hyperemic
animals, which did not show signs of BBB alteration
(Figure 6A). In the former animals, treatment with
CR-6 attenuated alterations of BBB permeability in
the cortex. In subcortical regions, no significant
differences were observed between rats showing
cortical hyperemia and rats that did not develop
hyperemia, and CR-6 did not significantly reduce the
tissue Evans Blue content (not shown).

In agreement with the previous finding, cortical
brain edema was highly increased (P<0.05) at 24 h in
hyperemic rats as compared with non-hyperemic rats
of the vehicle-treated group (Figure 6B), and CR-6
tended to attenuate (P=0.06) this effect (Figure 6B).

Ischemia Induces Protein Nitrotyrosination in
Hyperemic Rats and CR-6 Reduces it

Certain reactive oxygen species (superoxide) can
react with NO to produce peroxynitrite, a highly
reactive anion that causes protein nitrotyrosination
(Beckman et al, 1990). This is an irreversible process
that can alter the function of proteins. We examined
protein nitrotyrosination after ischemia as an indi-
cator of peroxynitrite production and the action of
CR-6 on this process, as CR-6 has the capacity to
scavenge reactive nitrogen species (Montoliu et al,
1999). A significant increase in protein nitrotyrosi-
nation was detected 24 h after ischemia/reperfusion
as compared with the controls (P<0.05) in hypere-
mic animals only, and CR-6 attenuated this effect
(P<0.05) (Figures 6C and 6D).

CR-6 Decreases the Expression of COX-2 Induced by
Ischemia

Ischemia induced the expression of COX-2 protein
at 24h (Figure 7A), and this effect was strongly
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attenuated by CR-6 (two doses) (Figures 7A and 7B).
COX-2 was mainly detected in neurons (Figure 7C)
suggesting that oxidative/nitrosative stress was in-
volved in triggering neuronal COX-2 induction and
that the effect of CR-6 reached the neurons either
directly or indirectly.

CR-6 Attenuates Neutrophil Accumulation after
Ischemia

The expression of MPO in brain tissue was examined
to assess the presence of neutrophils. After immu-
nohistochemistry, the number of MPO+ cells was
counted in different areas and the mean number of
cells per area was calculated. Hyperemic rats tended
to show higher numbers of neutrophils than non-
hyperemic rats (Figure 7D). CR-6 (two doses) showed
a tendency to attenuate the numbers of neutrophils
in hyperemic rats (Figure 7D). By western blotting,
lower MPO expression was observed in hyperemic
rats treated with CR-6 than in rats receiving the
vehicle (Figure 7E). Semi-quantification of western
blotting band intensity confirmed the tendency of
CR-6 to attenuate MPO expression (Figure 7F).
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CR-6 in Plasma and Brain Tissue

In view of the above findings, we set up a technique
for detection of CR-6 in biological samples to find
out whether CR-6 enters the brain after oral
administration. Blood samples were withdrawn at
several time points ranging from 15 mins to 4 h after
CR-6 administration. A group of animals was killed
at 15mins (n=4) and another group was killed at
4h (n=3). Rats were anesthetized and perfused
through the heart with saline to remove blood
from brain tissue. CR-6 was detected in plasma
and brain samples by HPLC with fluorimetric
detection (Figure 8A). CR-6 showed a peak in plasma
between 15 and 30 mins (Figure 8B), and levels were
highly reduced from 1h onwards. The mean £ s.e.m.
CR-6 plasma concentration at 15mins was
359+ 162ng/mL. CR-6 was also detected in brain
tissue at 15mins but not at 4h (Figure 8B). At
15mins, brain CR-6 concentration (ng/g of tissue)
was four-fold higher (Figure 8B) than that in
plasma (ng/mL) in all the samples, and no differ-
ences in CR-6 concentration were observed between
the contralateral (1,384+618ng/g) and ipsilateral
(1,259 £574ng/g) hemispheres in ischemic rats



CR-6 protects against ischemia/reperfusion brain injury
FJ Pérez-Asensio et al

A B 1500 - *
ischemia CR6 control ischemia vehicle > —I—
‘B
yes yes no yes - - no yes yes c = -
. b £ 8 1000 1
X Ee
cox-2 Fi * - —— T8
.- E k-l
o s 500 &
B-TUbUlIN  S—— —— N é o
(5] I__I__l
0 T T Ll
control NO YES NO YES
ichemi hicl ischemia CR6
C control ischemia -vehicle ischemia-CR6
£r
Y
r . ' - . ‘_.
2088 ety
P ™~
. @
5 ﬁ-‘ : ]
i iy g Q .
- " -A
D o- E 1000 -
© 8 1 contral Vehicle CRE6 CR6
s 2 7 - - Yes Yes No =
gl @ ~ 750
28°7 — 5P
E o 51 MPO EE
23 4- B G 5001
U e
§2 3 2 "
EQ 21 cxr0H N © S 20
= 1 - = —
o T o L] L]
NO YES NO YES Hyperemia:NO or YES control NO YES NO YES
ich hicl ischemia CR6 ichemia vehicle ischemia CR6
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expression in hyperemic as compared with hyperemic rats receiving the vehicle (¢ P <0.01). (C) Immunohistochemistry shows
neuronal expression of COX-2 after ischemia and attenuation of COX-2 after CR-6 treatment. (D) The mean number of MPO-positive
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hyperemic: n = 5; CR-6-treated, hyperemic: n = 4.

(n=3), or between ischemic and non-ischemic
animals. The brain/plasma ratio (mean +s.e.m.) at
15mins was 4.2+ 0.6, indicating good delivery of
CR-6 from blood to brain.

cells and animals subjected to conditions involving
oxidative stress (Montoliu et al, 1999; Sanvicens
et al, 2006; Miranda et al, 2007). This work is the first
to investigate the action of CR-6 in animal models of
stroke. The results show that CR-6 enters the brain
after oral administration and exerts a protective

Discussion

CR-6 is a synthetic, structurally simpler, vitamin-E
analogue that was previously used in a few studies in

action against cerebral ischemia/reperfusion, but
not against permanent ischemia. We noticed that
signs of cortical reperfusion injury became apparent
in certain, but not all, rats subjected to ischemia/
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reperfusion. Rats with signs of reperfusion injury
had a poorer outcome, and the beneficial effect of
CR-6 was more powerful in this subpopulation
of individuals. Indeed, after continuous recording
of cortical CBF, we evidenced that some of the rats
had reactive hyperemia immediately after reperfu-
sion. These animals developed larger cortical infarcts
and had worse neurological deficits than rats not
showing hyperemia. On the basis of these findings,
we can disclose that reactive hyperemia at early
reperfusion is a sign of reperfusion injury. None-
theless, we cannot exclude that other events asso-
ciated to reactive hyperemia, such as the reported
subsequent hypoperfusion (Traupe et al, 1982), were
responsible for exacerbating ischemic damage. Solid
lines of evidence support that hyperemia at the time
of reperfusion is associated with worst brain injury
(Tamura et al, 1980; Moskowitz et al, 1990; Macfar-
lane et al, 1991), and several studies showed that
suppression of this effect was protective (Yamagami
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et al, 1998; Kim et al, 2006). Reactive hyperemia is
induced by dilation of brain blood vessels due to
decreased vascular resistance during the period of
ischemia (Gourley and Heistad, 1984). Neurogenic
mechanisms seem to be involved in the development
of post-ischemic hyperemia (Macfarlane et al, 1991).
Also, a previous study showed that administration of
the NOS inhibitor L-NAME prior to ischemia
prevented reactive hyperemia (Humphreys and Koss,
1998), suggesting that NO was involved in this effect.
NO can react with superoxide generated at reperfu-
sion to form peroxynitrite (Beckman et al, 1990), a
very reactive species that induces irreversible pro-
tein nitrotyrosination and can cause tissue damage.
Here we found that protein nitrotyrosination after
ischemia was exacerbated in hyperemic rats and that
this effect was attenuated by CR-6, likely through
scavenging NO and peroxynitrite (Montoliu et al,
1999). The reaction of CR-6 with active nitrogen
species renders the 5-nitroderivative of CR-6 as the
main by-product. CR-6 also inhibits lipid peroxida-
tion (Casas et al, 1992; Yenes et al, 2004) and
previous studies indicate that CR-6 acts on radical
oxygen species by a monoelectron transfer through
the homolytic break of the phenolic hydroxyl group
(Yenes et al, 2004). All these properties of CR-6 might
contribute to the observed benefit.

Hyper-perfusion at reperfusion is not a phenom-
enon occurring in rats only, as there is evidence that
some patients can develop hyper-perfusion shortly
after thrombolysis with rtPA (Kidwell et al, 2001).
Further investigation of the signs of reperfusion
injury in reperfused patients would be necessary to
find out whether this effect might be associated with
poorer clinical outcome. Furthermore, our experi-
mental study supports that, those individuals devel-
oping hyperemia at reperfusion are susceptible to
respond better to antioxidant treatment, as a sig-
nificant beneficial effect of CR-6 on the neurological
score and infarct volume was precisely found in
those animals, but not in animals not developing
hyper-perfusion or in non-reperfused animals.

