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INTRODUCCIO

1. L'ICTUS

El terme ictus fa referéncia al conjunt de patologies cerebrovasculars caracteritzades per la
manca sobtada d’irrigacié sanguinia en una regié cerebral causada per un grup heterogeni
d’etiologies. La isquémia cerebral és el tipus d’ictus més comu a Catalunya corresponent amb
el 85% dels casos (Figura 1). L’ictus hemorragic es correspon al 15% restant i el seu pronostic
és més greu en comparacid6 amb lictus isquémic (http://www.fundacioictus.com/wp-

content/uploads/2018/05/Informe-completo.pdf).

ICTUS ISQUEMIC
<

Figura 1: Representacio d’una seccio coronal de cervell huma on es representa I'ictus isquemic i l'ictus
hemorragic. (Suport grafic extret de Medical Art, SERVIER.2012).

Tot i presentar semblances en la clinica, els mecanismes fisiopatologics implicats en els dos
tipus de patologies vasculars cerebrals (PVC) son diferents. El present treball de tesi doctoral
es centra en 'estudi de l'ictus isquémic.

1.1. Factors de risc, epidemiologia i impacte socioeconomic

Existeixen multiples factors de risc que poden contribuir a la predisposicié de patir un ictus.
Aquests, es classifiquen en funcid de la seva naturalesa en si sén factors modificables o no. Pel
que fa als factors no modificables “aquells sobre els quals una intervencié no és possible” hi
trobem la predisposicid genetica, I'edat i el sexe. Per altra banda, la hipertensio, algunes
cardiopaties formadores d’eémbols com la fibril-lacié auricular, la hipercolesterolémia, el
tabaquisme, la dieta, I'obesitat, la diabetis i el sedentarisme entre d’altres (Johnson et al.,
2016) s’entenen com factors total o parcialment modificables. Sobre aquests ultims factors
incideixen les nombroses campanyes de salut publica i prevencié relacionades amb [I'ictus.
Actualment, s’entén que la prevencid és el millor tractament per les PVC ja que quan es pateix
un ictus la viabilitat del teixit nervids es veu greument compromesa.

En els darrers anys la taxa de mortalitat de I'ictus ha disminuit a Europa. Aquest fet és degut a
la influencia de les campanyes de salut publica sobre I'estil de vida de la poblacid, les
campanyes d’informacié de la simptomatologia de I'ictus i la importancia en la rapida actuacio
aixi com a la optimitzacié dels protocols d’actuacié per part de les unitats d’ictus hospitalaries
entre d’altres. Malgrat tot, la PVC continua sent la segona causa de mort i la major causa de
discapacitat en adults de tot el mén segons Global Burden of Disease (https://www.
thelancet.com/lancet/visualisations/gbd-compare) i la Organitzacié Mundial de la Salut.
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S’ha pogut registrar també que l'ictus és la segona causa de mort en la poblacié europea
essent la mortalitat més elevada en dones que en homes (Townsend et al., 2015). Cal tenir en
compte que segons estimacions demografiques I'any 2025 un 30.7% de la poblacié europea
superara els 60 anys d’edat. L'elevada associacié del risc de patir un ictus amb I'edat
pronostiquen que a la unidé europea els episodis d’ictus augmentaran un 36% entre els anys
2000 i 2025 (Truelsen et al., 2006). En base a les previsions de futur, si augmenta la incidéncia
dels casos d’ictus i la taxa de supervivencia, es produira un increment del nombre de persones
amb una gran varietat de seqlieles de llarga durada o croniques com per exemple problemes
de mobilitat, en la visid, la parla, trastorns de personalitat i de depressié entre d’altres que
necessitaran assistencia i rehabilitacié constant (Wolfe et al., 2011). Aquest fet es tradueix en
un augment en I'impacte socioeconomic d’aquesta malaltia.

1.2. Lictus isquéemic

L'ictus isquemic es produeix quan disminueix sobtadament el flux sanguini cerebral (FSC) degut
a I'oclusié d’una arteria cerebral. Concretament, s’estima que quan es produeix una disminucié
del 25% en el FSC, la probabilitat de patir un ictus és superior al 95% (Mergenthaler, Dirnagl
and Meisel, 2004). Lictus isquemic es pot classificar segons I'etiologia d’aquesta oclusid
(Sommer, 2017; Kamel et al., 2019):

- Origen aterotrombaotic: L'oclusié del vas es produeix degut a la formacidé d’una placa
d’ateroma que redueix la llum del vas progressivament o bé per la desestabilitzacié
d’una placa d’ateroma que originara un trombe i acabara produint un embolisme.

- Origen cardioembolic: En pacients amb cardiopaties es poden originar émbols a dins
del cor que en sortir a la circulacié, poden produir I'oclusié d’una artéria cerebral.

- Origen indeterminat: En un terc dels casos se’n desconeix 'origen (ictus criptogénic).
En aquest grup s’hi engloben els casos en els que coexisteixen multiples etiologies o bé
en que I'etiologia no és del tot clara degut a una avaluacié incompleta.

La gravetat d’un ictus pot variar segons el territori cerebral afectat i la durada de I'oclusio. Per
aquest motiu és molt important restablir la circulacid del territori afectat amb tractaments de
reperfusid. També es poden produir atacs isquemics transitoris (AIT) on I'oclusid arterial va
seguida de reperfusio rapida i espontania del teixit cerebral que en principi no deixa sequeles.

1.3. Tractament de l'ictus isquémic

La frase en anglés time is brain il-lustra la vulnerabilitat del teixit nervids quan es produeix un
ictus. S’estima que per cada minut transcorregut en un ictus isquémic moren 2 milions de
neurones (Fassbender et al., 2017). Per aquest motiu, I'objectiu fonamental del tractament de
Iictus isquémic és restablir el flux sanguini per tal de reduir la progressié del dany neuronal.

Actualment I’Unic tractament farmacologic aprovat per a la recanalitzacié d’un vas obstruit per
un trombe és I'administracio intravenosa de I'activador del plasminogen tissular recombinant
(rtPA). Cal destacar que la finestra terapéutica d’aquest tractament és molt reduida i només se
n’indica I'administracié durant les primeres 4,5 hores des de l'inici de la simptomatologia
clinica. Hi ha un seguit de contraindicacions que impedeixen I'administracié del farmac a
alguns pacients ja que existeixen efectes adversos relacionats amb la transformacio
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hemorragica de l'infart cerebral (Urra and Chamorro, 2013). D’aquestes contraindicacions es
destaquen una elevada pressié sanguinia, simptomes que suggereixin una hemorragia
subaracnoidal, cirurgies recents, hemorragia interna, recompte plaquetari inferior a
100.000/mm3 entre d’altres (Peisker et al., 2017). Tenint en compte l'estreta finestra
terapeéutica i la llista de contraindicacions, globalment s’estima que només un 5% dels pacients
que arriben als hospitals poden rebre aquest tractament (Fonarow et al., 2011). No obstant, en
les Unitats d’Ictus el nimero de pacients que reben tractaments de reperfusié augmenta de
forma espectacular.

En els ultims anys diversos assajos clinics han demostrat I'eficacia de la intervencio
endovascular per millorar la recanalitzacié vascular. Els dispositius de trombectomia mecanica
permeten extreure directament el trombe de I'artéria cerebral oclosa. La trombectomia
mecanica allarga la finestra terapeutica fins a les 24 hores des del inici de la simptomatologia
clinica (Thomalla et al., 2018) i permet tractar pacients amb contraindicacions pel tractament
amb rtPA. A més a més, s’ha reportat I'obtencidé d’'uns majors indexs de recanalitzacié vascular
que arriben al 75% i la recuperacio funcional dels pacients és més favorable (Chamorro et al.,
2016; Peisker et al., 2017). Malgrat tot, hi ha pacients qué no s’aconsegueix la recanalitzacio
completa del vas i d’altres que desenvolupen transformacions hemorragiques.

L’actual recerca en el camp se centra en |'establiment de noves estrategies terapeutiques que
millorin el pronostic dels pacients. Concretament, el nostre laboratori conjuntament amb la
Unitat Funcional de Patologia Vascular Cerebral de I'Hospital Clinic han realitzat diferents
estudis preclinics i participat en I'assaig clinic URICO-ICTUS utilitzant un agent antioxidant
natural molt potent, I’acid Uric. Aquest compost, va mostrar una proteccié en models animals
d’isquémia i reperfusié i una millora funcional en animals i pacients amb hiperglucémia (Figura
2) (Romanos et al., 2007; Chamorro et al., 2014; Amaro et al., 2015; Justicia et al., 2016).

A Sense tractament Volum d'infart final

B Neuroproteccio sense reperfusio

P
&

¢ Neuroproteccid i reperfusia

rtPA Prondstic
Trombectomia millorat

Figura 2. Situacio hipotéetica de la progressié del dany després de la isquemia. (A) Si no s’intervé, el dany
progressa rapidament i esdevé permanent (color blau). (B) En abséncia de reperfusié els farmacs
neuroprotectors fins ara no han impedit que el dany isquémic progressi en els pacients, tot i mostrar
efectes beneficiosos en models animals. (C) Potencialment, I'administracié de farmacs neuroprotectors
juntament amb la recanalitzacié del vas ocldos podria permetre que la regidé periférica (verd) no
progressés i esdevingués nucli isquemic (blau). Suport grafic adaptat de (Chavez et al., 2009).

Llegenda; rtPA: activador del plasminogen tissular recombinant
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1.4. Anatomia vascular cerebral en humans i rosegadors

El sistema nervids central (SNC) esta irrigat per quatre grans arteries que s’originen a |'artéria
aorta. Per la part anterior i posterior del coll transcorren les artéries carotides comuns (ACCs) i
vertebrals (AVs) respectivament. Per una banda, les artéries carotides internes (ACl) penetren
el crani des de la bases per posicions més rostre laterals i permeten la irrigacié de la part més
anterior de I'encefal. Per altra banda, les AVs accedeixen a la cavitat craniana des d’una posicié
més posterior i quan s’uneixen formen I'artéria basilar (AB) que irrigara el cerebel i el tronc de
I’encéfal (Figura 3). L’AB es bifurca per donar lloc a les arteries cerebrals posteriors (ACPs) que
es connecten a través d’arteries comunicants amb les ACls originant una estructura que rep el
nom de poligon de Willis.

O e | Yo
|/

Figura 3. Representacio de les artéries que irriguen el cervell huma (Suport grafic adaptat de Medical
Art, SERVIER.2012).

En el poligon de Willis es comuniquen les arteries cerebrals anteriors (ACAs), les arteries
cerebrals mitges (ACMs) i les ACPs. Totes elles s’encarreguen d’irrigar les diferents estructures
cerebrals. El poligon de Willis és una estructura anatomica de vital importancia, doncs si una
de les seves artéries tributaries principals, com I’ACC, s’obstrueix progressivament a causa de
I'arteriosclerosi, I'estructura permet compensar la circulacié cerebral gracies a I'expansié dels
vasos del poligon de Willis. L'organitzacié anatomica de la circulacié cerebral en humans i
rosegadors (ratoli i rata) és forca similar (Figura 4). No obstant aix0, existeixen algunes
diferéncies en I'arquitectura del poligon de Willis (Lee, 1995).

HUMA RATOLI/RATA

* I:l Artéria cerebral posterior

\ Artéria cerebral mitja

Artéeria cerebral anterior

v E Arteria basilar

Figura 4. Esquema representatiu de les arees d’irrigacid de les principals arteries cerebrals en humans i

rosegadors. Suport grafic adaptat de (Felten, O’Banion and Maida, 2016).
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En humans, les ACls originen les ACMs. En rosegadors, en canvi, les ACls s’integren en el
poligon de Willis i contribueixen altament al subministrament sanguini a les arteries olfactives.
Existeixen també variacions en les artéries comunicants anteriors i posteriors que es poden

apreciar en la Figura 5.
I Artéria olfactiva
/+ Artéria cerebral anterior

4{ Artéria comunicant anterior |

Artéria carotida interna |

Artéria cerebral mitja I/

Artéria comunicant posterior |/

Artéria cerebral posterior |//
Artéria basilar I/

Huma Artéria vertebral I/ Rata

WAr a4

Figura 5. Esquema representatiu de I'organitzacié del poligon de Willis en huma i rata. Suport grafic
adaptat (Lee, 1995).

Cada arteria principal es divideix progressivament en artéries més petites que recorren la
superficie cerebral per I'espai subaracnoidal i subpial. Aquestes artéries estan submergides en
liquid cefaloraquidi (LCR) produit pels plexes coroides. Les arteries pials es ramifiquen i
penetren al parénquima (arterioles penetrants). Aquestes es continuen ramificant fins a
esdevenir capil-lars que queden totalment envoltats pels pericits, peus dels astrocits, microglia
i neurones (Figura 6). El conjunt d’aquests components s’anomena unitat neurovascular
(UNV). Finalment, la xarxa de capil-lars connecta amb les vénules post capil-lars, aguestes van
augmentant de diametre fins a formar les venes centrals i les venes pials. El sistema vends
cerebral s’encarrega de drenar la sang pobre amb oxigen i amb productes resultants del
metabolisme cerebral fora del SNC (Zhang, Inman and Weller, 1990; Lee, 1995; ladecola and
Nedergaard, 2007).

Cél-lula endotelial Muscul llis Espai de Virchow-Robin  Piamater
! X

=
‘ Arteria pial }
Artéria

¥ penel

|

/ ( penetrant

Y |
/ A\ "4 )
= o )

Cél-lula endotelial Unions gap deglucosa

Figura 6. La unitat neurovascular. Representacié de les estructures anatomiques que estan en contacte
amb les artéries pials i les arterioles penetrants. Suport grafic adaptat de (ladecola and Nedergaard,
2007).
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1.5. Estudis experimentals amb animals

En les ultimes décades hi ha hagut un increment substancial en el coneixement de Ia
fisiopatologia de lictus gracies a la utilitzaci6 de models animals (Dirnagl, ladecola and
Moskowitz, 1999). S’ha descrit i establert molts models d’isquémia cerebral en diferents
especies animals (gossos, conills, cabres, micos, entre d’altres) essent els rosegadors (ratolins i
rates) les espécies més utilitzades. Aquest fet és degut principalment al conjunt d’avantatges
econOmics i practics com per exemple en el transport, I'estabulacid, la possibilitat de tenir
soques homogenies genéticament per reduir la variabilitat experimental i la possibilitat
d’obtenir animals modificats genéticament.

Tot i la similitud entre humans i rosegadors pel que fa a la distribucié de les artéries cerebrals i
el patré de bifurcacions de les artéries de la superficie cortical, 65 milions d’anys d’evolucié
han provocat grans diferéncies en I'estructura cerebral donat que els rosegadors sén
lissencefalics (absencia de circumvolucions cerebrals) i presenten una menor proporcié de
substancia blanca, a més a més de l'existencia de diferencies importants en la resposta
immunitaria entre humans i rosegadors (Mestas and Hughes, 2004).

El fet d’utilitzar grups d’animals joves, sans, homogenis geneticament i majoritariament
mascles (Neuhaus et al., 2014) ha originat un debat intens sobre les limitacions dels models
animals degut a la manca de concordanca entre els estudis amb animals i els assajos clinics
(Fisher et al., 2009). Aixi doncs, cal ser conscient que un model és només un model, i com a tal,
presenta un ventall de limitacions que cal tenir en compte. Tenint present aquestes
limitacions, existeixen diferents models que ens poden ajudar a entendre els diferents
aspectes de la fisiopatologia de I'ictus (Taula 1).

Taula 1. Visié general de diferents models experimentals d’isquémia cerebral. Adaptat de (Prinz and
Endres, 2010).

Models animals d'isquémia cerebral

Possible correlacio amb humans

Observacions histologiques

Isquemia global

A. Permanent (aturada circulatoria)

Aturada circulatoria, ofegament, estrangulament

Edema cerebral i mort cel-lular

B. Transitoria (oclusié de 4 vasos, aturada
circulatoria transitoria)

Aturada circulatoria amb ressucitacié

Mort neuronal retardada i astrogliosis

Isquemia focal

A. Permanent (p.e. oclusié de I'ACM)

Ictus isquemic sense recanalitzacio

Mort neuronal per necrosis i inflamacié

B. Transitoria (p.e. oclusid de I'ACM i reperfusid)

Ictus isquémic amb recanalitzacié espontania o
amb terapia trombolitica

Mort neuronal per necrosis i inflamacié

C. Lleu (p.e. oclusié breu de I'ACM i reperfusid

Atacisquemic transitori

Mort neuronal retardada i astrogliosis

Llegenda; ACM: arteéria cerebral mitja
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1.5.1. Model d’oclusié de I’artéria cerebral mitja

L'ACM és el territori vascular afectat amb més freqiieéncia en l'ictus isquemic en humans

(Howells et al., 2010). En la majoria dels casos es produeix una recanalitzacié del vas

espontaniament o bé per intervencid medica. No obstant aixd, en alguns del casos, I'arteria

qgueda oclosa permanentment (Kassem-Moussa and Graffagnino, 2002).

Els mod

els d’isquemia cerebral es poden classificar en primer lloc segons si requereixen o no

d’una craniotomia i en segon lloc, segons si es tracta d’'una isquémia permanent o transitoria.

Figura 7.

Models que requereixen de craniotomia: sén més invasius i donen lloc a un major
nombre de factors de confusié que no es donen en la clinica com per exemple: el
traumatisme cranial, canvis regionals en la temperatura del cervell, canvis en la pressio
intracranial i la disrupcié mecanica de la barrera hematoencefalica (BHE). En aquest
model s’oclou ’ACM de la superficie del cervell (Tamura et al., 1981). El present treball
de tesi es fonamenta en I'Gs del model d’oclusié permanent distal de ’ACM en ratoli,
un model que requereix craniotomia i en que les arees corticals afectades per la
isqguémia son principalment [I'escorca cerebral motora i part de [I'escorca
somatosensorial (Figura 7).

Artéria cerebral mitja Oclusié permanent
L8 2

Visi6é esquematica de I'arteria cerebral mitja en ratoli i la seva oclusié permanent distal.

Models que no requereixen de craniotomia: no es consideren tant invasius. En
aquests casos s’introdueix un filament de nilé per I'ACI fins a arribar a la base de
I’ACM. Amb aquest model cal evitar malmetre el nervi vague que recorre pel costat de
I’ACC aixi com també tenir en compte que es pot provocar un dany endovascular pel
simple fet d’introduir un filament (Longa et al., 1989). Les arees cerebrals afectades en
aquests models sén el cortex motor i somatosensorial i també I'estriat (Figura 8). En la
present tesis s’ha dut a terme el model d’oclusié proximal permanent de ’ACM en
ratoli i el model d’oclusié proximal transitoria de I’ACM en rata.

Oclusié permanent Oclusi6 transitoria Reperfusié

Figura 8. Esquema del model quirurgic d’oclusié proximal de I’ACM. A) Model d’oclusié permanent. B)

Model d’oclusié transitoria. En ambdds models s’introdueix un filament fins a I'origen de ’ACM.

Llegenda;

ACM: arteria cerebral mitja, ACl: artéeria carodtida interna, ACE: artéria carotida externa, ACC: arteria

carotida comu.
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1.5.2. Valoracio de la lesié cerebral per ressonancia magnética

El dany cerebral provocat per un ictus es pot visualitzar amb una extensa varietat de técniques
de neuroimatge. Moltes d’aquestes técniques s’utilitzen en la practica clinica a nivell de
diagnosi, tractament (guia de les intervencions) i seguiment del pacient al llarg del temps. La
resolucid en la neuroimatge ha evolucionat de tal manera que permet visualitzar el cervell de
rosegadors amb molt detall (Ashwal et al., 2007). La ressonancia magnetica (RM) es basa en la
utilitzacié d’un camp magneétic per excitar els protons (nuclis dels atoms d’hidrogen) del teixit i
que s’alinein entre ells. Quan s’interromp I'efecte del camp magnetic, els protons alliberen la
seva energia en forma d’ones de radio i retornen a la seva posicié original. Aquestes ones de
radio, son recollides per un escaner i enviades a un ordinador per al seu processament en
forma d’imatge (Roberts and Mikulis, 2007). La utilitzacié de la RM en estudis amb models
animals proporciona una informacié molt valuosa ja que permeten fer un seguiment
longitudinal de I’evolucié de la lesid cerebral en el mateix animal (Knight et al., 1994).

Cal tenir en compte que la lesié cerebral té un comportament dinamic i evoluciona en el
temps. Per aquest motiu hi ha diferents seqiéncies d’adquisicié d’imatges en funcié de la fase
de la lesio cerebral i en funcié de la pregunta que volem respondre.

- Fase aguda (<12h): El millor métode de RM per demostrar |'afectacid del parenquima
cerebral en les primeres hores després de l'inici de la isquéemia és la imatge de difusio
(DWI). Aquesta seqliencia avalua el moviment de difusié de les molécules d’aigua, i en
aquesta fase aguda reflecteix I'edema citotoxic (Kohno et al., 1995). Per una banda, la
DWI conjuntament amb els mapes de coeficient aparent de difusié (ADC) permeten
determinar el volum del nucli isquémic (teixit no rescatable). Per altra banda,
I'obtencié d’'imatges ponderades per perfusié (PWI, de I'anglés) permeten obtenir
informacid sobre el FSC. Combinant les imatges de DWI amb les de PWI es permet
identificar la zona de penombra (teixit potencialment rescatable) (Rghl et al., 2001).

- Fase subaguda (primers dies): L'adquisicid d'imatges tipus T2w és adequada en els
primers dies després de la isquemia ja que la disrupcié de la barrera hematoencefalica
(BHE) i la mort cel-lular per necrosi, provoquen que incrementi el contingut d’aigua en
el teixit (edema vasogenic) (Yang and Rosenberg, 2011). Aquest fet provoca un
augment del temps de relaxacié en les constants T1 (temps de relaxacié longitudinal) i
sobre tot T2 (temps de relaxacid transversal) dels protons (Roberts and Mikulis, 2007) i
es permet identificar la zona de lesié cerebral.

- Fase cronica (setmanes a mesos): En aquesta fase tenen lloc esdeveniments de
restauracié de la BHE, eliminacid de cél-lules necrotiques i s’inicien esdeveniments de
plasticitat neuronal. La preséncia d’edema citotoxic i vasogénic disminueix i per tant
també la resolucié de les imatges esmentades anteriorment. Aixi doncs, en aquesta
fase, deixant de banda I'abast de la lesid6 cerebral, és més interessant per
I'investigador, obtenir informacié funcional de [lactivitat cerebral per estudiar
mecanismes de degeneracid o regeneracid. Les tecniques utilitzades per obtenir
aquesta informacid sén la imatges per tensors de difusido (DTI) i les imatges per
ressonancia magneética funcional (fMRI) (Sotak, 2002; Kim et al., 2007).
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1.5.3. Valoracio dels déficits neurologics

Durant decades, la valoracid de l'infart cerebral i els estudis histologics han estat els Unics
punts emprats per avaluar el potencial terapeutic d’'una intervencié en els models animals. Aixi
doncs, quan s’observava la reduccié del volum d’infart en un dels grups de tractament es
considerava un efecte beneficiés de la intervencid. Tot i que aquesta aproximacié pot ser
certa, la utilitzacid de les técniques histologiques és insuficient per valorar el potencial
funcional d’un farmac en un model animal. Cal ser conscients que I'objectiu final és millorar el
pronostic dels pacients i per tant, una intervencié no només ha de protegir del teixit cerebral o
bé promoure la recuperacié d’aquest, siné que també s’ha d’intentar restaurar la funcié a tots
els nivells. La falta de translacid en molts estudis ha promogut la utilitzacié d’una amplia
varietat de tests conductuals i escales neurologiques en la recerca amb models animals que
tenen en compte les funcions somatosensorials, de locomocié, d’habilitat de moviments,
d’aprenentatge i memoria entre d’altres (Figura 9) (Schallert et al., 2000; DeVries et al., 2001;
Farr and Whishaw, 2002; Balkaya et al., 2018).

Els tests que tenen en compte les funcions somatosensorials més utilitzats en models
d’isquémia cerebral son:

- Test de la cinta adhesiva (Tape test): Consisteix en col-locar un adhesiu a les potes de
davant de I'animal i avaluar la capacitat de I’'animal de percebre i retirar-se I'adhesiu .

- Test del cilindre (Cylinder test): Consisteix en col-locar I'animal dins un cilindre
transparent i avaluar la preferéncia d’utilitzacioé de les potes del davant quan I'animal
s’aixeca i toca la paret.

Respecte els tests que tenen en compte I’habilitat de realitzar un moviment:

- Tasca d’assoliment del pinso (Pellet reachig task): Es valoren els moviments que
realitza I'animal amb les extremitats anteriors quan intenta agafar una pega de pinso.

En I'aprenentatge i memoria:

- Laberint aquatic (Water-maze): Es realitza en una piscina amb aigua i amb indicadors
visuals a les parets per permetre la orientacid dels animals. Consisteix
fonamentalment en que I'animal ha d’aprendre i recordar la localitzacié d’una
plataforma amagada per tal d’escapar-se de l'aigua amb la menor distancia
recorreguda i el minim de temps possible.

- Laberint en forma de Y (Y-maze): Els ratolins son animals molt curiosos i
continuament exploren el seu territori cercant qualsevol objecte nou o possible canvi
del seu entorn. Aquest test consisteix en valorar la capacitat d’exploracié de les
diferents arees del laberint en forma de Y en un temps determinat.
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Pel que fa a les funcions de locomocié i coordinacio:

- Prova de la passarel-la (Beam walking test): Consisteix en mesurar la capacitat dels
animals de travessar una passarel-la que es fa cada cop mes estreta sense perdre la
coordinacio.

- Catwalk: Es basa en un sistema automatitzat per analitzar una amplia varietat de
parametres relacionats amb la marxa, la velocitat, la posicid i pressié de les
extremitats sobre una plataforma de vidre il-luminat mentre una camera de video
grava des de baix.

- Rotarod: Es un dels tests més utilitzats per avaluar la funcié motora i I'equilibri en
ratolins i rates i va ser desenvolupat per Jones i Roberts al 1968. Els animals es
col-loquen sobre el cilindre que accelera progressivament i es mesura el temps en que
I’'animal és capag de mantenir-s’hi a sobre sense caure.

- Prova del pal vertical (Pole test): desenvolupat inicialment per Ogawa al 1985. Es un
test simple que forca els animals a baixar per un pal vertical. Els animals es col-loquen
a I'extrem superior del pal on han de fer un gir sobre ells mateixos per tal de poder
baixar fins a arribar al terra. Els parametres mesurats son el temps que tarden a fer el
gir sobre ells mateixos i el temps total que tarden en arribar al terra.

El Rotarod i el Pole test han estat els tests conductuals utilitzats en el present treball de
tesi doctoral per tal de valorar la funcié neurologica en ratolins. En rata, en canvi, s’ha
valorat I'animal globalment mitjancant una escala neurologica de 9 punts, essent 9 la
puntuacié de maxima discapacitat. Els parametres que s’han tingut en compte han estat la
capacitat d’exploracid, I'activitat espontania, la rotacid sobre si mateix deguda a la
isquémia, el reflex a la caiguda i la pérdua de sensibilitat en la pota anterior.
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Edemea Dany secundari
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— mhSS, Rotarod
o
(= Corner, Cylinder, Adhesive label test, Water-maze _Rata
O =
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[= B _u Tray reaching, Single pellet, Movement analysis -
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mM ., P , Wire b H
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E - Corner, Cylinder , Water-maze B
Adhesive removal test, Gait analysis, Skilled reaching tasks

Figura 9. Finestra temporal de la utilitzacié de tests conductuals (sensorials, motors i aprenentatge) i
escales neurologiques en funcid de la fase de la lesié cerebral en rata i ratoli. Suport grafic extret i
adaptat de (Balkaya et al., 2018).