CR-6 attenuated the expression of COX-2 induced
in neurons by ischemia/reperfusion, thus suggesting
that oxidative/nitrosative stress underlies the induc-
tion of COX-2 under this condition and that CR-6
treatment directly or indirectly affected the neurons.
Several lines of evidence support that COX-2 exerts
detrimental effects in transient brain ischemia, as
deficient mice show less damage than wild-type
animals (Iadecola et al, 2001). Also, COX-2 inhibi-
tion is protective (Doré et al, 2003; Candelario-Jalil et
al, 2007) and it reduces BBB breakdown and
leukocyte infiltration (Candelario-Jalil et al, 2007),
whereas overexpression of COX-2 worsens the out-
come of ischemia (Doré et al, 2003). The harmful
effect of COX-2 after ischemia is attributed to the
production of prostaglandin-E, rather than to gen-
eration of oxidative stress (Kunz et al, 2007). As
COX-2 is also induced after very short episodes of
ischemia causing no major brain damage (Planas



et al, 1999), it is possible that the biochemical
cascade activated by COX-2 needs interaction with
other signals generated after severe ischemia to exert
detrimental effects.

We investigated whether there were signs of
oxidative stress in the MCA isolated from our
animals. Generation of superoxide radicals was
detected in the MCA after ischemia/reperfusion in
rats receiving the vehicle. This effect was prevented
in animals treated with CR-6. As this compound also
attenuated ischemia-induced BBB dysfunction, it is
feasible that CR-6 had some advantageous effect on
the vasculature. Thus, the results support a bene-
ficial vascular effect of CR-6, which may contribute
to the protection observed in the ischemic brain
tissue.

Taken together, these findings show that the
antioxidant CR-6 reaches the rat brain tissue after
oral administration and is protective after ischemia/
reperfusion; protection is better manifested in a
subgroup of animals that develop hyperemia at the
time of reperfusion; brain damage is exacerbated in
these animals as compared with that in animals not
showing hyperemia; and CR-6 confers benefits at the
interface between blood and brain by preventing
generation of oxidative stress in the vessels and by
attenuating BBB breakdown. The results also evi-
dence that reperfusion injury may selectively devel-
op in certain individuals, which would be the target
of specific antioxidant drugs. This finding suggests
that signs of reperfusion injury should be better
investigated in reperfused stroke patients. In conclu-
sion, this experimental study supports further
exploration of the use of CR-6 for the treatment of
stroke to attenuate possible negative effects asso-
ciated with reperfusion.

Acknowledgements

We thank Ms Noelia Montoya and Mr Luca Maggioni
for excellent technical assistance.

Disclosure/conflict of Interst

FJPA is a postdoctoral fellow of the ‘Juan de la
Cierva’ program. The remaining authors declare no
conflict of interest.

References

Aronowski J, Strong R, Grotta JC (1997) Reperfusion injury:
demonstration of brain damage produced by reperfusion
alter transient focal ischemia in rats. J Cereb Blood Flow
Metab 17:1048-56

Baker MA, Cerniglia GJ, Zaman A (1990) Microtiter plate
assay for the measurement of glutathione and
glutathione disulfide in large numbers of biological
samples. Anal Biochem 190:360-5

CR-6 protects against ischemia/reperfusion brain injury
FJ Pérez-Asensio et al

Beckman JS, Beckman TW, Chen J, Marshall PA, Freeman
BA (1990) Apparent hydroxyl radical production by
peroxynitrite: implications for endothelial injury from
nitric oxide and superoxide. Proc Nat! Acad Sci USA
87:1620—4

Candelario-Jalil E, Gonzéalez-Falcon A, Garcia-Cabrera M,
Leén OS, Fiebich BL (2007) Post-ischaemic treatment
with the cyclooxygenase-2 inhibitor nimesulide reduces
blood-brain barrier disruption and leukocyte infiltration
following transient focal cerebral ischaemia in rats.
J Neurochem 100:1108-20

Casas J, Gorchs G, Sdnchez-Baeza F, Teixidor P, Messeguer
A (1992) Inhibition of rat liver microsomal lipid
peroxidation elicited by simple 2,2-dimethylchromenes
and chromans structurally related to precocenes. J Agric
Food Chem 40:585—-90

Chan PH (1996) Role of oxidants in ischemic brain damage.
Stroke 27:1124-9

Chong ZZ, Xu QP, Sun JN (2001) Effects and mechanism of
triacetylshikimic acid on platelet adhesion to neutro-
phil induced by thrombin and reperfusion after focal
cerebral ischemia in rats. Acta Pharmacol Sin 22:679-84

D’Ambrosio AL, Pinsky DJ, Connolly ES (2001) The role
of the complement cascade in ischemia/reperfusion
injury: implications for neuroprotection. Mol Med
7:367—-82

del Zoppo GJ, Mabuchi T (2003) Cerebral microvessel
responses to focal ischemia. J Cereb Blood Flow Metab
23:879-94

del Zoppo GJ, Schmid-Schonbein GW, Mori E, Copeland
BR, Chang CM (1991) Polymorphonuclear leukocytes
occlude capillaries following middle cerebral artery
occlusion and reperfusion in baboons. Stroke 22:
1276-1283

Dietrich WD (1994) Morphological manifestations of reper-
fusion injury in brain. Ann N Y Acad Sci 723:15-24

Doré S, Otsuka T, Mito T, Sugo N, Hand T, Wu L, Hurn PD,
Traystman RJ, Andreasson K (2003) Neuronal
overexpression of cyclooxygenase-2 increases cerebral
infarction. Ann Neurol 54:155—62

Gourley JK, Heistad DD (1984) Characteristics of reactive
hyperemia in the cerebral circulation. Am ] Physiol
246(1 Pt 2):H52-8

Humphreys SA, Koss MC (1998) Role of nitric oxide in
post-ischemic cerebral hyperemia in anesthetized rats.
Eur ] Pharmacol 347:223-9

Iadecola C, Niwa K, Nogawa S, Zhao X, Nagayama M, Araki
E, Morham S, Ross ME (2001) Reduced susceptibility
to ischemic brain injury and N-methyl-D-aspartate-
mediated neurotoxicity in cyclooxygenase-2-deficient
mice. Proc Natl Acad Sci USA 98:1294-9

Jiménez-Altayé F, Briones AM, Giraldo J, Planas AM,
Salaices M, Vila E (2006) Increased superoxide anion
production by interleukin-1f impairs nitric oxide-
mediated relaxation in resistance arteries. ] Pharmacol
Exp Ther 316:42—52

Jiménez-Altayé F, Martin A, Rojas S, Justicia C, Briones
AM, Giraldo J, Planas AM, Vila E (2007) Transient
middle cerebral artery occlusion causes different struc-
tural, mechanical, and myogenic alterations in normo-
tensive and hypertensive rats. Am | Physiol Heart Circ
Physiol 293:H628-35

Justicia C, Martin A, Rojas S, Gironella M, Cervera A,
Panés J, Chamorro A, Planas AM (2006) Anti-VCAM-1
antibodies did not protect against ischemic damage
neither in rats nor in mice. J Cereb Blood Flow Metab
26:321-32

651

Journal of Cerebral Blood Flow & Metabolism (2010) 30, 638-652



(=)

CR-6 protects against ischemia/reperfusion brain injury
FJ Pérez-Asensio et al

652

Kidwell CS, Saver JL, Mattiello J, Starkman S, Vinuela F,
Duckwiler G, Gobin YP, Jahan R, Vespa P, Villablanca JP,
Liebeskind DS, Woods RP, Alger JR (2001) Diffusion-
perfusion MRI characterization of post recanalization
hyperperfusion in humans. Neurology 57:2015-21

Kim DJ, Kim DI, Lee SK, Suh SH, Lee YJ, Kim J, Chung TS,
Lee JE (2006) Protective effect of agmatine on a reper-
fusion model after transient cerebral ischemia: temporal
evolution on perfusion MR imaging and histopathologic
findings. AJNR Am ] Neuroradiol 27:780-5

Kunz A, Anrather J, Zhou P, Orio M, Iadecola C (2007)
Cyclooxygenase-2 does not contribute to postischemic
production of reactive oxygen species. | Cereb Blood
Flow Metab 27:545-51

Kutala VK, Khan M, Angelos MG, Kuppusamy P (2007)
Role of oxygen in postischemic myocardial injury.
Antioxid Redox Signal 9:1193-206

Livak KJ, Schmittgen TD (2001) Analysis of relative gene
expression data using real-time quantitative PCR
and the 2(-delta delta C(T)) method. Methods 25:
402—-408

Macfarlane R, Tasdemiroglu E, Moskowitz MA, Uemura Y,
Wei EP, Kontos HA (1991) Chronic trigeminal gang-
lionectomy or topical capsaicin application to pial
vessels attenuates postocclusive cortical hyperemia
but does not influence postischemic hypoperfusion.
J Cereb Blood Flow Metab 11:261-71

Memezawa H, Smith ML, Siesjo BK (1992) Penumbral
tissues salvaged by reperfusion following middle cere-
bral artery occlusion in rats. Stroke 23:552—9

Miranda M, Muriach M, Almansa I, Arnal E, Messeguer A,
Diaz-Llopis M, Romero FJ, Bosch-Morell F (2007) CR-6
protects glutathione peroxidase activity in experimental
diabetes. Free Radic Biol Med 43:1494—8

Montoliu C, Llansola M, Sdez R, Yenes S, Messeguer A,
Felipo V (1999) Prevention of glutamate neurotoxicity in
cultured neurons by 3,4-dihydro-6-hydroxy-7-methoxy-
2,2-dimethyl-1(2H)-benzopyran (CR-6), a scavenger of
nitric oxide. Biochem Pharmacol 58:255-61

Moskowitz MA, Macfarlane R, Tasdemiroglu E, Wei EP,
Kontos HA (1990) Neurogenic control of the cerebral
circulation during global ischemia. Stroke 21(11
Suppl):111168-71

Pan J, Konstas A-A, Bateman B, Ortolano GA, Pile-Spell-
man J (2007) Reperfusion injury following cerebral
ischemia: pathophysiology, MR imaging, and potential
therapies. Neuroradiology 49:93—-102

Planas AM, Soriano MA, Justicia C, Rodriguez-Farré E (1999)
Induction of cyclooxygenase-2 after a mild episode of

focal cerebral ischemia without tissue inflammation or
neural cell damage. Neuroscience Lett 273:1-4

Rogers DC, Campbell CA, Stretton JL, Mackay KB (1997)
Correlation between motor impairment and infarct
volume after permanent and transient middle cerebral
artery occlusion in the rat. Stroke 28:2060-5

Ruperez FJ, Mach M, Barbas C (2004) Direct liquid
chromatography method for retinol, o- and y-tocopher-
ols in rat plasma. ] Chromatogr B 800:225-30

Sanvicens N, Goémez-Vicente V, Messeguer A, Cotter TG
(2006) The radical scavenger CR-6 protects SH-SY5Y
neuroblastoma cells from oxidative stress-induced apop-
tosis: effect on survival pathways. ] Neurochem 98:735—47

Tamura A, Asano T, Sano K (1980) Correlation between
rCBF and histological changes following temporary
middle cerebral artery occlusion. Stroke 11:487—-93

Tasdemiroglu E, Christenberry PD, Ardell JL, Chronister
RB, Taylor AE (1994) Effects of antioxidants on the
blood-brain barrier and postischemic hyperemia. Acta
Neurochir (Wien) 131:302-9

Todd NV, Picozzi P, Crockard HA (1986) Quantitative
measurement of cerebral blood flow and cerebral blood
volume alter cerebral ischaemia. | Cereb Blood Flow
Metab 6:338-41

Traupe H, Kruse E, Heiss WD (1982) Reperfusion of focal
ischemia of varying duration: postischemic hyper- and
hypo-perfusion. Stroke 13:615-22

Tsuchidate R, He QP, Smith ML, Siesjo BK (1997) Regional
cerebral blood flow during and after 2h of middle
cerebral artery occlusion in the rat. J Cereb Blood Flow
Metab 17:1066-73

Yamagami S, Miyamoto O, Nakamura T, Okada Y, Negi T,
Hayashida Y, Nagao S, Itano T (1998) Suppression of
hyperemia after brain ischemia by L-threo-3,4-dihydrox-
yphenylserine. Neuroreport 9:2939-43

Yang GY, Betz AL (1994) Reperfusion-induced injury
to the blood-brain barrier after middle cerebral artery
occlusion in rats. Stroke 25:1658—64

Yenes S, Commandeur JN, Vermeulen NP, Messeguer A
(2004) In vitro biotransformation of 3,4-dihydro-6-
hydroxy-2,2-dimethyl-7-methoxy-1(2H)-benzopyran
(CR-6), a potent lipid peroxidation inhibitor and nitric
oxide scavenger, in rat liver microsomes. Chem Res
Toxicol 17:904—13

Zhang RL, Chopp M, Chen H, Garcia JH (1994) Temporal
profile of ischemic tissue damage, neutrophil response,
and vascular plugging following permanent and
transient (2H) middle cerebral artery occlusion in the
rat. | Neurol Sci 125:3—10

Supplementary Information accompanies the paper on the Journal of Cerebral Blood Flow & Metabolism website (http://

www.nature.com/jcbfm)

Journal of Cerebral Blood Flow & Metabolism (2010) 30, 638-652


http://www.nature.com/jcbfm
http://www.nature.com/jcbfm




ARTICLES

Article 3

- Mannose-binding lectin promotes local microvascular thrombosis after
transient brain ischemia in mice

de la Rosa X, Cervera A, Kristoffersen A, Valdés C, Varma HM, Justicia ¢, Durduran
T, Chamorro A, Planas AM.

En preparacié

ABSTRACT:

Diverses evidencies donen suport a la idea que la mannose-binding lectin (MBL)
esta involucrada en el dany cerebral després d’isquemia. La via de les lectines del
sistema del complement, facilita I'activacié de trombina i la formaci6é de coaguls
sota certes condicions experimentals. En aquest estudi hem examinat si la MBL
promou la trombosi després d’isquemia/reperfusio i influencia el curs i la
prognosi de I'episodi isquemic.

L’oclusio de l'arteria cerebral mitja (MCAO)/reperfusié es va realitzar en ratolins
deficients (n=79) i wild-type (n=77) per MBL i es va seguir la lesi6 cerebral per
MRI a dies 1 i 7. El flux sanguini cerebral regional relatiu (rCBF) es va
monitoritzar 6 hores després de l'oclusi6 amb imatgeria de constrast laser-
speckle. Es va analitzar la fibrina/fibrinogen en la vasculatura i en el plasma, i es
van avaluar els efectes d’'un inhibidor de trombina, argatroban, per tal de definir
el paper de MBL en l'activaci6 de trombina.

Els volums d’infart i el déficit neurologic van resultar similars en ratolins KO per
MBL i en els animals salvatges. Els valors de rCBF durant 'oclusié i la reperfusio
eren semblants en els dos grups, pero disminuien durant les segilients sis hores
només per al grup WT. A més, els ratolins salvatges mostraven més fibrina(ogen)
en els vasos sanguinis i un millor pronostic després del tractament amb
argatroban. Per contra, I'argatroban no millorava I’evolucié en ratolins KO per
MBL.

La MBL promou el dany cerebral i funcional després d’isquemia/reperfusiéo en
ratolins. Aquests efects son secundaris a la trombosi intravascular i al dany per
reperfusid. L’argatroban protegeix els animals salvatges perd no protegeix els
animals KO, emfatitzant el paper de la MBL en la formacié de coaguls locals en
isquemia/reperfusio.
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Abstract

Background and purpose: Several lines of evidence support the involvement of mannose-
binding lectin (MBL) in stroke brain damage. The lectin pathway of the complement
system facilitates thrombin activation and clot formation under certain experimental
conditions. In the present study we examine whether MBL promotes thrombosis following
ischemia/reperfusion and influences the course and prognosis of ischemic stroke.
Methods: Middle cerebral artery occlusion (MCAOQ)/reperfusion was carried out in MBL
deficient (n=85) and wild type (WT) (n=83) mice and the brain lesion was assessed by MRI
at days 1 and 7. Relative regional cerebral blood flow (rCBF) was monitored up to 6 hours
after MCAO with laser-speckle contrast imaging. Fibrin(ogen) was analysed in the brain
vasculature and plasma, and the effects of the thrombin inhibitor argatroban were
evaluated to assess the role of MBL in thrombin activation.

Results: Infarct volumes and neurological deficits were smaller in MBL KO mice than in WT
mice. rCBF values during MCAO and at reperfusion were similar in both groups, but
decreased during the next six hours in the WT group only. Also, the WT mice showed more
fibrin(ogen) in the brain vessels and a better outcome after argatroban treatment. In
contrast, argatroban did not improve the outcome in MBL KO mice.

Conclusion: MBL promotes brain damage and functional impairment after brain
ischemia/reperfusion in mice. These effects are secondary to intravascular thrombosis and
impaired rCBF during reperfusion. Argatroban protects WT mice, but not MBL KO mice,

emphasizing a role of MBL in local thrombus formation in acute ischemia/reperfusion.



Introduction

The complement system is activated in stroke® and is regarded as a detrimental factor
contributing to worsen the outcome.”® The complement system is not only a potent
ancestral innate immune defense against invading microbes, but it is also an efficient tool
promoting clearance of damaged host cells.* Complement can be activated through the
classical, the alternative, and the lectin pathways that all culminate in the formation of a
lytic pore in cell membranes known as the membrane attack complex, and the production
of pro-inflammatory small protein fragments called anaphylotoxins C3a, C5a and C4a.’
Blockade of C3a®® and C5a®° receptors is protective against ischemia/reperfusion in

animals.