Llegenda; BHE: barrera hematoencefalica, mNSS: modified neurological severity scores.
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2. FISIOPATOLOGIA DE L'ICTUS

El cervell és un organ molt delicat que requereix d’'un subministrament continuat de glucosa i
oxigen a través de les arteries, donat que les neurones tenen poques reserves d’energia. El
cervell huma adult, tot i només constituir un 2% del pes corporal, és I'0rgan amb un major
consum de glucosa per minut i per gram de teixit (5.6 mg glucosa/minut per cada 100 g de
teixit) (Mergenthaler et al., 2013).

2.1. La cascada isquémica

La interrupcid sobtada del subministrament de glucosa i oxigen desencadenen una cascada
d’esdeveniments cel-lulars i moleculars (Figura 10). En el nucli isquémic, la mort cel-lular es
déna principalment per la falta d’energia (Moskowitz, Lo and ladecola, 2010). En aquesta
situacié les neurones no poden mantenir el gradient ionic a través de la membrana cel-lular ja
gue no poden generar suficient ATP per mantenir el correcte funcionament de la bomba
Na*/K* ATPasa. Com a conseqiiéncia, es produeix I'acumulacio citoplasmatica de ions Na* i Ca?*
qgue promouen una entrada d’H,0 intracel-lular que provoca la mort de la cél-lula per necrosi.
La zona periférica al nucli isquémic o zona de penombra existeix un flux colateral que evita que
el dany progressi rapidament. En aquesta zona, la reduccid del FSC no és suficient per provocar
la mort per fallada energética. Es per aquest motiu, que les neurones d’aquesta regié es
troben en una situacié d’estrés que les fa criticament vulnerables (Chamorro et al., 2012).
L'excessiva acumulacié de glutamat extracel-lular i conseqlientment la sobre activacié dels
receptors NMDA indueixen una acumulacid intracel-lular de ions Ca%". Aquests ions permeten
activar diferents enzims dependents de calci que acabaran generant radicals lliures i
metabolits de I'acid araquidonic entre d’altres. Aquests esdeveniments acabaran induint un
dany cel-lular que pot culminar amb necrosi o bé amb la mort cel-lular programada (apoptosi).
Les cel-lules lesionades tindran un paper clau en la inflamacié post-isquemica ja que alliberen
senyals de perill que activaran el sistema immunitari (ladecola and Anrather, 2011).
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%\ ICTUS ISQUEMIC
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Figura 10: Representacid esquematica dels mecanismes de mort cel-lular desencadenats per la cascada

isquémica. Suport grafic adaptat de (Castillo, 2001; Lakhan, Kirchgessner and Hofer, 2009; ladecola and

Anrather, 2011).

Llegenda; FSC: flux sanguini cerebral, AMPA: Receptor Acid a-Amino-3-Hidroxi-5-Metil-4-Isoazolepropionic, NMDA:

N-Metil-D-Aspartat, BHE: barrera hematoencefalica, ROS: espécies reactives d’oxigen, DAMPs: damage-associated

molecular paterns.
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3. RESPOSTA INFLAMATORIA DESENCADENADA PER L’ICTUS ISQUEMIC

La inflamacié post-isquémica esta caracteritzada per una seqliéncia ordenada
d’esdeveniments en qué es veuen involucrades una gran varietat de cel-lules presents en els
diferents compartiments cerebrals: el parénquima, espais perivasculars i vasos cerebrals aixi
com els diferents components cel-lulars i moleculars presents en la sang.

3.1. Senyals d’inflamacié en la fase aguda

Immediatament després de I'establiment de la situacié d’isquémia, els diferents components
de la UNV generen una série de senyals pro-inflamatoris gracies a I'activacié de diferents vies
de senyalitzacid cel-lular. En aquestes hi participen diversos factors de transcripcio tals com el
factor nuclear kB (NF-kB), el factor induible per la hipoxia (HIF-1) (Lee et al., 2004), el factor
regulador de linterferé6 1 (IRF1) i el factor activador de la transcripcié STAT3 (Lakhan,
Kirchgessner and Hofer, 2009), entre altres. Aquests factors promouran |'expressio de diversos
gens proinflamatoris, molecules d’adhesid, citocines, quimiocines, metal-loproteinases de la
matriu (MMPs), importants per amplificar la resposta inflamatoria tal i com es detalla en Ia
Taula 2.

Taula 2: Mediadors no transcripcionals i transcripcionals implicats en la inflamacié post isquémica.
Suport extret de (ladecola and Anrather, 2011).

Initiation Amplification

Nentranscriptional (cell type) Transcriptional (cell type}

Adhesion molecules
ICAM-1, VCAM-1, P-selectin, E-selectin, Mac-1, VLA-1,
(EC, Leuk, PVM, MG, AG)

Adhesion molecules
P-selectin (EC, PLT)

Cytokines Cytokines

IL-1f5 (MG, PYM, MC) IL-1, IL-6, IL-10, IL-17, IL-20, TNF (EC, PVM, MG, AG,
IL-1a (PLT) New)

TNF (MC}

Chemokines Chemokines

CCLS (RAMTES), CXCL4, CXCL7 (PLT)
CX3CL1 (Fractalkine) (Meu}

CCLZ (MCP-1}, CCL3 (MIP-1c), CCLS (RANTES), CXCL2/3
(MIP2), CXCLE (IL-8) (EC, PVM, MG, AG, Neu)

Proteases

Elastase, MMP-8, MMP-9, MTa-MMP (Leuk)
Clotting factors (Circ)

Complement (Circ, EC, AG, Neu)

Proteases
MMP2, MMPS (EC, Leuk)
Complement (Circ, EC, AG, Neu)

Small molecules

Prostanoids, leukotrienes

(EC,PLT,MG, Neu)

ATP (Circ, Meu)

Radicals (EC, PLT, Leuk, PYM, MG, Neu}

Other

INOS (MG, Leuk, EC)
COX-2 (Neu, MG, Leuk, EC}
LOX (Meu, Leuk)

PFTGES {Meau, MG, Leuk, EC)
NADPH oxidase (MG, Leuk)

Llegenda; AG: astroglia, Circ: plasma, EC: endothelial cells, Leuk: leukocytes, Macr: macrophages, MC: mast cells,
MG: microglia, Neu: neurons, PLT: platelets, PVYM: perivascular macrophages. BDNF: brain-derived growth factor,
COX-2: cyclooxygenase-2, EPO: erythropoietin, FGF: fibroblast growth factor, G-CSF: granulocyte colony—stimulat-
ing factor, GDNF: glial cell-derived neurotrophic factor, HB-EGF: heparin-binding epidermal growth factor, LOX:
lipoxygenase, Mac-1: macrophage-1 antigen, MIP: macrophage inflammatory protein, NGF: nerve growth factor,
PTGES: prostaglandin E2 synthase-1, RANTES: regulated upon activation: normally T-expressed: and presumably
secreted, VCAM-1: vascular adhesion molecule 1, VLA-1: very late activation antigen-1.
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3.2. Afectacio de la vasculatura cerebral

El procés inflamatori s’inicia en el compartiment intravascular just després de I'oclusié arterial.
La hipoxia resultant, els canvis en el flux sanguini i la produccidé d’espécies reactives d’oxigen
(ROS) produeixen I'activacio de les cel-lules endotelials, plaquetes i el sistema del complement.
Aquest fet promou I'expressio i translocacié de molécules d’adhesié a la superficie de les
cél-lules endotelials i de les plaquetes aixi com també la contraccié dels pericits. La reduccié de
la biodisponibilitat d’oxid nitric (potent vasodilatador i inhibidor de I'agregacié plaquetaria i
adhesié dels leucocits) i la formacid intravascular d’agregats de fibrina, plaquetes i leucocits
acaben provocant una reduccié encara més accentuada del FSC en el territori isquémic
(ladecola and Anrather, 2011).

3.2.1. Lacel-lula endotelial i la barrera hematoencefalica

Les cel-lules endotelials dels vasos cerebrals tenen una estructura segellada particular gracies a
les unions estretes i adherents que actuen com a barrera inicial entre la sang i les cél-lules del
cervell. Les cel-lules endotelials descansen sobre una lamina basal formada per diferents
components proteics (col-lagen 1V, laminina, fibronectina i altres components de la matriu
extracel-lular (MEC)). En contacte amb la lamina basal hi trobem els pericits, macrofags
perivasculars i els peus dels astrocits. La interaccié dels diferents components de la MEC i les
cél-lules esmentades formen la BHE (Sandoval and Witt, 2008). La BHE, és una barrera molt
important ja que permet mantenir regulat 'ambient extracel-lular del parénquima cerebral tot
mantenint-lo separat de la circulacid sistemica (Hawkins and Davis, 2005). Per una banda, és
una barrera que permet el pas selectiu de determinats nutrients gracies a un sistema de
transportadors especifics (aigua, glucosa, aminoacids). Per altra banda impedeix el pas de
moléecules polars i altres substancies aixi com també de cél-lules immunitaries. Cal remarcar
que durant molts anys es pensava que el cervell era un organ immunologicament privilegiat (ja
que era capa¢ de tolerar la preséncia d’antigens sense desencadenar una resposta
inflamatoria) degut a la preséncia de la BHE i l'abséncia de vasos limfatics cerebrals.
Actualment, diferents experiments estan fent canviar aquesta punt de vista i revelen que
realment existeix una interaccié activa entre el sistema nervids i el sistema immunologic
malgrat que els vasos limfatics només s’han detectat a la duramater (Kamel and ladecola,
2012; Aspelund et al., 2015; Louveau et al., 2015; Ahn et al., 2019).

3.2.2. Activacio endotelial: molécules d’adhesio

En condicions d’homeostasi les cel-lules que circulen per la sang no s’adhereixen a I'endoteli
cerebral. En canvi, sota una situacié d’inflamacié com la provocada per la isquémia cerebral,
I’endoteli de les vénules post-capil-lars és capa¢ d’expressar rapidament alts nivells de
molecules d’adhesio que permeten el reclutament de leucocits cap al focus de la inflamacié.
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Aguestes molécules es classifiquen en 3 grans families:

Les selectines son glicoproteines de membrana que es classifiquen en tres grups segons el
tipus cel-lular en que s’expressen. Consisteixen en les E- (endoteli), P- (plaqueta i endoteli) i L-
(leucocit) selectines (Lasky, 1992). Després de I'activacié endotelial es produeix rapidament la
translocacido de les E-selectines i P-selectines a la superficie de la membrana cel-lular i
s’afavoreix la interacciéd dels neutrofils i monocits circulants amb I'endoteli gracies al
reconeixement dels residus Siayl-Lewis* (Huang, Upadhyay and Tamargo, 2006). Aquest pas
provoca una adhesid primaria de les cél-lules circulants que afavoreix el seu rodolament i
disminucié de la seva velocitat per la superficie vascular.

Les immunoglobulines d’adhesié cel-lular (CAMs) sén una familia composta per cinc
membres. Les molécules d’adhesié intercel-lulars 1 i 2 (ICAM-1 i ICAM-2), la molécula
d’adhesié vascular-cel-lular 1 (VCAM-1), la molécula d’adhesié plaqueta-endoteli 1 (PECAM-1) i
la molécula d’adhesid cel-lular a la mucosa 1 (MAdCAM-1). S’ha observat uns baixos nivells
d’expressido d’'ICAM-1 a la superficie endotelial en condicions fisiologiques. De la mateixa
manera que la E-selectina, I'expressié d’ICAM-1 s’indueix per I'efecte de les citocines IL-1a i
TNFa (Frijns and Kappell, 2002). Un cop iniciat el rodament dels leucocits sobre I'endoteli
vascular gracies a la presencia de les selectines, les molécules d’adhesié de tipus CAM entren
en joc augmentant I'adhesid dels leucocits circulants sobre I’'endoteli activat i s’inicia el procés
de transmigracio cel-lular.

Les integrines son una familia de glicoproteines de membrana formades per dues subunitats.
La subunitat comu (B) i la subunitat variable (a). Es distingeixen tres subfamilies en funcié de la
subunitat B. Les integrines B1 estan relacionades amb la unié de la cél-lula endotelial als
diferents components de la MEC com la laminina i el col-lagen. En el cervell, aquestes
integrines que mantenen la unié entre les cél-lules endotelials amb els diferents components
de la BHE son indispensables pel manteniment de la integritat de la microvasculatura (Huang,
Upadhyay and Tamargo, 2006). Les integrines B3 presents en les plaquetes, participen en la
generacid i 'estabilitzacié de coaguls (Frijns and Kappell, 2002). Sén pero les integrines B2
(CD18) que dimeritzades amb diferents subunitats de integrines a (CD11a, CD11b i CD11c)
permeten la interaccié entre els leucocits i I'endoteli. Aixi doncs, després del rodament i
disminucié de la velocitat dels leucocits circulants per la interaccié amb les E-selectines i la
preséncia de mediadors inflamatoris com el TNFa es promou l'expressid i translocacio
d’aquestes integrines (LFA-1, Mac-1 i CD18/11c) a la membrana cel-lular d’aquests leucocits i
es potencia I'adheréncia amb I'endoteli gracies a la interaccid de les integrines amb les CAMs.
A més a més, els limfocits i monocits expressen també les integrines a4p1 (VLA-4 i CD49d) que
permeten la unié amb VCAM-1 i amb lligands de la matriu subendotelial, promovent d’aquesta
manera la transmigracio cel-lular (Frijns and Kappell, 2002).

Tot seguit es mostra una taula detallada amb les diferents molecules d’adhesié expressades en
diferents tipus cel-lulars i la seva funcié (Taula 3).
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Taula 3: Molécules d’adhesié entre I'endoteli activat i els leucocits circulants. Suport extret de (Frijns
and Kappell, 2002).