The classical pathway involves IgM or IgG1 antibodies attaching to the C1g complex, which
is expressed in ischemic neurons.’ Cl-inhibitor, a naturally occurring acute phase protein,
is protective against ischemia/reperfusion in experimental models.”™ Cl-inhibitor not
only blocks the classical pathway but it also prevents activation of the lectin pathway,
amongst other effects.”> Notably, human recombinant Cl-inhibitor selectively binds to
mannose-binding lectin (MBL), and this mechanism is believed to mediate its protective
effects in brain ischemia/reperfusion.'® Several lines of experimental *’*° and clinical *"*°
evidence support that the MBL pathway exacerbates stroke brain damage. MBL KO mice
showed reduced brain damage after ischemia, and protection was lost following

administration of recombinant MBL."

The complement and the coagulation systems cross-interact at several molecular

21,22

steps. Proteins of the lectin pathway can induce thrombus formation through

23-27 28-30 In

thrombin activation, thus exacerbating brain damage after ischemia/reperfusion.



this study, we evaluated the role of MBL in thrombus formation and whether this

interaction is involved in brain damage after ischemia/reperfusion in mice.

METHODS

An extended version of Methods can be found in Supplementary Materials.

Animal work
Animal work was undertaken with approval of the Ethical Committee of the University of
Barcelona and in compliance with Spanish law. Adult (3-4 month-old) male wild type (WT)

and MBL KO mice®! in the C57BL/6J background were used."’

Brain ischemia/reperfusion

Ischemia was produced by intraluminal 90-min occlusion of the right middle cerebral
artery (MCAOQ) in WT (n=83) and MBL KO (n=85) mice. Cerebral perfusion was assessed
with laser Doppler flowmetry (Perimed AB, Jarfdlla Sweden). A neurological score ranging

from 0 (no deficit) to 20 (maximal deficit) was carried out at days 1 and 7 after MCAO.

MRI studies
Brain MRI was carried out in a 7.0 T BioSpec animal scanner (Bruker BioSpin, Ettlingen,
Germany). T2 relaxometry maps were acquired at day 1 or at day 1 and 7, and images

were analyzed blinded to genotype.



Pharmacological treatment

An osmotic pump containing argatroban (#PI-146-0050, Enzo Life Sciences) (5 pg Kg™* min™
for 24 hours) or the vehicle (saline containing DMSO) was implanted i.p. prior to 90-min
MCAO. One-mm thick brain sections obtained at 24h were stained with 1 % 2,3,5-
triphenyltetrazolium chloride (TTC). Infarct volume with edema correction was measured

in a blinded fashion.

Optical imaging of cerebral blood flow

Relative cerebral blood flow (rCBF) was studied by laser speckle imaging (LSF) in ischemic
and sham-operated mice. A custom LSF system was used measuring rCBF in various
regions of interest (ROI): the ischemic core (MCA ROI), the surrounding region (outside
ROI), and the corresponding ROIs in the contralateral hemisphere. The initial drop in CBF
after MCAO was assessed with laser Doppler, while LSF was used to monitor CBF during
the last 30 min of MCAOQ, for one hour following reperfusion, and at 4 and 6 hours. For
quantification purposes, images were obtained as an average over five minutes at the 60-
minute MCAO mark, at reperfusion, and 1, 4 and 6 h later. rCBF during and after MCAO

was calculated relative to LSF baseline (15-min) measured before MCAO.

ELISA immunoassay
The concentration of fibrinogen in plasma (collected in citrate) was analyzed with an ELISA

assay kit (#ab108844, Abcam, Cambridge, UK).

Immunofluorescence
Mice were intracardially perfused with saline followed by paraformaldehyde 24h after
MCAO. Immunofluorescence was performed using a FITC-conjugated fibrinogen antibody

(#F0111, Dakocytomation, Glostrup, Denmark) (1:100), and an anti-glucose transporter-1



(Glut-1) antibody (#AB1340, Merck Millipore, Billerica, MA) (1:200). The number of

fibrin(ogen) positive blood vessels was counted in a blinded fashion.

Western Blotting

Mice were intracardially perfused with saline 24h after MCAO, and ipsilateral and
contralateral tissue was dissected out. Cortex and striatum were obtained separately (n=6
per genotype and region). Western blotting was carried out with an antibody against
native fibrinogen (#PAB13593, Abnova Corporation, Taipei, Taiwan) diluted 1:1,000. An
antibody against actin (#A1978, Sigma-Aldrich Quimica, S.L., Madrid, Spain) diluted
1:500,000 was used as loading control. The ratio between fibrinogen and actin band

intensities was calculated.

Statistical analyses
Differences between genotypes were assessed with the Student’s t test or the Mann-
Whitney test after testing for normal distribution (Kolmogorov-Smirnov test). Two-way

ANOVA was used for comparisons by genotype, and treatment, brain hemisphere or time.

RESULTS

General information about the animals used in this study

Ischemia was induced in 168 mice (n=83 WT, n=85 MBL KO). Five mice (n=3 WT and n=2
MBL KO) did not enter the study due to surgical complications. Nine mice (n=3 WT and
n=6 MBL KO) were excluded due to insufficient drop in cortical perfusion (< 65 % of

baseline) after MCAOQ. Ten mice (n=5 WT and n=5 MBL KO) did not develop infarction and



were excluded. Mortality within the first 24 hours was 6.0 % and 11.8 % in WT (n=5) and

MBL KO (n=10) groups, respectively (Chi-square= 0.51).

MBL KO mice had smaller infarct volumes and neurological deficits than WT mice

In a previous study we found smaller infarct volumes in MBL KO mice than in WT mice, as
assessed post-mortem with the TTC technique.”” Here we aimed to validate these findings
in larger cohorts of mice. MRI lesion volume was evaluated at 24h in WT (n=36) and MBL
KO (n=36) mice (Fig. 1A, B). The reduction (meanZSD) in cortical perfusion after MCAO, as
assessed with laser Doppler flowmetry, was 82+10 % in the WT group and 8119 % in the
MBL KO group. The MRI lesion volume was significantly smaller (p<0.01, Student t test) in
MBL KO mice (Fig. 1C), which also showed a better (lower) neurological score than the WT

group (p<0.001, Mann-Whitney test) (Fig. 1D).

To find out whether the early beneficial effect of MBL deficiency persisted at later time
points, mice received a second MRI scan at day 7 (n=17 WT and n=19 MBL KO mice) (Fig.
2A). Mortality increased from day 1 to day 7 in the MBL KO (37 %) and WT (47 %) groups
(Chi-square=0.38). Infarct volumes at 24h were higher in mice that died before day 7 than
in mice that survived the 7-day period of the study (79.2+19.3 mm?, n=8, vs. 49.3+14.7,
n=9, p<0.001 for the WT group, and 68.3+11.9, n=7, vs. 34.6117.7, n=12, p<0.001, for the
MBL KO group). This group of MBL deficient mice also showed smaller infarct volumes and
neurological deficits than the WT group (two-way ANOVA by genotype p<0.05, and time
p<0.001) (Fig. 2B,C). Post-hoc analysis showed that the genotype effect on infarct volume
was statistically significant at day 1 (p<0.05) but only showed a statistical trend (p=0.08) at
day 7. The neurological scores were better in MBL KO mice than in WT mice at day 1

(p<0.001) and day 7 (p<0.05).



Cerebral blood flow at reperfusion was improved in the MBL KO mice versus the WT mice

We studied rCBF by laser Doppler and laser speckle imaging (LSF) in additional groups of
ischemic (n=5 per genotype) and sham-operated (n=3 per genotype) mice. The laser
Doppler measure (% of baseline) obtained during the first 30 min of MCAO was (meanzSD)
15.0+6.1 % in the WT group and 16.416.3 % in the MBL KO group (p=0.73). In the same
mice, LSF (Fig. 3A) was measured in several ROIs (Fig. 3B) by obtaining images at different
time points: baseline, during MCAO, one hour following reperfusion, and at 4 and 6 hours.
The LSF measurement of rCBF (expressed as % of basal rCBF) in the ‘MCA’ ROI during
MCAO was (meantSD) 10.8+4.7 % for the WT group and 17.0+10.5 % for the MBL KO
group (p=0.27). At reperfusion, rCBF recovered to a similar extent in MBL KO and WT mice
(Fig. 3C). However, as time progressed, rCBF decreased in the WT group but not in the
MBL KO group (Fig. 3C). Two-way ANOVA by genotype and time showed a significant
genotype effect (p<0.05). In contrast, rCBF in the ‘outside ROI’ of the ipsilateral
hemisphere, and in the corresponding (mirror) contralateral ROIs (Fig. 3C) was similar for
both genotypes. In sham-operated mice, rCBF values in these ROIs did not differ between

WT and KO mice and were stable over time (Fig. 3D).

MBL deficiency reduced deposition of fibrin(ogen) in blood vessels of the ischemic tissue

The presence of fibrinogen increased in the ischemic tissue of WT mice 24 hours after
ischemia/reperfusion, as assessed by Western blotting (Fig. 4A). This effect was
significantly attenuated in cortex (p<0.01) (Fig. 4A) and striatum (p<0.05) (not shown) of
MBL KO mice (n=6 per genotype and region). Also, the number of fibrin(ogen)
immunopositive vessels after ischemia (Fig. 4B) was reduced (p<0.05) in MBL KO mice
(n=6) versus WT mice (n=6) in cortex (not shown) and striatum (Fig. 4B, C). However,
increments in plasmatic levels of fibrinogen after ischemia were similar in both genotypes

(Fig. 4D).



Argatroban reduced infarct volume and ameliorated the neurological deficit in WT mice
but not in MBL KO mice

2432 \ye examined whether

Since the lectin pathway can induce thrombin activation,
thrombin was involved in the detrimental effects of MBL by treating the mice with the
direct thrombin inhibitor argatroban, and measuring infarct volume at 24 hours (TTC) (Fig.
5A,B). After MCAOQ, the reduction in cortical perfusion (meantSD) as assessed by laser
Doppler was: 7910 % in the vehicle/WT group; 856 % in the argatroban/WT group, 8716
% in the vehicle/MBL KO group; and 81+8 % in the argatroban/MBL KO group (p=0.15).
The mice treated with argatroban (n=11) showed smaller infarct volumes and better
neurological scores (p<0.05) than the mice receiving the vehicle (n=10) (Fig. 5C, D), in

agreement with previous reports.?®*

In contrast, argatroban was not beneficial in MBL KO
mice (n=8 per treatment group) (Fig. 5C, D). This finding suggested that the MBL pathway

promoted local thrombin activation during reperfusion following ischemia.

DISCUSSION

The present study reports that MBL exacerbates acute ischemic damage by promoting
local prothrombotic events in brain vasculature hampering blood flow reperfusion. In the
WT mice, rCBF recovery at reperfusion was followed by progressive rCBF reductions and
deposition of fibrin(ogen) in the brain vasculature. These effects might be attributable to
secondary thrombotic events that can occur after local activation of the coagulation
cascade during reperfusion.>® Regardless of similar increments in circulating levels of
fibrinogen after acute stroke in WT and KO mice, we observed less local vessel fibrin(ogen)

in the ischemic tissue of the MBL KO mice. Moreover, a significant reduction in infarct



volume and greater improvement in functional outcome was seen after the administration
of the direct thrombin inhibitor argatroban only in WT mice. This finding further attested
to the clinical relevance of the local crosstalk between the lectin pathway of complement
activation and thrombin-dependent secondary thrombosis in ischemia/reperfusion injury

in mice.

A number of molecular interactions between the coagulation and complement cascades
illustrates the complex crosstalk between these protease systems.”* Proteins of the lectin
pathway can activate the coagulation cascade, as shown in vitro®*?® and in vivo.?’ MBL has
no enzymatic activity and needs to bind the MBL-associated serine proteases (MASP). MBL
binding to MASP-2 activates the complement by cleavage of C4 and C2.>* MASP-2 can
cleave prothrombin and form thrombin®* and MASP-1 promotes the formation of cross-
linked fibrin.®®> Also, activation of MASPs can induce the formation of fibrin clots,” and
human MBL-MASPs complex can mimic thrombin and initiate coagulation.?* The
procoagulant effects of lectin pathway proteins may contribute to eliminating invading
pathogens by sequestering them though local activation of the coagulation cascade
preventing dissemination throughout the organism.>* However, according to our results,
local prothrombotic events in the injured brain vasculature may impair reperfusion and

enhance brain damage after acute ischemic stroke.

Thrombin activates platelets, converts fibrinogen to a fibrin mesh and cleaves factor Xlll as

well as performing other important functions in coagulation.* In brain ischemia, thrombin

mediates severe vascular disruption and damage to the neurovascular unit.2*

Accordingly, the thrombin inhibitor argatroban reduces brain injury after

28-30

ischemia/reperfusion in experimental animals, and extends the therapeutic window of

rtPA.®® In humans, a pilot study of the combined administration of argatroban and

10



intravenous rtPA showed greater recanalization rate than rtPA alone in stroke patients
with proximal intracranial arterial occlusions.?” In the present study, argatroban protected
WT mice, but not MBL KO mice, suggesting that the deleterious effect of MBL were

mediated, at least in part, by thrombin activation.

Long-lasting protection was reported after pharmacologically targeting the MBL

9

pathway,” and genetic MBL-deficiency in humans was associated with a better stroke

0U1IC0me.17'20

However, in a previous study the benefits of mouse MBL deficiency in acute
stroke were not sustained at day 7.%% Here, the protection of MBL-deficiency, as assessed
by longitudinal MRI, was still seen at 7 days but group differences in infarct volume were
attenuated compared to those at day 1. Several components of the complement system
have regulatory functions in stem cells* and neural progenitor cells and immature
neurons express receptors for complement fragments.”’ Furthermore, complement
proteins can facilitate regeneration in various models of CNS disease.”’ Therefore, the

possibility that MBL may play different roles during the recovery phase cannot be

excluded.

Summary

The current findings suggest that MBL impairs the cerebral circulation at reperfusion
following MCAO by promoting local intravascular thrombotic events through a mechanism
involving thrombin activation. Future clinical studies in acute stroke patients assessing the
value of direct thrombin inhibitors might benefit from the stratification of the patients by

their MBL genotype.
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Figure Legends

Figure 1. MBL deficiency reduces MRI infarct volume and ameliorates the neurological
deficit 24 hours after ischemia/reperfusion. Representative MRI images (T2 maps) 24h
after MCAO for WT (n=36) (A) and MBL KO (n=36) (B) groups. Infarct volume (Student t
test, ** p<0.01) (C) and neurological deficit (Mann-Whitney test, *** p<0.001) (D) are
smaller in MBL KO mice than WT mice. Plot shows box with median and whiskers

(minimum to maximum).

Figure 2. Longitudinal MRI at days 1 and 7 after MCAO. A) lllustrates MRI brain sections
(T2 maps) at day 1 after MCAO and the corresponding images at day 7 for a
representative mouse per group. B) Quantification of the MRI lesion volume (mm?) at 1
and 7 days for the WT group (n=17 mice at day 1 and n=9 mice at day 7) and the MBL KO
group (n=19 mice at day 1 and n=12 mice at day 7). The difference between the number
of mice at day 1 and day 7 is due to mortality between these time points. Two-way
ANOVA by genotype and time shows a reduction in infarct volume in the MBL KO group
that is statistically significant at day 1 (*p<0.05), but not at day 7 (p=0.08). C) The
neurological score of the mice shown in (B) is lower in the MBL KO group versus the WT
group at day 1 (*** p<0.001) and 7 (* p<0.05). Plot shows box with median and whiskers

(minimum to maximum).

Figure 3. rCBF values decline during reperfusion in the WT mice but not in the MBL KO
mice. A) The image shows the brain surface and the defined ROls. Bar scale: 1 mm. B)
LSF baseline image (black & white, left), and relative LSF images (color) obtained 60-min
after the occlusion, after reperfusion, and 4 and 6 hours later in WT (upper row) and

MBL KO (bottom row) mice. Relative LSF images show at each time point the difference
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versus the corresponding baseline image. The color scale in the right side shows rCBF
changes versus the baseline (1 means no change vs. baseline). C) Measurements of rCBF
at different time points in ischemic mice show statistically significant differences
(*p<0.05) in the ischemic core (IPSI ‘MCA ROl’) between MBL KO and WT mice
(meantSEM; n=5 per group) (two-way ANOVA, genotype effect p<0.05). Differences
between groups in the surrounding region (outside ROI) of the ipsilateral (IPSI)
hemisphere or in the corresponding regions of the contralateral (CONTRA) hemisphere
were not statistically significant. D) No rCBF changes were seen in the various ROls of

sham-operated mice (SHAM) (n=3 per group).

Figure 4. Lower levels of fibrinogen in the ischemic tissue, but not in plasma, of MBL KO
mice 24 hours after MCAO. A) Western blotting showing the presence of fibrinogen in
the cortex. Quantification of the intensity of the bands (normalized by actin) shows less
(** p<0.01) fibrinogen in the ipsilateral (ipsi) cortex of MBL KO mice than of WT mice
(n=6 for genotype). Values (mean+SEM) are expressed as percentage of non-ischemic
control WT cortex (control). B) Immunofluorescence of the contralateral (contra) and
ipsilateral (ipsi) striatum of WT and MBL KO mice shows enhanced fibrin(ogen)
immunoreaction (green, left panels) in the ischemic tissue of WT mice. Corresponding
immunostaining with anti-Glut-1 (red, center panels) antibody shows the blood vessels.
The merged images in the right panels show the corresponding fibrinogen (green), Glut-1
(red), and Hoechst (blue) staining. Bar scale: 200 um. C) Quantification of the number of
fibrinogen+ vessels (meantSEM % of total vessels per area) (n=6 per genotype) shows
lower numbers in MBL KO mice than in WT mice (* p<0.05). D) Quantification of
fibrinogen in plasma (mean+SEM) of naive and ischemic mice shows similar increases

after ischemia in MBL KO (n=6) and WT (n=6) mice.
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Figure 5. Argatroban reduces infarct volume and ameliorates the neurological deficit at
24 hours post-ischemia in WT mice but not in MBL KO mice. A,B) Representative TTC
coronal sections of WT (A) and MBL KO (B) mice that received either the vehicle or
argatroban. C) Quantification of infarct volume in the TTC sections of WT mice (n=10
vehicle and n=11 argatroban) and MBL KO mice (n=8 per treatment group) shows that
argatroban reduced infarct volume (C) and neurological deficits (D) in the WT group (*
p<0.05), but not in the MBL KO group. & p<0.05 versus vehicle WT group. Plot shows box

with median and whiskers (minimum to maximum).
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Aquesta tesi s’ha enfocat a I'estudi dels efectes de la reperfusié després
d’'una isquemia cerebral en models animals. La reperfusiéo és essencial per
restablir el flux sanguini a la zona isquémica i permetre la viabilitat neuronal,
pero a I'hora pot tenir efectes secundaris no desitjats que contrarestin el seu
benefici. En el present treball hem estudiat la induccié de la proteina d’estres
cel-lular Hsp-70 implicada en viabilitat neuronal, com un efecte beneficios de la
reperfusié. Per altre banda hem estudiat el paper d’efectes negatius de la
reperfusi6 com sén l'augment d’estres oxidatiu i l'activaci6 de vies del

complement.