Adhesion Molecule Action Celks of Origin Expression Counterreceptor Target Cells
Selecting
E-zelectin, COGZE Ralling Activated EC Induced by cytokines SLe® on PSGL-1, L-selecting - Meutrophils, monocytes,
B2 integring lymphocytes
P-selectin, CDE2P Ralling Stored in granules of  Surface expression induced  SLe and Le” on PSGLA1, Neutrophils, monocytes
platelets and EC by thrombin, histamine L-salectin
L-selectin, CDE2L Rolling All leukocytes Constitutive SLe*, P- and E-sedectin Activated EC, platelets,
ensinophils
Immunoglobulin geng
superfamily
ICAM-1, CD54 Firm adhesion and EC, leukocytes, Consfitutive (low), LFA-1, Mac-1 All leukocytes
fransmigration fibroblasts, epithelial upregulated by cylokines
cells
ICAM-2, CD102 Firm adhesion EC, platelets Constitutive LFA-1 All leukocytes
VCAM-1, CD106 Firm adnesion and EC Constitutive (low), VLA-4 Monocytes, ymphocytes
fransmigration upregulated by cytokines
PECAM-1, CD31 Leukocyte EC, platelets, Constitutive PECAM-1 EC, platelets, leukocytes
transmigration and leukocytes
adhesion
A2 (CD18) infagring
CD18/11a (LFA-1) Firm adhesion and All leukocytes Constitutive, function on ICAM-1 and ICAM-2 EC
fransmigration lewkocyte activation
CO18/11b (Mac-1) Firm adhesion and  Neutrophils, monocyies, Congtitutive, surface ICAM-1 EC
fransmigration NK cells expression increased after

activation

coaM1c Minor role in leukocyle  Neutrophils, monocyles, Constitutive, surface Complement fragments

adhesion NE cells expression increased after
activation
A1 (CD29) integrins
VLA-4, CD49d/C029 Firm adhesion and Lymphocytes, VCAM-1 Monocytes, macrophages,
transmigration monacytes EC, epithelial cells

Llegenda; EC: endothelial cells, SLe*: sialyl Lewis X (fucosylated tetrasaccharide), Lex: Lewis X (trisaccharide), PSGL-1:
P-selectin glycoprotein ligand-1, Mac-1: macrophage antigen-1, NK: natural killer, CAM: cell adhesion molecules,
LFA-1: lymphocyte function-associatedantigen-1, VLA-4: very late antigen-4.

3.2.3. Maecanismes implicats en el trencament de la BHE

La BHE és una estructura dinamica altament regulada pel que fa a les interaccions entre les
cél-lules que la formen i la MEC. La BHE es pot desestabilitzar en diferents condicions
patologiques com en la infeccid pel VIH, la malaltia d’Alzheimer, I'esclerosis multiple i també
en l'ictus (Abbott, Ronnback and Hansson, 2006). Tant la isquémia cerebral com la reperfusio
post isquémica formen part dels processos patologics involucrats en la desestabilitzacié de la
BHE.

En la condicié d’isquémia, I'estrés oxidatiu, els mediadors inflamatoris, el desequilibri osmotic i
I'acumulacié intracel-lular d’acid lactic comprometen la viabilitat i funcionalitat de I'endoteli i
el pericit (Krueger et al., 2015) (Figura 11). En aquesta situacio, es produeix I'inflament de les
cél-lules endotelials, astrocits i neurones i com a conseqiiéncia es debiliten els complexes
d’unié que mantenen les cél-lules endotelials unides entre elles i és al cap de minuts, hores i
dies que s’observen canvis en la permeabilitat endotelial (Sandoval and Witt, 2008).
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Figura 11. Esquema dels mediadors que participen en la permeabilitat de la BHE al llarg del temps en la
isquemia/reperfusié. Suport grafic extret de (Sandoval and Witt, 2008).

Llegenda; PKC: protein kinase-C, MAPK: Mitogen-activated protein kinase, Hsp: heat shock protein, MMP: matrix-
metalloproteinases, tPA: tissue plasminogen activator, VEGF: vascular endothelial growth factor, iNOS: inducible
nitric oxide synthase, TNF: tumor necrosis factor, IL: interleukin , NFkB: nuclear factor kappa-light-chain-enhancer of
activated B cells, MCP-1: monocyte chemoattractant protein-1, CINC: cytokine-induced neutrophil chemoattractant,
Apaf-1: apoptotic protease-activating factor-1, ICAM: intercellular adhesion molecule-1.
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La condicié d’hipoxia, la produccié de radicals lliures i la inflamacié promoguda per la
preséncia de citocines proinflamatories activen diferents vies de senyalitzacié mitjangades pels
factors de transcripcié NF-xB i HIF-1.

NF-xB: Aquest factor de transcripcidé esta considerat com a un “regulador mestre” de molts
processos inflamatoris (Taniguchi and Karin, 2018). L’activacio i translocacié d’aquest factor al
nucli cel-lular promou I'expressié de diferents citocines proinflamatories, moléecules d’adhesié i
proteases en la isquémia cerebral com TNFa, iNOS, COX-2, ICAM-1, IL-6 i MMP9 entre d’altres
(Harari and Liao, 2010; Gorina et al., 2011).

HIF-1: El factor 1 induible per la hipoxia (HIF-1) és un factor transcripcional considerat també
un “regulador mestre” de nombrds gens induibles en condicions d’hipoxia. Consta d’una
subunitat induible HIF-1a i una subunitat constitutiva HIF-18. En condicions ambientals de
normoxia, HIF-1la es degrada rapidament després de la seva poliubiquitinacié. En canvi,
I'ambient hipoxic estabilitza HIF-1a i promou |'activacié de la via HIF en el cervell isquemic
(Serra-Pérez et al., 2010). HIF-1 a és un activador directe de I'expressio génica de VEGF-A.
Indirectament HIF-1a indueix la produccid d’eritropoetina (EPO) que provoca un augment de la
secrecié de VEGF. La produccié de VEGF-A en condicié d’isquémia segueix un patré d’expressio
bifasic. En les primeres hores esta descrit que VEGF-A s’uneix al seu receptor VEGFR-2 en les
cél-lules endotelials i s’activa la via de senyalitzacid Src-Rac1-PAK. PAK provocaria la fosforilacio
de moléecules d’adhesié endotelials (cadherines) que finalitzaria amb la seva internalitzaci6 i
culminaria amb la disrupcio de les unions intercel-lulars de la BHE (Figura 12). Per altra banda
els titols de VEGF-A en dies posteriors a la isquémia estarien implicats en processos
beneficiosos d’angiogenesi (Geiseler and Morland, 2018). L'estabilitzacié de la subunitat HIF-
la i translocacié al nucli promou en general I'expressié d’'una gran quantitat de gens
relacionats amb la proliferacid i supervivencia cel-lular, I'eritropoesi, el metabolisme de
nucleotids, de ferro i de glucosa, el metabolisme de la matriu extracel-lular, la permeabilitat
vascular i I'angiogénesi entre d’altres processos (Lee et al., 2004).

VEGF-A Disrupcié de la BHE
VEGFR-2

Cadherina

Cél-lula endotelial

* Eritrocit

Figura 12. Representacié esquematica de la disrupcié de la BHE per I'efecte de VEGF-A. Suport grafic
adaptat de (Geiseler and Morland, 2018).
Llegenda; VEGF-A: vascular endothelial growth factor-A, VEGFR-2: vascular endothelial growth factor receptor 2.
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La reperfusio del teixit isquémic pot generar un dany tissular secundari que es coneix com a
dany per reperfusié i que inclou la disrupcié de la BHE observable en 3 fases clarament
delimitades en el temps (Figura 11).

L’augment sobtat de la perfusié cerebral resultat del procés de reperfusié conjuntament amb
la desestabilitzacié inicial de les unions entre les cél-lules endotelials descrit en la fase aguda
de la isquémia participarien en la primera fase de permeabilitat de la BHE.

Després de la hiperémia reactiva la viabilitat de I’endoteli i del pericit es veu compromesa i es
produeix un fenomen d’hipoperfusié degut a I'inflament dels peus dels astrocits i I'obstruccio
de vénules post capil-lars. Aquesta situacid facilita 'adhesié de neutrofils a I'endoteli i es
potencia la situacié inflamatoria en el teixit afectat aixi com també I'augment de la
permeabilitat de la BHE. En conjunt, I'increment en I'estrés oxidatiu, la situacié inflamatoriaila
degradacié enzimatica de la MEC per part de proteases s’han considerat responsable
d’aquesta segona fase de permeabilitat de la BHE (compresa entre les 3-8 hores després de la
reperfusiod) (Ji, Sang and Seung, 2005).

Apareix una tercera fase d’obertura de la BHE que te a veure amb els processos d’edema
vasogenic i d’angiogenesis que es prolonga durant els dies seglents de la reperfusid.
Finalment, un dels participants implicats en les primeres fases de la desestabilitzacié de la BHE
com el VEGF-A i les MMPs seran importants en la ultima fases de restauracio de la BHE gracies
a la remodelacié de la MEC i la formacid de nous vasos cerebrals (Geiseler and Morland, 2018).

3.3. La immunitat innata

El sistema immunitari innat és un sistema de defensa evolutivament molt conservat que
permet donar una resposta rapida davant d’infeccions per patogens i/o també en situacions
d’inflamacié estéril com en lictus. Aquest sistema esta format per barreres fisiques i
quimiques, per components cel-lulars com els macrofags, neutrofils i cel-lules NKs aixi com
també per proteines de la sang com el sistema del complement i mediadors inflamatoris com
les citocines (Chamorro et al., 2012).

A mesura que progressa la cascada isquémica i es produeix una situacid d’estres i mort
cel-lular, s’inicia la produccid, secrecié i/o alliberacio del contingut intracel-lular de les cél-lules
estressades i necrotiques al parénquima cerebral (Figura 10). Els productes derivats de la
degradacioé de la MEC per part de les proteases aixi com el producte resultant de la interaccio
de les ROS amb els lipids, I'ATP, I'UTP, 'HMGB1, i les HSPs, son interpretats pel sistema
immune innat com a senyals de perill. Aquestes molécules s’anomenen de forma general
Damage-Associated Molecular Paterns (DAMPs). Els DAMPs tenen la capacitat d’activar els
Pattern Recognition Receptors (PRRs) com els Toll-Like Receptors (TLRs) i receptors purinérgics
de les ceél-lules del sistema immunitari innat residents al cervell (microglia i macrofags
perivasculars) aixi com també les cel-lules endotelials (Marsh, Williams-Karnesky and Stenzel-
Poore, 2009). L’activacié d’aquests receptors indueix la produccié de ROS, I'expressié de
citocines proinflamatories (IL1-B,IL-6, TNFa) i la sintesi i activacio de MMPs (MMP2, MMP3 i
MMP9) a través de la via de senyalitzacid NF-xB i HIF-1a (Gilke, Gelderblom and Magnus,
2018) (Figura 13).
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En la immunitat innata a part de la resposta cel-lular es produeix també una resposta humoral.
El sistema del complement forma part de la branca humoral de la immunitat innata i la seva
activacid és desencadena tipicament sota condicions d’infeccié. El sistema del complement el
composen diferents subunitats (des de la C1 a la C9) que condueixen a la lisi cel-lular. A més a
més el sistema del complement té la funcié d’opsonitzar (Clqg, C3b i iC3b), de potenciar la
fagocitosis, promoure el reclutament i activar cel-lules inflamatories per part de les
anafilatoxines (C3a i C5a) (Yanamadala and Friedlander, 2010). En el SNC tant la glia com les
neurones son capaces de sintetitzar components del complement. En la isquémia cerebral, tot
i tractar-se d’una situacié d’inflamacié esteril, diversos components circulants del complement
es poden activar i accedir al cervell a través de la BHE desestabilitzada i exacerbar el dany
cerebral (Beek, Elward and Gasque, 2003).

En conjunt, la produccié de citocines, proteases de la MEC i 'activacié del complement
condueixen a un patré temporal i coordinat de reclutament i infiltracié de leucocits que
exacerbaran el dany tissular i es continuaran produiran més DAMPs de manera que la branca
de la immunitat innata es mantindra activada (ladecola and Anrather, 2011) i s’iniciara una
resposta del sistema immunitari adaptatiu (Chamorro et al., 2012) .
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Figura 13. Esquema representatiu de la immunitat innata en el SNC. Suport grafic adaptat de (ladecola
and Anrather, 2011).

Llegenda: ECM: extracellular matrix , DAMPs: damage-associated molecular pattern, HMGB1: high mobility group
box 1 protein, HSP: heat shock protein, TLR: toll like receptor, TNF: tumor necrosis factor , IL: interleukin , NFkB:
nuclear factor kappa-light-chain-enhancer of activated B cell, aB: beta amiloide.
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Ens els seglients apartats es desglossara la funcié d’alguns dels tipus cel-lulars que participen
en la resposta immunitaria innata i en el procés inflamatori; com ara la microglia, els
macrofags perivasculars, els neutrofils i el monocits.

3.4. Resposta de les cel-lules mieloides residents al cervell

En el SNC en condicions d’homeostasi hi ha una poblacié heterogenia de cel-lules mieloides. La
microglia és la cél-lula mieloide resident en el parénquima del SNC pero també hi ha altres
poblacions en diferents compartiments del SNC com les cél-lules dendritiques, el macrofags
associats als plexes coroides (MPC), a les meninges (MPVM) i als espais perivasculars i de
Virchow-Robin (MPV) (Van Hove et al., 2019). Tot i compartir funcions immunologiques de
vigilancia i eliminacié de restes cel-lulars i metaboliques, estudis recents han demostrat que
aquestes poblacions tenen origens diferents (Prinz and Priller, 2014; Goldmann et al., 2016).

3.4.1. La microglia

La microglia és la poblacié de macrofags residents del SNC que s’origina a partir de progenitors
embrionaris del sac vitel-li (Ginhoux et al., 2013). Es troba ampliament distribuida per tot el
parénquima del SNC i representa el 10-20% de la poblacid total de les cel-lules glials (Soulet
and Serge, 2008). En condicions fisiologiques la microglia contribueix en el la regulacié de
I’'homeostasi del SNC durant el desenvolupament i en 'edat adulta a través de diferents
mecanismes (Schafer and Stevens, 2015):

- Regulacié de la mort cel-lular programada: Durant el desenvolupament del SNC es
generen més progenitors neuronals o neurones dels necessaris. La microglia
s’encarrega de fagocitar les cél-lules que desenvolupen mort programada sense
desencadenar una resposta inflamatoria. Durant la neurogénesi en el cervell adult es
generen nous progenitors neurals que no s’incorporen en els circuits neuronals.
Aquests progenitors neurals o neurones poden ser fagocitats directament per la
microglia o bé poden morir per apoptosi i acabar essent fagocitats per la microglia

(Figura 14).
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Figura 14. Participacio de la microglia en la mort cel-lular programada. Suport grafic adaptat de (Schafer
and Stevens, 2015).

Llegenda: NGF: nerve growth factor, TNF: tumor necrosis factor.
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- Regulacié de la supervivencia cel-lular: Al mateix temps s’ha observat que la microglia
proporciona suport trofic a neurones i progenitors neurals a través del factor IGF-1 i en
promou la seva supervivencia, proliferacié i diferenciacio (Figura 15).
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Figura 15. Participacio de la microglia en la supervivencia cel-lular. Suport grafic adaptat de (Schafer and
Stevens, 2015).
Llegenda; IGF-1: insulin-like growth factor-1, IGF-1R: insulin-like growth factor-1R.

- Poda sinaptica: Durant el desenvolupament del SNC també es formen connexions
sinaptiques en excés que seran eliminades per part de la microglia en els primers
estadis post-natals. Des del naixement fins I'adult es produeixen molts esdeveniments
de plasticitat neuronal. La microglia participa tant en el manteniment de les sinapsis
més actives com en I’eliminacié d’aquelles amb menys activitat (Figura 16).
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Figura 16. Participacié de la microglia en el remodelat sinaptic. A) Eliminacié de I'excés de d’espines

sinaptiques. B) Eliminacié de les espines sinaptiques amb menys activitat. Suport grafic adaptat de
(Schafer and Stevens, 2015).
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Quan es produeix una pertorbacié de I’'homeostasi cerebral ja sigui per una infeccié o per un
dany al teixit, la microglia s’activa, experimenta un canvi morfologic passant d’una morfologia
ramificada a una morfologia ameboide amb una alta capacitat fagocitica i que la fa
practicament indistingible dels macrofags derivats de monocits que han infiltrat al parénquima
cerebral (del Zoppo et al., 2007). La falta de marcadors especifics que permetin la diferenciacié
d’aquests tipus cel-lulars ha provocat que la caracteritzacid de la microglia en condicions
patologiques hagi estat una tasca complicada durant molt de temps.

Classicament la microglia i els macrofags derivats de monocits s’han intentat classificar segons
diferéncies morfologiques (morfologia ramificada vs. ameboide) i en base al grau d’expressio
dels marcadors de superficie CD45 i CD11b en citometria de flux (la microglia: CD45"°% CD11b",
els macrofags: CD45" CD11b*) (Ford et al., 1995). Desafortunadament, aquestes aproximacions
tenen limitacions ja que tant la morfologia com I'expressio dels marcadors de superficie poden
variar en condicions patologiques.

Recentment s’han utilitzat diferents eines basades en I'expressid del receptor de la
fractalquina (CX3CR1). CX3CR1 s’expressa en la microglia pero també en algunes poblacions de
monocits circulants i macrofags tissulars residents (Yona et al., 2013). Per una banda s’han
desenvolupat ratolins modificats genéticament knock in CX3CR1-GFP (que expressen la
proteina fluorescent GFP sota el promotor CX3CR1) i s’han generat animals quimeérics
mitjancant el transplantament de cel-lules del moll de I'os de manera que es permet distingir
els macrofags infiltrants de la microglia resident. No obstant aix0, un quimerisme incomplet i
una inflamacié subjacent degut al procediment de la generacid d’animals quimérics poden
interferir en la distincid de les poblacions (Ginhoux and Prinz, 2015). Per altra banda s’ha
desenvolupat també un model d’animal transgenic basat en la induccié de I'expressié d’una
proteina fluorescent sota el promotor de CX3CR1 (CX3CR1CeER/* R26PsRed) mitjangant
I’'administracié de tamoxifé (un estrogen sintétic analeg que s’uneix a un domini modificat del
receptor d’estrogens (ER) del constructe CreER i en permet la seva migracié al nucli per activar
la transcripcid de la proteina fluorescent en qliestid) (Feil, Valtcheva and Feil, 2009). Donat que
la microglia no es reemplaca constantment a diferencia dels monocits circulants, amb el
temps, només la microglia mantindra I'expressié de la proteina fluorescent (Parkhurst et al.,
2013).

També s’han utilitzat animals knock in (LysM-eGFP) que permeten diferenciar les cél-lules del
llinatge mieloide (monocits) de la microglia segons I'expressio de la proteina fluorescent eGFP
sota el promotor de LysM (Greenhalgh et al., 2018).

Gracies als nous models animals s’ha observat que la microglia es pot diferenciar dels
macrofags infiltrats segons el perfil d’expressié génica (p.e. Salll, P2ry12, Tmem119 entre
d’altres) (DePaula-Silva et al., 2019). Gracies a aix0 s’han obtingut anticossos que permeten el
marcatge especific de la microglia (p.e. anticossos anti-P2yr12 i Tmem119) i en permeten la
seva identificacio en talls histologics (Bennett et al., 2016; Villa et al., 2018).

La utilitzacié dels diferents models animals ha ajudat a caracteritzar funcionalment i
fenotipicament la microglia en condicions fisiologiques i patologiques. Concretament, en la
isquémia cerebral, s’alliberen una amplia varietat de factors que provoquen que la microglia
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s’activi i generi una resposta inflamatoria (Figura 17) (Yenari, Kauppinen and Swanson, 2010;
Gulke, Gelderblom and Magnus, 2018). A més a més, a mesura que la mort neuronal avanga,
es produeix la disrupcié de la senyalitzacié CD200-CD200R i CX3CL1-CX3CR1 entre la microglia i
les neurones i es potencia d’aquesta manera un fenotip pro-inflamatori (ladecola and
Anrather, 2011). En conjunt, I'activacié de la microglia amplificara la resposta inflamatoria
iniciada a la llum del vas, es promoura la disrupcié de la BHE, el reclutament i la infiltracio de
leucocits circulants que culminara amb un augment del dany cerebral.
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Figura 17. Resposta de la microglia en la isquémia cerebral. Suport grafic extret de (Yenari, Kauppinen
and Swanson, 2010).

Llegenda: AP-1: transcription factor AP-1 (activator protein 1); COX2, cyclooxygenase 2, Cx32: connexin-32 (gap
junction beta-1 protein), CX3CR1: fractalkine receptor; EAAT: excitatory amino acid transporter, EP2: prostaglandin
E2 receptor, ERK: extracellular signal-regulated kinase, HMGB1: high-mobility group box 1; HSP: heat shock protein,
iGluR: ionotropic glutamate receptor, IFNy: interferon y, IL: interleukin, iNOS: inducible nitric oxide synthase, JNK: c-
Jun N-terminal kinase, MAPK: mitogen-activated protein kinase, MIP: microtubule interacting protein, MMP: matrix
metallo-proteinase, mGIluR: metabotropic glutamate receptor, NF-kB: nuclear factor kB, NO: nitric oxide, NOX:
NADPH oxidase, P2X7: P2X purinoreceptor 7, PARP-1: poly(ADP-ribose) polymerase 1, PGE2: prostaglandin E2, PKC:
protein kinase C, PLC: phospholipase C; PPARy: peroxisome proliferator activated receptor y, TLR4: Toll-like receptor

4, TNFa: tumor necrosis factor a, TNFR: tumor necrosis factor receptor, TREM2: triggering receptor expressed on
myeloid cells 2.

Cal destacar que la resposta inflamatoria desencadenada per la microglia des dels primers
minuts fins a diverses hores després del dany sén beneficiosos per tal de limitar la progressié
del dany isquémic gracies a la fagocitosi de restes cel-lulars i de leucocits infiltrants (Otxoa-de-
Amezaga et al. 2019). Malgrat tot, una inflamacié perllongada en el temps degut a una
microglia activada pot tenir efectes perjudicials. Recentment s’ha descrit que els macrofags
derivats de monocits que infiltren després d’una lesié en el SNC interaccionen amb la microglia
i en redueixen la seva activitat inflamatoria evitant d’aquesta manera una activacié cronica
(Greenhalgh et al., 2018). A mesura que progressa la lesid, la naturalesa de les senyals de
I’entorn varien. Tant la microglia com altres tipus cel-lulars tenen la capacitat d’adaptar-se al
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nou entorn i generar una resposta adaptativa. Es per aquest motiu que la microglia no només
participa directament en la resposta inflamatoria sind que també participa en I'alliberament de
citocines antiinflamatories i processos de reparacio del teixit (ladecola and Anrather, 2011).
Aguest fenomen rep el nom de polaritzacié fenotipica.

3.4.2. Els macrofags associats al cervell

Classicament els macrofags associats al cervell (de I'anglés brain-associated macrophages,
BAMs) com els MPC, MPVM i MPV s’han classificat en base a la seva localitzacié anatomica
(Figura 18). Cal destacar que un treball recentment publicat mostra que el nombre d’aquestes
cél-lules en les diferents localitzacions anatomiques (duramater, leptomeninges, plexes
coroides i al cervell) és variable. (Van Hove et al., 2019).
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Figura 18. Localitzacié anatomica dels MPVM i MPV. Suport grafic adaptat de (Faraco et al., 2017) .
Llegenda; MPVM: Macrofags perivasculars de les meninges, MPV: Macrofags perivasculars.

Tradicionalment s’havia considerat que els BAMs s’originaven en moll de I'os i es produia un
recanvi constant d’aquestes cel-lules. Estudis recents han demostrat que aquests macrofags
tenen un origen comu similar al de la microglia i diferent del pericit (Guillemin and Brew, 2004;
Goldmann et al., 2016). En concret els MPVM i els MPV (les cél-lules estudiades en la present
tesis) provenen de progenitors del sac vitel:li que migren durant els primers estadis de
I’embriogenesi i s’estableixen a les interficies del SNC. A diferencia dels MPC, els MPVM i MPV
es mantenen estables en el SNC en condicions d’homeostasi de la mateixa manera que la
microglia, sense la necessitat de ser reemplagades per progenitors d’origen hematopoétic
(Goldmann et al., 2016).

Les funcions principals d’aquests macrofags en condicions d’homeostasi sén les de neteja,
regulacié de la permeabilitat vascular i vigilancia immunologica (Lapenna, De Palma and Lewis,
2018). En humans (Kim et al., 2006) i en rata (Mato et al., 1996) els MPV i els MPVM expressen
el receptor CD163 que és un bon marcador d’aquestes cél-lules, mentre que en ratoli, el
receptor de la mannosa CD206 (Galea et al., 2005) és el més utilitzat per identificar-les. El
CD163 esta format per nou dominis rics en cisteina i en condicions fisiologiques la seva
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expressio es troba restringida als macrofags de diferents teixits, en alguna poblacié de
monocits pero absent en la microglia (Polfliet et al., 2006). CD163 participa en la proteccio dels
teixits davant 'estres oxidatiu mediat per I’hemoglobina lliure ja que esta involucrat en la
neteja i I'endocitosi de complexes d’hemoglobina/haptoglobina (Van Gorp, Delputte and
Nauwynck, 2010). Tot i aix0, es coneix poc el paper dels BAMs en condicions patologiques del
SNC. En diferents models de neuroinflamacié es posa de manifest la seva potencial implicacio
fisiopatologica (Figura 19). Per una banda, els MPV tenen un paper protector en la meningitis
bacteriana facilitant la infiltracid de neutrofils a través de la BHE (Polfliet et al., 2001),
participen en I'eliminacié de B-amiloide vascular en models murins de la malaltia d’Alzheimer
(Hawkes and McLaurin, 2009), i en la proteccié del cervell dels efectes nocius del mal transport
de glucosa en ratolins tractats amb dieta rica en greixos per part dels transportadors GLUT1
mitjancant la produccié compensatoria de VEGFA (Jais et al., 2016). Per altra banda, aquestes
cel-lules també participen en la disfuncié neurovascular amb la produccié d’estres oxidatiu en
models murins d’Alzheimer i hipertensié arterial (Faraco et al., 2016). A més a més s’ha
observat que en condicions d’isquémia i reperfusié els MPV tenen la capacitat d’alliberar
citocines proinflamatories (TNFa i IL-18) (ladecola and Anrather, 2011) i que les cel-lules
CD163+ s’acumulen al parénquima cerebral en resposta a estimuls inflamatoris com en el cas
de la lesid cerebral traumatica i I’esclerosi multiple (Zhang et al., 2011, 2012). En un estudi
recent de high-dimensional single-cell cytometry and fate mapping s’han identificat diferents
subpoblacions de BAMs amb diferents respostes en comparacié amb altres cel-lules mieloides
del cervell en I'envelliment, en I'encefalomielitis autoimmune experimental i en la malaltia
d’Alzheimer (Van Hove et al., 2019).

Aixi doncs, aquests macrofags expressen diferents receptors que suggereixen una funcié en la
immunitat innata a través dels PRRs, la fagocitosis, la resposta a citocines i al reclutament de
leucocits en la fase aguda de la inflamacié aixi com també en la immunitat adaptativa a través
de la coestimulacié i presentacié d’antigens.
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Figura 19. Implicacio dels MPV en el cervell en condicions patologiques. Suport grafic extret de (Faraco

etal., 2017).
Llegenda; ROS: reactive oxygen species, NO: nitric oxide, PMN: polymorphonuclear cells, ANGII: angiotensin Il, AD:
Alzheimer’s disease, HPA: hypothalamic-pituitary axis, MI: myocardial infarction, PVM: perivascular macrophage.
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3.5. La infiltracio leucocitaria

Tal i com s’ha detallat en els apartats anteriors, tant en la isquémia cerebral com en la
reperfusio, es produeixen una serie d’esdeveniments cel-lulars i moleculars que segueixen un
patré temporal molt ben definit que potencien el reclutament i infiltracio de leucocits al cervell
(Figura 20). Existeixen diferéncies en el nombre de cél-lules infiltrants entre la isquémia
permanent i la isquémia transitoria (Grgnberg et al., 2013; Chu et al., 2014), pero en ambdds
casos, aquestes cél-lules poden estar contribuint de forma directa al dany cerebral secundari i
en la posterior resolucié i recuperacio del teixit afectat (Gelderblom et al., 2009).
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Figura 20. Perfil d’infiltracid temporal de les diferents céel-lules del sistema immune implicades en el
procés inflamatori i en la resolucid de la lesié després de la isquémia i reperfusid. Suport grafic adaptat

(Gelderblom et al., 2009).
Llegenda; NK: natural killers, NKT; natural killers T cells.