La isquémia/reperfusio indueix 'expressio de Hsp-70 que es pot monitoritzar in vivo

en animals transgénics mitjancant tecniques d'imatge confocal

L’expressio de Hsp-70 és indetectable en condicions fisiologiques pero la
seva induccié augmenta molt després d’isquemia (Planas et al, 1997).
Nombrosos estudis han mostrat que la sobre-expressi6 o induccié farmacologica
de Hsp-70 té un efecte neuroprotector en models de mort neuronals en isquémia
((Yenari et al,, 1998),(Rajdev et al.,, 2000),(Hoehn et al., 2001),(Tsuchiya et al,,
2003),(Giffard and Yenari, 2004), (van der Weerd et al,, 2005), (Xu et al., 2009),
(van der Weerd et al., 2010), (Mohanan et al., 2011). Addicionalment, participa en
una amplia varietat de vies metaboliques. Entre d’elles, intervé en la cascada
proteica apoptotica incrementant l'expressié de Bcl-2 (Kelly et al, 2002) o
inhibint l'alliberacié de citocrom C (Creagh et al., 2000), interfereix I'activitat
d’Apaf-1 (Saleh et al,, 2000), participa en el reclutament de procaspasa-9 (Beere
et al,, 2000) i pot unir-se i segrestar AIF (Matsumori et al., 2005). S’ha descrit que
la sobre-expressié de Hsp-70 en astrocits redueix la vulnerabilitat neuronal en
models transitoris d'isquemia (Xu et al., 2010). Aixi, 'administracié de proteina
Hsp-70 recombinant redueix el volum d'infart i millora les funcions
neurologiques després d’isquemia transitoria en ratoli (Doeppner et al,, 2009) i
rata (Zhan et al,, 2010). La millora i protecci6é en isquémia que aporta Hsp-70
podria ser deguda al seu paper anti-apoptotic des de fases inicials (Yenari et al,,

2005).

127



DISCUSSIO

Tot i aquests efectes beneficiosos, hi ha dos treballs en els que la induccié de
Hsp70 en ratolins transgenics no ofereix proteccié en un model global d’isquémia
(Olsson et al., 2004), i en un model transitori en el que Hsp27 si que té efectes

protectors (Badin et al., 2006).

L’expressi6 de Hsp-70 s’ha descrit que és marcador de la zona de
penombra (Planas et al, 1997), (Hata et al, 2000). Monitoritzar la zona de
penombra té interés perque permet estimar si hi ha teixit viable en risc de mort
que potencialment es podria beneficiar de tractaments farmacologics protectors.
Per aquest motiu hem ideat un sistema que permeti la detecci6 d’aquesta
proteina in vivo en animals transgenics després de la inducci6 d’isquemia
cerebral. En aquest treball s’ha modificat geneticament els ratolins perque
expressin la proteina fluorescent mPlum (excitacié 594 nm emissié 649 nm) sota
el promotor del gen Hsp-70. El constructe Hsp-70-mPlum es va validar in vitro en
cel-lules transfectades exposant-les a estimuls inductors del gen Hsp-70 i es va
comprovar que hi havia una correlacié lineal entre la induccié del gen Hsp-70 i el
mPlum. A continuaci6, es van generar ratolins transgenics que es van sotmetre a
isquemia transitoria per oclusi6 de ’ACM per tal d’induir I'expressié de Hsp-70 al

cervell isquemic.

Els animals observats amb técniques d'imatgeria optica en els animals vius
(FRI) mostren una senyal de fluorescencia en I'hemisferi ipsilateral i la zona
afectada que correspon amb la zona d’induccié de Hsp-70, segons es va
comprovar amb assajos immunohistoquimics en talls de cervell postmortem del
mateix animal. Els cervells extrets del crani presenten una alta intensitat de
senyal i una millor ratio senyal/soroll que els animals vius, donat que la senyal
dels animals vius és atenuada per la presencia del crani. Aquest experiment
mostra que l'expressié de la Hsp-70 en el cervell després d’inducci6 amb
isquemia, pot ser monitoritzada de forma no invasiva in vivo utilitzant aquests

animals transgenics i la tecnologia FRI.

Addicionalment, es va estudiar la fluorescéncia de mPlum a nivell cel-lular
utilitzant microscopia confocal després de practicar una finestra cranial. Aquesta

técnica permet la visualitzaci6 de neurones positives per mPlum i també va
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mostrar la presencia de mPlum en vasos sanguinis. Els nostres resultats estan en
acord amb els estudis de Popp, que descriuen I'expressio de Hsp-70 en neurones
de la periferia del nucli isquemic després de 24h d’oclusié de I’ACM, mentre que
en el nucli isquémic aquesta es troba en els vasos sanguinis (Popp et al., 2009). La
dinamica d’expressié d’aquesta proteina després de la isquemia suggereix que és
expressada per les neurones viables de la penombra (Kinouchi et al,, 1993b). En
linia amb la majoria de resultat, és aquesta inducci6 natural de Hsp-70 en
neurones després d’isquémia, que proporciona protecci6. (Nowak et al., 1993),
(Kinouchi et al,, 1993a), (Nowak and Jacewicz, 1994). Els nostres resultats in vivo
també concorden amb estudis del teixit post-mortem que mostren Hsp-70 a la
periféria del nucli isquémic a la zona cortical que és on esta descrit que hi ha una
major expressio de la Hsp-70 després d'un procés isquemic (Sharp et al.,, 1993).
Tenint en consideracid les evidéncies que suggereixen que les neurones de la
penombra isquémia mostren una intensa induccié de Hsp-70 mRNA (Hata et al,,
2000), els animals mPlum transgenics que hem generat en aquest estudi
permeten visualitzar in vivo, a través de la fluorescencia mPlum, la zona

d’inducci6 de Hsp-70 marcadora de la penombra.

També diversos estudis ressalten que Hsp-70 té efectes antiinflamatoris.
Aquesta proteina podria interactuar amb la subunitat inhibidora del complex
NFkB, IkB, prevenint la seva activacié i la dissociaci6é del complex NFkB (Ran et
al., 2004). Segons Ding XZ, aquest efecte protegiria del shock inflamatori letal de
TNF-a reduint els mediadors inflamatoris. Per una altra banda, Feinstein i
col-laboradors van realitzar estudis en cel-lules glials exposades a estreés per
calor, transfectades amb Hsp-70 i, tot seguit, estimulades amb LPS. Aquestes
cel-lules mostraven menys translocaci6 de NFkB al nucli i, en conseqiiéncia,
menys expressio d’oxid nitric sintasa o iNOS (Feinstein et al., 1996). Lee descriu
una reduccio in vitro de la produccié de MMP-9 en astrocits exposats a isquemia
que sobre-expressaven Hsp-70 (Lee et al., 2004). Per tant, podem concloure que
I'expressio de mPlum en neurones indica supervivencia neuronal després de la

isquemia.
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L’expressi6 de mPlum en la vasculatura també podria indicar efectes
protectors ja que la Hsp-70 esta associada amb I'atenuaci6 del dany
microvascular causat pel dany per reperfusié (Chen et al., 1997). La mida dels
vasos amb fluorescencia mPlum és compatible amb que siguin arterioles. La
fluorescencia de mPlum va ser detectada en determinats segments dels vasos.
Concretament, la fluoresceéncia s’observava adjacent a la intersecci6 dels vasos,
fet que podria indicar estres en aquestes zones, d’acord amb resultats en altres
condicions experimentals (Schett et al., 1998). Caldra fer més estudis per tal
d’esbrinar si la induccié6 de Hsp-70 en aquests segments esta relacionada amb

canvis del flux sanguini local i d’autoregulacié vascular.