En els seglients apartats es detalla la contribucié de diferents leucocits en la isquemia cerebral
estudiats en el present treball de tesi doctoral. Cal tenir en compte que tot i desglossar la
informacid segons el tipus cel-lular per separat de ben segur existeix una comunicacio directa

entre aquestes cel-lules en aquesta patologia.
3.5.1. Els neutrofils

Els neutrofils formen part del sistema immunitari innat i son leucocits de tipus granulocit.
Tenen un temps de vida mitja curta en circulacid i cal que es generin continuament en la
medul-la 0ssia. En humans representen el 60-70% dels leucocits circulants mentre que en
rosegadors corresponen al 20-30% (O’Connell et al., 2015). Els neutrofils madurs circulants
tenen un diametre mitja de 7-12 um i el seu citoplasma s'enriqueix seqliencialment durant la
maduracié amb granuls i vesicules secretores. Aquests granuls estan plens d’enzims i proteines
pro-inflamatories i es poden classificar en tres grups: granuls primaris que contenen
mieloperoxidasa (MPO), defensines i elastasa. Granuls especifics secundaris que contenen
lactoferrina, NADPH oxidases entre d’altres i finalment els granuls terciaris, que contenen
MMPs com la MMP9. Els neutrofils tenen la capacitat d’eliminar patogens per multiples
mecanismes i gracies a una elevada produccié d’espeécies reactives d’oxigen. Quan aquests
localitzen microorganismes (bacteris i fongs), els poden fagocitar i eliminar a través de la fusié
dels granuls esmentats anteriorment amb el fagosoma. També tenen la capacitat de provocar
la mort dels microorganismes extracel-lulars alliberant el contingut dels granuls cap a I'espai
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extracel-lular per un procés que s’anomena degranulacio. El tercer mecanisme que tenen els
neutrofils per eliminar els microorganismes extracel-lulars és mitjangant I'alliberacié de
Neutrophil Extracellular Traps (NETs) formades per una estructura de DNA amb histones
citrulinades i enzims (p.e. la MPO i I'elastasa)(Kolaczkowska and Kubes, 2013).

En ratoli, un bon marcador de neutrofils és I'anticos dirigit contra Ly6G donat que I'anticos
anti-GR-1 ampliament utilitzat per detectar neutrofils reconeix tant Ly6G com Ly6C que també
s’expressa en monocits.

Tradicionalment s’ha centrat molt I'atencié en el rol dels neutrofils en la isquémia ja que
poden provocar dany en els teixits periférics tal com s’ha descrit en la resposta a les infeccions
(Kolaczkowska and Kubes, 2013).

Un elevat recompte de neutrofils en sang de pacients d’ictus s’associa a volums d’infart més
grans i un pitjor pronostic (Buck et al., 2008). En diferents treballs duts a terme en rata i ratoli
s’ha observat que els neutrofils s’adhereixen a arterioles i venules post capillars i
contribueixen a la formacié de coaguls (Nieswandt, Kleinschnitz and Stoll, 2011) i a fenomens
de no reperfusid i desestabilitzacio de la BHE. Moltes evidéncies suggereixen que els neutrofils
migren al focus de la inflamacid atrets per les quimiocines secretades pels astrocits i cel-lules
endotelials (CXCL1, CXCL2 i CXCL8 que interactuen amb el receptor CXCR2) i s’Tacumulen en el
parenquima cerebral entre 1 i 3 dies després de la isquemia i reperfusid (Gelderblom et al.,
2009; Jaerve and Miiller, 2012). A més a més, I'excessiva produccié de ROS, I'alliberament de
citocines pro-inflamatories (IL-1pB, IL-6, TNFa), de quimiocines (MCP-1, MIP-1aq, IL-8), d’elastasa
i MMPs (p.e. la MMP9) aixi com també I'augment en I'expressié de B2 integrines en els
leucocits (Mac-1, LFA-1) i molécules d’adhesié (PSGL-1, L-selectina) provoca que els neutrofils
infiltrants amplifiquin la resposta inflamatoria i promoguin una dany cerebral secundari (Jin,
Yang and Li, 2010; Yang and Rosenberg, 2011).

Per altre banda, la produccié de NETs a la llum dels vasos facilita la formacidé de coaguls tal i
com s’ha demostrat tant en la trombosis de venes profundes com en I'embolisme pulmonar
(Fuchs, Brill and Wagner, 2012). També, la trombolisi mitjancada per tPA perd eficacia en
preséncia de NETs (Ducroux et al., 2018). El tractament amb tPA podria accentuar els efectes
negatius dels neutrofils ja que aquest farmac trombolitic fomentaria la transmigracio dels
neutrofils al teixit reperfundit a través de l'activaci6 de MMPs. De fet, aquests efectes
ajudarien a explicar perquée la neutrofilia estaria associada a un major risc de transformacié
hemorragica en pacients isquémics tractats amb tPA (Uhl et al., 2014; Maestrini et al., 2015).
Tot i que classicament el nombre de neutrofils presents en el teixit s’ha correlacionat amb la
gravetat de la lesié isquemica (Akopov, Simonian and Grigorian, 1996), es desconeix
exactament la varietat de poblacions de neutrofils i els seus diferents fenotips que poden estar
involucrats en el dany i/o reparacio tissular secundaria (Cuartero et al., 2013; Kolaczkowska
and Kubes, 2013).

No obstant aix0, en un estudi s’ha posat en dubte la capacitat dels neutrofils de produir NETs
en la isquemia cerebral i la capacitat d’assolir el parenquima cerebral en suficient nombre per
tal de tenir una rellevancia fisiopatologica ja que aquests romandrien atrapats en els espais
perivasculars i no serien capagos de travessar la lamina basal del parénquima (Enzmann et al.,
2013).
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3.5.2. Els monocits

Els monocits es caracteritzen morfologicament per tenir un nucli irregular i vesicules
citoplasmatiques. S’originen en el moll de I'os a partir de progenitors mieloides i surten cap a
la sang on es poden mantenir en circulacié durant 1-3 dies o bé migrar cap a diferents organs i
establir-s’hi com a macrofags. En ratoli s’"ha demostrat que els monocits de la sang poden
tornar al moll de I'os i que la melsa pot actuar com a reservori des de la qual es poden
mobilitzar (Swirski et al., 2009). En humans representen el 10% dels leucocits circulants mentre
gue en ratoli representen el 4%. Sota condicions d’infeccid i/o inflamacié els monocits poden
fagocitar, produir citocines i migrar cap als teixits inflamats atrets pels gradients de citocines i
quimiocines alliberades. Un cop reclutats a un teixit es diferencien cap a macrofags o céel-lules
dendritiques i participen com a cél-lules de defensa de la immunitat innata (destruint
microorganismes i/o promovent la inflamacid) i també en I'estimulacid de la immunitat
adaptativa i en la resolucié i reparacié tissular (Planas, 2018).

3.5.2.1. Classificacio dels monocits en humans i ratoli

En humans els monocits de la sang es classifiquen principalment segons I'expressié dels
receptors de superficie CD14 (co-receptor de lipopolisacarids), CD16 (Fc gamma RIll), els
receptors de quimiocines CCR2 (receptor de CCL2 anomenada també MCP-1) i CX3CR1
(receptor de fractalquina) (Shi and Pamer, 2011). D’aquesta manera es poden distingir els
monocits classics, intermedis i no classics cadascun amb funcions diferents (Taula 4).

En ratoli també existeix una classificacid similar en base a I'expressié de Ly6C, CD43, CD11b,
CCR2, CX3CR1 i CD115 (Tsou et al., 2007; Ziegler-Heitbrock et al., 2010) (Taula 4). En ambdds
casos, existeixen evidéncies de que els monocits classics immadurs maduren en circulacio per
donar lloc als no classics (Miré-Mur et al., 2016).

Taula 4: Classificacié dels monocits humans i de ratoli. Adaptat de (Shi and Pamer, 2011).

Marcadors Receptors de Funcions
quimiocines
HUMA
Classics CD14+ CCR2hi Activitat fagocitica i baixa produccié de
90-95% dels CD16 CX3CR1low citocines.
monaocits circulants
Intermedis CD14+ CCR2low Pro-inflamatoris. Produeixen activament
CDi6* CX3CR1hi IL-1B, IL6 i TNFa (en resposta a LPS)
No classics CD14+ CCR2low Antiinflamatoris, i antivirals i
5-10% dels monocits | CD16** CX3CR1hi constantment patrullant
circulants
RATOLI
Classics LyeChi CD11b* CCR2Mi Activitat antimicrobiana i pro-
LyeChi CD43low CD115* CX3CR1low inflamatoria. Produeixen TNFa
40% dels monocits
circulants
No classics Ly6Clow CD11b* CCR2low Constantment patrullant, juguen un
Ly6Clow CD43hi CD115* CX3CR1hi paper en el control de la resposta
40% dels monocits immune primerenca, la formacié de nous
circulants vasos i la reparacié tissular

Llegenda: CCR2: C-C chemokine receptor type 2, CX3CR1: fractalkine receptor, IL: interleukin, TNFa: tumor necrosis
factor a, LPS: Lipopolysaccharide.
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3.5.2.2. Resposta inflamatoria dels macrofags derivats de monocits

Després de la isquémia cerebral s’ha observat que els monocits infiltren en el teixit isquemic
en les primeres 24h i assoleixen un pic d’infiltracié als 4 dies (Gelderblom et al., 2009). Moltes
d’aquestes cel-lules poden sobreviure en el teixit durant setmanes i adopten caracteristiques
de macrofags. Classicament era molt dificil distingir la microglia activada dels macrofags
derivats de monocits. Actualment, gracies al descobriment de marcadors especifics de
microglia, la utilitzacié d’animals modificats genéticament amb expressid de proteines
fluorescents en determinats tipus cel-lulars, la transferéncia adoptiva de cél-lules, la generacié
d’animals quimeérics i la utilitzacié de citometria de flux i immunofluorescéncia han permes
diferenciar aquests dos tipus cel-lulars presents en el teixit isquémic.

El fenotip dels macrofags activats depen criticament dels estimuls de I’entorn. Classicament
s’ha resumit la funcié dels macrofags segons la preséncia de caracteristiques fenotipiques
d’activacio classica tipus M1, o alternativa de tipus M2. Aquesta classificacid conceptual i
resumida s’ha obtingut en condicions de cultiu estimulant les cel-lules amb diferents
molécules. En un teixit inflamat existeix un ample ventall de fenotips intermedis que van des
de I'extrem M1 fins al M2 i poden variar en el temps. Actualment no es coneix exactament tots
els factors que contribueixen en aquesta transicié fenotipica temporal (Biswas and Mantovani,
2012).

El fenotip classic pro-inflamatori M1 es caracteritza per I'expressié de diferents marcadors
(p.e. CD16, CD32, CD86, MHC Il i iNOS) (Fumagalli et al., 2015). Aquest fenotip esta associat
per una banda a l'estimulacié dels PRRs per la preséncia de DAMPS, a l'increment de la
glicolisis anaerobica degut a les condicions d’hipoxia i a I'activacié de la via HIF-1 (O’Neill,
Kishton and Rathmell, 2016). A més a més es produeix el metabolisme de I'arginina a través de
iNOS i es generen especies reactives d’oxigen i de nitrogen que contribueixen en el dany de
proteines, lipids i DNA. En conjunt, aquests factors promouen la produccié de diferents
citocines pro-inflamatories que s’han anat comentat en apartats anteriors:

- TNFa: La isquemia cerebral indueix rapidament I'expressié TNFa en diferents tipus
cel-lulars. Pot ser expressada en neurones, cel-lules vasculars cerebrals (Liu et al.,
1994), astrocits (Botchkina et al., 1997), essent pero la microglia/macrofags activats els
principals productors d’aquesta citocina en la isquéemia cerebral (Gregersen,
Lambertsen and Finsen, 2000). El TNFa estimula la produccié de 1I-1B, IL-6 i també més
TNFa augmentant d’aquesta manera la resposta inflamatoria (Yenari, Kauppinen and
Swanson, 2010).

- IL-1B: Els principals productors d’aquesta citocina en la isquémia cerebral son Ila
microglia activada i els macrofags infiltrats. Existeixen altres tipus cel-lulars que la
produeixen com les neurones, astrocits i cel-lules endotelials (Clausen et al., 2008).
Aguesta citocina pirogenica contribueix en la produccié6 de mes citocines pro-
inflamatories, agreuja el dany neuronal i potencia I'expressié de molécules d’adhesid
en I'endoteli vascular que participaran en la infiltracié leucocitaria.

Per altra banda, I'activacio alternativa o fenotip M2 esta relacionat en I'atenuacié de la
resposta inflamatoria i la reparacid tissular i es detallara en els seglients apartats.
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3.5.2.3. Senyals implicats en la migracié leucocitaria: Eix CCL2/CCR2

Les quimiocines son els mediadors moleculars principals responsables del reclutament de
leucocits en un teixit inflamat. Son polipéptids petits (8-14 kDa) que s’alliberen en grans
guantitats en la isquemia cerebral. Els principals productors sén les cel-lules residents en el
teixit afectat com la microglia, les cél-lules endotelials activades, les neurones, astrocits i
també els leucocits reclutats. Es classifiquen en quatre subfamilies: CXC, CC, XC i CX5C. Tal i
com s’ha mencionat, els neutrofils sén atrets principalment per les quimiocines de la familia
CXC (CXCL1, CXCL2 i CXCL8) secretades principalment per astrocits i en menys proporciod per les
cél-lules endotelials activades. En canvi, els monocits sén atrets principalment per les
qguimiocines de la familia CC (CCL2 i CCL3) quan expressen el receptor CCR2 (Jaerve and Miller,
2012).

En condicions d’homeostasi existeix una expressié basal de CCL2 en astrocits, microglia,
cél-lules endotelials i neurones aixi com també del seu receptor (CCR2). En la isquémia cerebral
CCL2 s’expressa rapidament en astrocits activats (Weiss et al., 1998), microglia activada (Yan et
al., 2007), neurones (Che et al., 2001), cel-lules endotelials (Rollins et al., 1990) i en els pericits
(Duan et al., 2018). S’ha observat que la predisposicié genética de mantenir uns nivells elevats
de CCL2 en circulacié correlacionen positivament amb un major risc de patir un ictus
(Georgakis et al., 2019). A més a més, en mostres de sang de pacients isquemics s’ha observat
la presencia elevada de CCL2 en les primeres hores des de I'inici dels simptomes (Worthmann
et al., 2010).

En ratoli, durant les primeres hores després de la isquémia els monocits pro-inflamatoris Ly6C"
CCR2* s’alliberen rapidament del moll de I'os i de la melsa cap a la sang i sén reclutats al teixit
isquémic atrets pel gradient de CCL2 (Miré-Mur et al., 2016) (Figura 21). Classicament s’ha
associat els macrofags infiltrants amb la inflamacié i el dany cerebral després de la isquemia.
De fet, en estudis histopatologics amb mostres de diferents pacients que havien patit un ictus
isquémic es mostra que els macrofags presenten un fenotip pro-inflamatoris i a mesura que
progressa el temps i la lesié madura, esdevenen antiinflamatoris (Zrzavy et al., 2018).
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Figura 21. Representacid de la produccié de CCL2 en condicions d’homeostasi i en la isquémia cerebral i
el reclutament de mondcits CCR2M. Suport grafic adaptat de (Shi and Pamer, 2011).
Llegenda: CCR2: C-C chemokine receptor type 2, CCL2: C-C motif chemokine ligand 2

Actualment no es coneix exactament la funcid dels monocits en I'ictus isquémic, és per aquest
motiu que s’ha utilitzat diferents aproximacions en models animals. S’ha observat que els
ratolins deficients en CCR2 presenten un volum d’infart reduit i una funcid neurologica
millorada en comparaci6 amb els respectius ratolins silvestres (Dimitrijevic et al., 2007),
suggerint un paper perjudicial del monocit CCR2* en la lesid cerebral. De manera oposada s’ha
observat que l'administracié d’inhibidors de CCR2 o anticossos bloquejadors de CCR2
provoquen un empitjorament de la lesié cerebral, impedeixen la recuperacido funcional
espontania tant en models animals d’isquemia cerebral com de lesié de la medul-la espinal i
promouen la transformacié hemorragica després de la lesié isquémica (Gliem et al., 2012; Chu
et al., 2015; Wattananit et al., 2016; Fang et al., 2018). També s’ha observat que, un augment
de I'expressi6 de marcadors fenotipics M1 associat a un model de deplecidé de
monocits/macrofags, es produeix un empitjorament de la lesié isquémica (Perego et al., 2016).
Conjuntament amb els darrers resultats, s’ha suggerit que els monocits tenen un paper
neuroprotector beneficids a través de la modulacié de la resposta inflamatoria de la microglia
(Greenhalgh et al., 2018).

Per entendre la funcié dels monocits CCR2* en la isquémia cerebral; els estudis esmentats que
afecten la funcié global de CCR2 tenen la limitacié de que CCR2 no només s’expressa en
monocits sind que hi ha diferents poblacions de limfocits (Brihl et al., 2004) i cél-lules
endotelials (Wolf et al., 2012), entre d’altres, que també expressen el receptor CCR2.
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3.5.3. Vies d’infiltracio de leucocits al cervell

La integritat de les barreres que separen el cervell de la sang i de les cél-lules immunes
efectores és important pel manteniment adequat d’un bon funcionament del SNC. Tal i com
s’ha anat comentant, la isquémia cerebral esta estrictament lligada a la desestabilitzacio de la
BHE i la infiltracié de leucocits al cervell. Fins al moment, s’han descrit tres rutes de migracié
dels leucocits de la sang cap al parénquima cerebral afectat.

3.5.3.1. Vénules post-capil-lars

Els diferents esdeveniments de la cascada isquemica promouen l'alliberacié de citocines i
quimiocines que atreuen els leucocits al focus de la inflamacié (Figura 22). L’activacio i
expressido de molécules d’adhesié en les cel-lules endotelials de les vénules post-capil-lars i la
disrupcié de la BHE promouen que els leucocits circulants rodin i s’adhereixin a la superficie
del vas i acabin migrant al teixit isquémic a través de les cel-lules endotelials per la via
paracel-lular o transcel-lular per un procés que s’anomena diapedesi (Huang, Upadhyay and
Tamargo, 2006).
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Figura 22. Esdeveniments que promouen la migracid dels leucocits circulants en les venules post-
capil-lars en resposta la isquémia cerebral. Suport grafic extret de (Huang, Upadhyay and Tamargo,
2006).

Llegenda; RBC: red blood cell , Mac-1: macrophage-1 antigen , LFA-1: leukocyte function-associated antigen-1,
ICAM: intercellular adhesion molecule, VCAM-1: vascular cell adhesion molecule 1, IL: interleukin , CINC: cytokine-
induced neutrophil chemoattractant, MCP-1: monocyte chemoattractant protein 1.
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3.5.3.2. Les meninges i els espais perivasculars

En condicions fisiologiques es produeix un drenatge del liquid intersticial a través dels espais
perivasculars o lamina basal de les arterioles corticals cap a les leptomeninges (Carare et al.,
2008) o bé a través del proposat sistema glimfatic (Iliff et al., 2012). Les molécules
inflamatories alliberades en els espais extracel-lulars durant el procés de la isquémia cerebral
poden ser drenades a través dels espais perivasculars (Chamorro et al., 2012). S’ha observat
perd que el drenatge d’aquest liquid intersticial requereix d’una vasculatura funcional, per
tant, en condicions d’isquemia cerebral es redueix I'eficiencia del drenatge perivascular (Arbel-
Ornath et al., 2013) i es poden acumular els quimioatraients de leucocits i altres molécules en
els espais perivasculars. Els leucocits es poden acumular progressivament en els espais de
Virchow—Robin i en els espais perivasculars (Figura 23). En aquesta situacié la lamina basal del
parénquima cerebral podria estar actuant com a sistema de confinament impedint que els
neutrofils assoleixin el teixit (Enzmann et al., 2013).
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Figura 23. Rutes d’infiltracid leucocitaries en les meninges i espais perivasculars després de la isquémia
cerebral. Suport grafic adaptat de (Benakis, Llovera and Liesz, 2018).

Llegenda; BHE: barrera hematoencefalica, CCL2: C-C Motif Chemokine Ligand 2, LCR: liquid cefaloraquidi, CXCL1/2:
chemokine (C-X-C motif) ligand 1/2.

3.5.3.3. Els ventricles i els plexes coroides

Els plexes coroides (PCs) estan formats per cel-lules epitelials unides entre elles per unions
estretes i amb la capacitat de produir el LCR que omple les diferents cavitats del cervells. Els
PCs es localitzen dins els ventricles cerebrals i participen en la barrera entre la sang i el LCR. A
part de la funcié de produir LCR, actuen com a barrera selectiva entre la sang i el LCR
restringint el pas de molecules i cél-lules del sistema immunitari cap al cervell com la BHE. En
condicions fisiologiques els PCs juguen un paper molt important en el sistema de filtracid i
eliminacio dels productes metabolics produits en el cervell (Mortazavi et al., 2014).
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Els capil-lars que es troben a la base de les cel-lules epitelials del PC son permeables a
molécules i cel-lules immunes ja que presenten fenestracions. Per aquest motiu, la zona del
estroma, s’hi poden trobar diferents cel-lules immunes com limfocits, macrofags i cel-lules
dendritiques (Ransohoff and Engelhardt, 2012). En diferents patologies neuro-inflamatories
com el dany cerebral traumatic i la isquémia cerebral, entre d’altres, els PCs tenen la capacitat
de respondre als diferents mediadors pro-inflamatoris alliberats per les cel-lules del
parenquima cerebral, expressar molécules d’adhesid, i alliberar quimiocines que permeten
I’entrada de cel-lules immunes a I'estroma a través dels capil-lars fenestrats (Benakis, Llovera
and Liesz, 2018; Ghersi-Egea et al., 2018). Concretament s’ha observat que els limfocits T
utilitzen aquesta via d’infiltracié (Llovera et al., 2017) tot i que també s’ha observat que els
macrofags derivats de monocits amb un fenotip d’activacid alternativa (M2) poden utilitzar-la i
promouen la recuperacié funcional en un model d’isquemia cerebral experimental (Ge et al.,
2017). Tant en mostres de pacients com en models animals d’isquémia cerebral en ratoli s’ha
observat un augment de la quimiocina CCL2 en la regid ventricular corresponent a I’hemisferi
isquémic que estaria relacionat amb I'atraccid d’aquestes cél-lules cap al teixit lesionat
(Benakis, Llovera and Liesz, 2018) (Figura 24).
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Figura 24. Rutes d’infiltracié leucocitaries en els plexes coroides després de la isquémia cerebral. Suport
grafic adaptat de (Benakis, Llovera and Liesz, 2018).
Llegenda,; CCL2: C-C Motif Chemokine Ligand 2, LCR: liquid cefaloraquidi.

Una millor comprensié de les diferents estructures anatomiques aixi com les diferents rutes
d’infiltracid i la funcid dels diferents leucocits infiltrants podria ajudar a explicar els motius pels
quals molts assajos clinics destinats a prevenir els efectes negatius dels leucocits aixi com el
blogueig i la migracié d’aquests després de la isquémia han fracassat (Planas, 2018).
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4. REPARACIO TISSULAR

De la mateixa manera que en la resposta inflamatoria es produeixen una série
d’esdeveniments ben definits, en la resolucié de la inflamacié també estarien participant un
serie d’esdeveniments ben orquestrats que es podrien resumir en: I'eliminacié de cel-lules
mortes, el desenvolupament d’un ambient antiinflamatori i la produccid de factors de
supervivencia i regeneracid tissulars. Diferents evidéncies han posat de manifest la
importancia de la polaritzacié dels macrofags cap a un fenotip M2 en la resolucid de les lesions
tissulars (Lucas et al., 2010; Wynn and Vannella, 2016) aixi com la seva implicacié en promoure
un ambient favorable per la progressié tumoral (Mantovani and Locati, 2013). A mesura que
ha avancat el coneixement del paper dels macrofags en la resolucié tissular s’han posat de
manifest diferents esdeveniments rellevants que es poden resumir en els seglients punts
(Biswas and Mantovani, 2014):

- Importancia del reclutament dels macrofags al teixit lesionat a través de la
senyalitzacié CCL2/CCR2.

- Activacié de les vies de senyalitzacid6 NFkB i HIF-la per promoure la secrecié de
mediadors inflamatoris, antiinflamatoris i factors de creixement que estimularan la
proliferacié i supervivéncia de les cél-lules endotelials.

- Eliminacié de les cél-lules mortes i restes cel-lulars.

- Polaritzacié fenotipica dels macrofags a mesura que progressa la resolucié tissular d’un
fenotip pro-inflamatori M1 a un fenotip pro-resolutiu M2 .

- Expressio i secrecié de proteases que permetran la remodelacié de la MEC i el
creixement dels nous vasos.

- Promoure la supervivéncia i migracid de les cel-lules endotelials i permetre la
revascularitzacié tissular gracies al contacte directe amb els macrofags.

4.1. La polaritzacio fenotipica dels macrofags

Tant la microglia activada com els macrofags infiltrants, a part d’'un fenotip pro-inflamatori
“M1” esmentat anteriorment poden mostrar una activacié alternativa o fenotip “M2”.
Funcionalment, el fenotip M2 participa en I'atenuacié de la resposta inflamatoria, en
l'augment de la capacitat fagocitica i en l'alliberacié de factors trofics que faciliten la
remodelacid i regeneracié tissular. Existeix una amplia varietat de marcadors que sén
caracteristics del fenotip M2. Els mes importants es resumeixen en la Taula 5:
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Taula 5: Resum de marcadors M2 i la seva funcié

Marcador M2 Funcié
Arginasa 1 Converteix la L-arginina en prolines i poliamines implicades en la remodelacio i
(Argl) regeneracid tissular. Aquest enzim competeix pel mateix substrat que I'iINOS
(marcador especific del fenotip M1) perdo amb major afinitat (Muraille, Leo and
Moser, 2014).

Ym1l Es una lectina secretora que s’uneix a disacarids sulfatats amb la finalitat d’evitar la

(Chi3I3) degradacié dels components de la MEC (Hung et al., 2002).
FIZz1 Media les interaccions entre els nervis sensitius i les cel-lules inflamatories dels
(RetnIB) pulmons. Bloqueja la supervivencia induida pel factor de creixement nervids de les

neurones del gangli raquidi dorsal (Raes et al., 2002).

Receptor de

Aquest receptor participa en la unié i en la internalitzacid/fagocitosi de lligands

mannosa glicosilats amb mannosa. Alguns d’aquests lligants es trobarien en medi extracel-lular
(CD206) d’un teixit danyat (p.e. hidrolases lisosomals, I'activador del plasminogen tissular,
mieloperoxidasa entre d’altres) (Durafourt et al., 2012).
CD163 Esta involucrat en la neteja i I’endocitosi de complexes d’hemoglobina/haptoglobina i
participa en la proteccié dels teixits de I'estres oxidatiu mediat per I’'hemoglobina
lliure (Van Gorp, Delputte and Nauwynck, 2010).
TREM2 Esta involucrat en la neteja de restes cel-lulars, suprimeix la inflamacié i participa en la

transicié del fenotip M1 al M2 en la microglia (Wang et al., 2015; Zhang et al., 2018).