El benefici de la induccié6 de Hsp-70 descrit a la literatura (Yenari et al,
1998), (Rajdev et al., 2000), (Hoehn et al.,, 2001), (Tsuchiya et al., 2003), (Giffard
and Yenari, 2004), (van der Weerd et al., 2010), (van der Weerd et al., 2005), (Xu
et al, 2009), (Mohanan et al, 2011) la identifiquen com una bona diana
d’intervencié terapéutica. Molts farmacs que indueixen 'expressié de Hsp-70,
com la geldanamicina (Lu et al., 2002), tenen un efecte protector contra el dany
per isquemia (Kwon et al,, 2008). Els animals transgenics descrits permeten la
monitoritzaci6 de la inducci6 de Hsp-70 in vivo després d’intervencid
farmacologica i que es pot utilitzar com un biomarcador de penombra en estudis
preclinics. Caldra que hi hagi nous avencos, incloent nanoparticules (Javier et al.,
2009) o marcadors PET (Doubrovin et al, 2012) que permetin visualitzar

I'expressio de Hsp-70 per técniques d’ imatge en humans.

Globalment, aquest estudi demostra 'expressid in vivo de Hsp-70 en el
cervell després d’isquemia transitoria en un ratoli transgenic fluorescent
utilitzant FRI i microscopia confocal intravital. La FRI mostra la induccié del gen
Hsp-70 en la regi6 isquemica, mentre que la microscopia confocal mostra a nivell
cel-lular I'expressié a les neurones i a la vasculatura del cervell. L’expressié de
Hsp-70 en neurones és un marcador de la penombra i un indicador de la viabilitat
neuronal, mentre que I'expressio de Hsp-70 en els vasos és un marcador d’infart.
Podem concloure que els ratolins transgenics Hsp-70/mPlum sén una bona eina
per a l'estudi de la induccié de Hsp-70 in vivo que permeten monitoritzar els

efectes de la isquemia/reperfusié en animals vius.
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La reperfusio indueix estrés oxidatiu que es pot prevenir amb un antioxidant

Com hem explicat previament, la restauracié del flux sanguini o reperfusio
del vas sanguini pot causar dany addicional i exacerbar el deficit cognitiu després
d’isquemia (Roberts et al., 2013). La recanalitzacio del vas provoca un augment

en els nivells de ROS que condueix a I'activacié de I'apoptosi (Drose, 2013).

Addicionalment, la producci6 de superoxid, oxid nitric o peroxi nitrit
facilita I'activacié d'un cercle viciés que ocasionaria major dany mitocondrial,
excitotoxicitat, peroxidacio lipidica i inflamacié (Crack and Taylor, 2005). Aixo
indueix la sobre expressio de citosines, molecules d’adhesié endotelials i MMPs,
augmentant encara més l'estres oxidatiu i el dany tissular (Jian Liu and

Rosenberg, 2005), (Rosenberg, 2002).

Diversos estudis destaquen el possible us d’antioxidants exogens en el
tractament del dany per reperfusi6o. Diversos tractaments antioxidants han
mostrat efectes neuroprotectors en models cerebrals d’isquémia (Diener et al,,
2008), especialment els inhibidors o bloquejants de la produccié de radicals
lliures i activadors de la degradacié de radicals (Amaro and Chamorro, 2011;
Amaro et al, 2013). Fins i tot, alguns d’aquests antioxidants s’han provat en
combinacié amb agents trombolitics amb efectes sinergics o additius (Amaro and

Chamorro, 2011).

Aixi doncs, estudis experimentals en models d’isquémia/reperfusio
mostren que els antioxidants externs tenen un paper beneficios i poden protegir
del dany per reperfusié. En aquesta tesi hem aprofundit en el paper d’una
molecula sintetica, el CR-6, com a agent antioxidant pel tractament d’isquemia

amb reperfusio.

El CR-6 és un antioxidant capa¢ de reaccionar amb NO i peroxi nitrit
(Montoliu et al, 1999). El NO pot reaccionar amb les especies superoxid
generades durant la reperfusi6 i originar peroxi nitrit (Beckman, 1990), una
especie molt reactiva que indueix iNOS i pot causar dany tissular. En aquest
treball hem descrit que l'expressié de la proteina NOS augmenta en rates
hiperemiques després de la isquemia i que el CR-6 atenua aquest efecte.

Addicionalment, s’ha descrit que CR-6 també inhibeix la peroxidacié de lipids
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(Yenes et al,, 2004). Estudis previs indiquen que el CR-6 actua als radicals lliures
d’oxigen, transferint-los un electré en una reacci6 mitjancant el trencament del
grup hidroxil de I'anell fenol (Yenes et al., 2004). Totes aquestes propietats del

CR-6 poden contribuir a I'efecte beneficios observat.

El CR-6 és una molecula sintetica estructuralment simple, analoga a la
vitamina E, que ha estat utilitzada previament en cel-lules i animals en condicions
que involucraven estrés oxidatiu (Sanvicens et al., 2006), (Miranda et al., 2007).
Els experiments de biodisponibilitat que hem portat a terme mostren que el CR-6

entra al parénquima després de 'administraci6 oral travessant la BHE.

Els nostres resultats mostren que el CR-6 té una accié protectora en la
isquemia/reperfusié. En canvi, el CR-6 no té efectes protectors en un model
d'isquemia permanent quan no hi ha recanalitzaci6 del vas. Mitjancant
I'enregistrament continu del flux sanguini cortical, es va fer evident que alguns
animals presentaven hiperémia immediatament després de la reperfusié. Aquests
animals desenvolupaven infarts majors i tenien una valoracié neurologica molt

pitjor comparat amb els que no mostraven hiperemia.

Podem concloure que aquesta hiperémia a la recanalitzacio del vas és un
signe de dany per reperfusid. Diversos treballs recolzen que la hiperemia en el
punt de reperfusid s’associa a un dany major del teixit (Tamura et al., 1981), i en
d’altres estudis mostren com la supressié d’aquest efecte és protector (Yamagami
et al,, 1998). La hiperemia és induida per la dilatacié dels vasos cerebrals degut a
la disminucié de la resistencia del vas durant la isquemia (Gourley and Heistad,
1984; Traupe et al., 1982). Per una altra banda, mecanismes neurogenics estan
relacionats amb el desenvolupament de hiperémia després de la isquemia
(Macfarlane et al, 1991). No obstant, no sabem si la hiperemia té efectes
perjudicials de manera directe o indirecte. Per exemple, no podem excloure que
fenomens associats a la hiperémia, com la hipoperfusié subseqlient que s’ha
descrit (Traupe et al.,, 1982), fossin responsables de 'increment del dany. En el
nostre estudi, hem trobat que només els animals que mostren hiperemia reactiva

al moment de la reperfusié son els que es beneficien del tractament amb CR-6.
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La hiperperfusié en el moment de la reperfusido no és un fenomen que
tingui lloc només en rates. Existeixen evidencies que pacients d’isquémia poden
desenvolupar hiperperfusié després de recanalitzar el vas amb tractament amb
rtPA (Kidwell et al., 2001). Els experiments del nostre estudi donen suport a la
idea que els individus amb hiperemia a la reperfusi6 so6n susceptibles de
respondre millor al tractament antioxidant, ja que s’esdevé un efecte beneficids
significatiu tant en la reducci6 del volum d’infart com en la millora en la valoracié
neurologica realitzada als diferents individus. Aquest efecte beneficids no apareix

en animals sense hiperémia o sense reperfusio.

Hem vist que CR-6 atenua I'expressié de COX-2 induit en neurones. Aquest
fet suggereix que I'estrés oxidatiu en aquestes condicions va regit per COX-2 i que
el tractament de CR-6, directa o indirectament, afecta les neurones. Molts estudis
demostren que COX-2 té efectes perjudicials en la isquemia transitoria donat que
animals deficients en aquesta proteina, mostren menys dany comparat amb els
animals salvatges (ladecola et al, 2001). A més, la inhibici6 de COX-2 és
protectora (Candelario-Jalil et al., 2007b) i redueix el trencament de BHE, aixi

com la infiltracié de leucocits (Candelario-]alil et al., 2007a).

Per una altra banda, la sobre expressié de COX-2 empitjora el pronostic
després d'un episodi isquemic (Goto et al., 2003). Aquest fenomen s’ha atribuit a
la producci6 de prostaglandina E2 més que no pas a la generacio6 d’estres oxidatiu
(Kunz et al., 2007). COX-2 és induit després d’episodis molt curts d’isquemia
sense causar un dany major (Planas et al., 1999). Aquesta observacié suggereix
que és possible que la cascada bioquimica activada per COX-2 necessiti de la
interaccié amb altres senyals generats després d’una isquemia més greu per

produir efectes perjudicials.

Per tal de veure la importancia dels fenomens d’estres oxidatiu, es van
analitzar signes d’aquest fenomens en 'arteria cerebral mitja aillada dels animals.
Només es va detectar estres oxidatiu en els animals tractats amb vehicle mentre

que aquest efecte es perdia en animals tractats amb CR-6.

Globalment, aquests resultats mostren que l'antioxidant CR-6 arriba al

teixit cerebral després d’administracié oral i que té un efecte protector en
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I'isquemia/reperfusi6. Hem demostrat que la proteccié es manifesta en el
subgrup d’animals que desenvolupen hiperémia en el moment de la reperfusio.
Els animals que presenten aquest augment del flux sanguini en el moment de la
reperfusié presenten una lesi6 cerebral més gran i el tractament amb
I'antioxidant els protegeix del dany en la interfase entre sang i cervell, prevenint

la formacié d’estrés oxidatiu en els vasos i disminuint el trencament de la BHE.

Aquests resultats evidencien que el tractament amb antioxidants és efica¢
en certs individus on el dany per isquemia/reperfusié es déona de manera més
acusada. Aquesta troballa suggereix que els signes per dany per reperfusid
s’haurien d’estudiar en pacients d’ictus que reben tractament trombolitic. En
conclusid, aquest estudi experimental recolza que s’explori en més profunditat el
CR-6 pel tractament de l'ictus isquemic amb l'objectiu d’atenuar els possibles

efectes negatius associats amb la reperfusio.

La MBL contribueix a la lesio cerebral després de la isquémia/reperfusio

En aquesta tesi hem mostrat que la MBL exacerba el dany cerebral
promovent fenomens locals trombotics en la vasculatura del cervell i
obstaculitzant el flux sanguini durant les primeres hores despres

d’isquemia/reperfusio.

Els animals geneticament deficients de proteina C3 (Atkinson et al., 2006) i
també els que es tracten amb inhibidors de C3 convertasa (Mocco et al., 2006)
tenen menor volum d’infart, inflamaci6, i menys déficit cognitiu després de
'oclusi6 de I'arteria cerebral mitja. Amb tot i aix0, sembla que el dany mediat per
'activacié del complement en I/R és independent de C1q (la via classica). Aquest
fet centra els estudis en les dues altres vies, tant l'alternativa com la de les
lectines (De Simoni et al., 2004). Estudis en models murins d’[/R on s’administren
inhibidors de C1, suggereixen que la MBL és responsable d'un efecte protector en
front del dany isquemic (Gesuete et al., 2009). Dades cliniques del nostre i altres
grups també suggereixen que la MBL esta implicada en la lesi6 cerebral després

del ictus (Cervera et al., 2010; Morrison et al,, 2011).

134




DISCUSSIO

Estudis recents demostren que l'activaci6 del complement després
d’isquemia és deguda a la IgM endogena natural (Elvington et al., 2012), que
podria tenir lloc a través de la via de les lectines (McMullen et al., 2006; Zhang et

al, 2006b).

En aquest treball hem fet estudis de ressonancia magnetica després
d’isquemia/reperfusié en ratolins deficients en MBL i en ratolins WT. El volum
d’infart es va mesurar en les imatges de ressonancia magnetica utilitzant mapes
T2 als temps de 24h i als 7 dies. Els animals MBL KO mostren una reduccid en el
volum d’infart a dia 1 respecte dels WT, demostrant que la proteccié que el nostre
equip havia descrit préviament a dia 2 mitjangant teécniques histologiques
(Cervera et al,, 2010) ja es manifesta en la ressonancia magnetica a partir de les
24h de reperfusid. Aquests resultats mostren que els animals deficients en MBL
presenten proteccié en front de la isquemia/reperfusié cerebral perque tenen

volums d’infart més petits i un menor deficit neurologic que els animals WTs.

Els estudis d’imatgeria amb la tecnica de laser Speckle han demostrat que
els animals salvatges presenten una menor perfusié sanguinia a 4 i 6h després de
la reperfusi6. Aquest efecte pot ser explicat amb fenomens de coagulacid
secundaria i amb el fet conegut que la via de coagulaci6 i MBL estan estretament
associades (Markiewski et al., 2007). MBL pot activar fenomens de coagulacié i
afavorir el pas de fibrina a fibrinogen (Endo et al,, 2010; Takahashi et al., 2010)
aixi com activar plaquetes i la via de coagulaci6 a través de la ruta MBL-
associated proteins 0 MASPs (Hess et al., 2012). Per esbrinar el possible paper de
la coagulacié i concretament de la via de la trombina en els efectes de la MBL,
vam tractar els animals amb un inhibidor de la trombina, I'argatroban. Els
animals WT tractats amb argatroban presentaven un menor volum d’infart,
mentre que els animals deficients en MBL no responien al tractament. D’acord
amb aquests resultats, en els cervells isquémics dels animals MBL KO també vam
observar menys diposits de fibrinogen/fibrina, segons es va observar
quantificant Western blots i el nombre de vasos amb marcatge positiu per
fibrina-fibrinogen en talls histologics de cervell. Concloem que la trombina
participa en el dany per reperfusio i que aquesta via no esta tant activada en

animals deficients en MBL.
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Les nostres dades indiquen que la deficiencia en MBL provoca una menor
resposta de coagulaci6 secundaria després d'isquémia/reperfusio cerebral, i
comporta un efecte beneficiés. La validaci6 d’aquests resultats justificarien
'estudi de terapies dirigides especificament a inhibir la via de les lectines i evitar
'activacié del complement i la coagulacié secundaria en pacients amb isquemia

cerebral.

Resum global

Globalment, aquesta tesi mostra diversos fenomens que s’associen a la
reperfusié després de la isquemia cerebral. Per una banda, la induccié de la
proteina Hsp-70, a la que s’atribueixen propietats anti-apoptotiques i protectores,
promoura la supervivéncia neuronal en la zona de la penombra. La generacid
d’animals transgenics que expressen una proteina fluorescent sota el promotor
del gen Hsp-70 ens ha permes visualitzar en animals vius la zona de penombra
mitjancant tecniques de microscopia confocal intravital, aixi com monitoritzar
aquesta expressio en regions cerebrals utilitzant tecnologia FRI. Malgrat la
induccié de molecules protectores que facilitaran la supervivencia neuronal a la
zona de penombra, la reperfusi6 també comporta danys secundaris que
s’associen principalment a estres oxidatiu i inflamaci6. Aquests danys per
reperfusié no s’observen en tots els animals sin6 que es posen de manifest en
aproximadament la meitat dels animals sotmesos a isquemia transitoria seguida
de reperfusi6. Hem trobat que la hiperemia reactiva en el moment de la
reperfusié és un biomarcador de dany per reperfusio. El subgrup d’animals amb
hiperemia reactiva és el que és susceptible de respondre a tractaments
antioxidants, com hem demostrat amb I'analeg sintetic de la vitamina E, CR-6.
L’administraci6 oral de CR-6 dues hores després de l'inici de la isquemia,
protegeix els animals hiperémics disminuint el volum d’infart cerebral i atenuant
els deficits neurologics. Aquesta protecci6 esta relacionada amb una disminucio
de l'estrés oxidatiu a nivell de la vasculatura cerebral, menor alteraci6 de la

permeabilitat de la barrera hematoencefalica, menor infiltracié leucocitaria i
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menor inflamacié. La isquemia/reperfusié també activa el complement. Hem
demostrat que la via de les lectines esta implicada en la lesi6 cerebral donat que
els animals deficients en la proteina MBL d’aquesta via tenen lesions de menor
mida i presenten menys alteracions neurologiques. Hem demostrat que els
efectes perjudicials de la MBL son deguts a la disminucié del flux sanguini
cerebral durant les hores que segueixen a la reperfusio post-isquemia. Aquesta
disminucié esta relacionada amb el diposit de fibrina/fibrinogen en Ia
microvasculatura cerebral de la zona afectada i amb l'activaci6 de la trombina, tal
com demostren els efectes beneficiosos de l'inhibidor de trombina argatroban,

que s’observen en els animals que tenen MBL pero no en els animals deficients.

Els resultats d’aquest treball permeten concloure que diferents estrategies
per minimitzar el dany per reperfusié podrien incloure la inducci6 de 'expressid
de Hsp-70 per afavorir la supervivencia de les neurones de la penombra, i la
inhibici6 tant de I'estres oxidatiu com de I'activacié del complement per la via de
les lectines per evitar la trombosis secundaria durant la reperfusid, atenuar
I'estres oxidatiu a l’endoteli vascular i prevenir la ruptura de la barrera

hematoencefalica i la inflamacio tissular.
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1. Hem generat ratolins transgenics que expressen el gen de la proteina
fluorescent mPlum sota el promotor del gen d’Hsp-70, que permeten seguir la

induccié del gen Hsp-70 amb tecniques d'imatge Optica.

2. Aquests animals ens han permes visualitzar in vivo la induccié del gen Hsp-70
en el cervell després de la isquemia/reperfusid, i localitzar la fluorescéncia a
nivell cel-lular en neurones viables de la zona de penombra i en la vasculatura de

'infart utilitzant técniques d’imatgeria FRI i de microscopia intravital.

3. La hiperemia reactiva en el moment de la reperfusi6é és un biomarcador de
dany per reperfusié que s’associa a un major estres oxidatiu, inflamacié i ruptura

de la barrera hematoencefalica.

4. L’administraci6 de I'antioxidant CR-6 després de la isquémia/reperfusio té
efectes protectors només en els animals que previament havien presentat senyals

de dany per reperfusio.

5. La proteina MBL que participa en I'activacié del complement per la via de les

lectines esta implicada en el dany per isquemia/reperfusid.

6. La MBL facilita la trombosis intravascular secundaria a la reperfusio a través

de mecanismes mediats per I'activacid de la trombina.
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