Llegenda; iNOS: Inducible nitric oxide synthase , MEC: matriu extracel-lular.

En diferents treballs es proposa I'existéncia de diferents fenotips dins el perfil general M2

(Mantovani et al., 2004). Aquesta varietat fenotipica és deguda principalment a I'estimulacié

d’aquestes cél-lules per diferents senyals presents en el micro-ambient (Figura 25).

IL-1B, LPS, IC, IL1R, TLR4,
FcyR, ERK

Figura 25. Resum esquematic dels estimuls que promouen la transicié fenotipica dels macrofags. Suport
grafic obtingut de (Palma et al., 2018).
Llegenda; INFy: Interferon y, LPS: lipopolysaccharide , GM-CSF: Granulocyte-macrophage colony-stimulating factor,

IL: interleukin, R: receptor, IFNGR; interferon-gamma receptor, TLR4: Toll-like receptor 4, STAT: signal transducer

and activator of transcription proteins, IRF3: Interferon regulatory factor 3, IC: immune complexes, FcyR: Fc gamma

receptor, ERK: extracellular signal-regulated kinase, PPARy : peroxisome proliferator-activated receptor gamma,

JMJID3: Jumonji domain-containing protein D3.
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A part de transicié fenotipica mitjancada pels diferents factors esmentats en la Figura 25. S’ha
descrit que la glicolisi anaerobica en condicions d’hipoxia és el mecanisme utilitzat pels
macrofags M1 per obtenir energia i dur a terme una resposta inflamatoria rapidament. Per
contra, en les funcions de remodelacid tissular i reparacié de ferides per parts dels macrofags
tipus M2 és necessari obtenir energia de forma continuada a partir de I'oxidacié dels acids
grassos (O’Neill, Kishton and Rathmell, 2016).

Globalment els diferents fenotips M2 es caracteritzen per contribuir de forma complementaria
en 'atenuacié de la resposta inflamatoria tot i tenir diferents funcions i expressar diferents
marcadors (Taula 6).

Taula 6: Resum del perfil fenotipic dels diferents subtipus de macrofags descrits en la literatura. Suport
grafic adaptat de (Biswas and Mantovani, 2010; Palma et al., 2018).

Subtipus de Macrofags M1 M2A M2B mM2C
Citocines IL-1, 6, 10, 18, 23, IL-1R, TNFa IL-10, 12, 23, 1Ra IL-6, 10, 12, 23, IL-1R, TNFa IL-10, 12, 23, TGFR
Quimocines (CC) CCL-2,3,4,5,11,17,22 CCL-17,18, 22, 24 CCL-1 CCL-16, 18
Quimocines (CXC) CXCL-1,2,3,5,8,9,10,11, 16 - - CXCL-13
Receptors Scavenger - MR (CD206) - MR (CD206), CD163
Metabolisme iNOS FIZZ-1, Ym-1, Arginasa iNOS Arginasa
Acci6 inflamatoria Acci6 anti-inflamatoria Immunitat humoral Acci6 anti-inflamatoria

Produccié de productes

Dany tissular metabolics derivats de Regulacio de les cel-lules Th2 Immunoregulacié
Funcié especifica I'arginina
Regulacié de cel-lules Thl Reparacié tissular Activitat fagocitica i de neteja
Reclutament de cél-lules Th2 Reparacid i remodelacié tissular

Llegenda; IL: interleukin, TNF: tumor necrosis factor, MR: mannose receptor, iNOS: inducible nitric oxide synthase,
Th: lymphocyte T helper.

4.1.1. La polaritzacié fenotipica en la isquémia cerebral

Durant molts anys s’ha considerat que el SNC tenia una limitada capacitat de regeneracio.
Malgrat tot, aquesta visidé ha canviat en els darrers anys després d’observar que en el cervell
adult s’hi desencadenen processos de recuperacié després d’una lesio (Lo, 2010).

La polaritzacié fenotipica té un paper rellevant en la progressid d’'una lesié isquémica,
concretament s’ha observat que tant la microglia com els macrofags sén les principals
poblacions cel-lulars encarregades de dirigir la reparacid i regeneracié en malalties agudes del
SNC (Hu et al., 2015). En models experimentals d’isquemia cerebral s’ha descrit que en la fase
aguda tant la microglia com els macrofags infiltrants es distribueixen regionalment en el teixit
lesionat segons la seva capacitat de sobreviure i adaptar-se metabolicament a un ambient
desfavorable i adopten un fenotip M2 que afavoreix la limitacié del dany cerebral i la reparacié
del teixit lesionat (Figura 26) (Hu et al., 2012; Fumagalli et al., 2015).
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Figura 26. Distribucio regional de la microglia i dels macrofags infiltrats en diferents models d’isquémia
cerebral.

Llegenda: tMCAo: transient middle cerebral artery occlusion, pMCAo: permanent middle cerebral artery occlusion. p:
microglia, M: macrophage.

En condicions in vitro s’ha observat que la microglia M2 és més protectora que els macrofags
M2 (Durafourt et al.,, 2012) i que la interaccié entre aquestes cél-lules és important per
modular la resposta antiinflamatoria (Greenhalgh et al., 2018). Malgrat tot, (Hu et al., 2012)
proposen que una setmana després del dany les cél-lules amb un fenotip M1 predominen en el
focus de la lesio. A diferéncia de la transicié fenotipica M2-M1 que aquests autors proposen, la
resolucid i regeneracio d’altres teixits es produeix seguint una transici6 M1-M2. Sembla ser
que la proposada transicié del fenotip M2-M1 seria un mecanisme comu observable en
diferents models de lesions del SNC (p.e. en lictus, dany cerebral traumatic i lesions
medul-lars) (Hu et al.,, 2015), pero aquest concepte s’ha de validar. A més a més, no es
coneixen els motius exactes que estarien afavorint aquesta hipotética transicio M2-M1 en el
SNC.

4.2. Paper del fenotip M2 en la reparacié del SNC

Els macrofags i microglia M2 atenuen la resposta inflamatoria fagocitant cél-lules mortes i
diferents components pro-inflamatoris presents en el teixit. La fagocitosis de cél-lules mortes
promou la produccié de les citocines TGFB i IL-10 que faciliten la reparacio tissular a través
d’efectes directes sobre la supervivencia cel-lular, la supressié de la presentacié antigenica, la
generacid de cel-lules Treg, la inhibicié de I'expressié de molecules d’adhesié en les cel-lules
endotelials i la inhibicié de la sintesi de citocines pro-inflamatories com TNFa i IL-1B (ladecola
and Anrather, 2011). Globalment la microglia i macrofags amb un fenotip M2 participen en la
reparacid del SNC promovent la proliferacié de precursors neurals, facilitant la plasticitat
sinaptica i afavorint la seva integracid en circuits neuronals ja existents. També estarien
participant en la regeneracid axonal i en el seu creixement aixi com també en la seva re-
mielinitzacié gracies a I'alliberament de factors de creixement (p.e. IGF-1, TGFR, Activin-A) que
estimulen la diferenciacié del precursors d’oligodendrocits a cél-lules madures. Finalment
també estarien promovent la formacié de nous vasos per tal de restablir el suport nutricional
del teixit afectat (Hu et al., 2015).
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4.2.1. Paper dels macrofags en I'angiogénesi

L’angiogenesi es el procés pel qual es formen nous vasos a partir d’un vas preexistent. Aquest
procés és imprescindible en el desenvolupament i també és molt important en la curacié i la
regeneracié d’organs i teixits.

En I'estudi de diferents patologies com el cancer, arteriosclerosis i en ferides de la pell s’han
reconegut els macrofags com a principals reguladors de I'angiogénesi (Murdoch et al., 2008;
Okuno et al., 2011; Guo et al., 2018). S’ha posat de manifest que I'atraccié de monocits cap als
focus d’inflamacié a partir de la via de senyalitzacié CCL2/CCR2 és un procés clau per la
regeneracié tissular (Nucera, Biziato and de Palma, 2011). A mes a mes s’ha observat una
reduccid en la formacid de vasos quan es provoca la deplecid de cél-lules mieloides en la fase
d’inflamacié aguda (Lucas et al., 2010). En conjunt aquests resultats suggereixen que els
macrofags son ja importants en la fase pro-inflamatoria i que la seva transicid a un fenotip
antiinflamatori estaria involucrat amb les funcions angiogeniques.

En condicions d’hipoxia, com en una oclusio arterial o bé en tumors, es produeix I'activacié de
la via HIF-1a. Tal i com s’ha comentat en l'apartat 3.2.3 d’aquesta mateixa introduccio,
I'activacié d’aquesta via en la fase aguda de la isquémia cerebral participa en la resposta pro-
inflamatoria, perd molts dels productes resultants tenen una funcié dual a mesura que
progressa la lesié. Concretament l'alliberacié del factor pro-angiogénic VEGFa promou la
supervivencia de les cel-lules endotelials i n’estimula la seva proliferacié (Shibuya, 2011). Les
MMPs presents en el teixit participen en la remodelacié de la MEC i es facilita la migracié de
les cél-lules endotelials per tal de formar la nova xarxa vascular (Du et al. 2008) (Figura 27).
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Figura 27. Rol dels macrofags en I'angiogenesi. Suport grafic adaptat de (Garg et al., 2009).
Llegenda; CCL2: chemokine (C-C motif) ligand 2 , VEGF: Vascular endothelial growth factor , IL: interleukin , TGF:
transforming growth factor, MMP: matrix metalloproteinases, MEC: extracellular matrix .
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HIPOTESI:

Les cel-lules mieloides circulants migren al cervell isquémic per diferents vies anatomiques i
tenen un paper dual induint inflamacid en la fase aguda i promovent reparacio tissular en fases
subagudes i croniques.

OBJECTIUS:

L'objectiu general d’aquesta tesi és esbrinar mecanismes implicats en la infiltracié de leucocits
de tipus mieloide (neutrofils i monocits/macrofags) al cervell isquémic i el seu paper en la lesié
cerebral.

Els objectius especifics es detallen a continuacio:

1. Identificar les vies d’infiltracié de neutrofils al cervell isquémic

Tal com s’ha descrit a la introduccid, en el moment d’iniciar aquesta tesi no es coneixien del
tot les vies d'infiltracié dels neutrofils al cervell isquémic i a més a més hi havia una certa
controversia sobre si els neutrofils accedien al parenquima lesionat. Per aquest motiu vam
decidir estudiar si els neutrofils podien accedir al parenquima cerebral i quines eren les vies
anatomiques d’accés. Per aquest estudi vam triar un model experimental d’isquémia
permanent sense reperfusid. L'eleccié d’aquest model es deu a que voliem saber si i com els
neutrofils accedien al nucli isquémic en abséncia de flux sanguini. Vam triar el model de ratoli
perque és un model ben establert al nostre laboratori i es disposa de marcadors especifics pels
neutrofils murins.

2. Esbrinar el paper dels macrofags perivasculars residents al cervell en la infiltracié

leucocitaria després de la isquemia cerebral

Els espais perivasculars contenen macrofags residents que podrien generar molecules
guimioatraients de neutrofils després de la isquémia cerebral. Malgrat tot, el paper d’aquestes
cél-lules en condicions patologiques és encara forca desconegut. Per aquests motius vam voler
estudiar la funcié d’aquests macrofags en la isquémia cerebral. Una consideracié important a
I’'hora de decidir el model experimental més adient per aquest estudi va ser I'existéncia de
marcadors especifics de macrofags perivasculars. CD163 és una molecula de membrana que en
el cervell huma i de rata només s’expressa en macrofags perivasculars i per tant és un bon
marcador d’aquestes cel-lules. No obstant aixo, CD163 no s’expressa (o té nivells baixos
d’expressio) en els macrofags perivasculars de ratoli. Per aquest motiu vam decidir dur a terme
aquest estudi en un model d’isquémia cerebral en rata. Vam escollir un model
d’isquémia/reperfusié ja que tant la isquémia permanent en rata en un model amb
craniotomia com la isquémia cerebral permanent per la via intraluminal sén models molt
invasius i de molta gravetat respectivament.
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3. Esbrinar la funcié dels macrofags infiltrants en la lesié isquémica

La lesid cerebral atreu els monocits circulants que una vegada infiltrats al cervell maduren a
macrofags tissulars. Com hem vist en la introduccio, I’eix CCL2/CCR2 és una via de senyalitzacio
important per I'atraccié de monocits als teixits lesionats. Tot i aixd, no només els mondcits
expressen CCR2 sind que altres cél-lules també expressen aquest receptor. Per tal d’estudiar la
funcié especifica dels monocits CCR2* vam generar un model muri de delecié de CCR2 en els
monocits. Aquesta condicid ens obligava a realitzar I'estudi en ratoli i vam triar el model
d’isquémia permanent distal de 'ACM perqué la seva gravetat és moderada i permet fer
estudis a llarg termini.
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A continuacié es resumeixen les diferents técniques i metodologies emprades en el present
treball de tesi doctoral. Al tractar-se d’un treball de tesi doctoral en format de compendi de
publicacions, el lector trobara els detalls i les especificacions técniques concretes en el
corresponent apartat de cada treball publicat.

1. MODELS ANIMALS D’ISQUEMIA CEREBRAL

Tots els procediments experimentals que implicaven animals d’experimentacié es van dur a
terme sota I'aprovacié del comité étic de la Universitat de Barcelona (n2 CEEA: 405/14, 558/16,
367/17, 146/18 i n2 DAMM: 6421, 9300, 9806, 10083 respectivament) i en compliment amb
les normes de legislacié local, espanyoles i europees. Els animals es van mantenir estabulats en
un cicle de 12h llum i 12h de foscor amb lliure accés a la beguda i al menjar.

En el present treball de tesi doctoral es van utilitzar ratolins Balb/c, ratolins modificats
genéticament amb fons genétic C57BL6/J aixi com també rates Sprague-Dawley.

1.1 Models d’'isquémia cerebral en ratoli
1.1.1 Oclusi6 permanent de I'arteria cerebral mitja en la seva porcio distal

Es va realitzar una petita incisié entre l'orella i I'ull , es va retallar parcialment la part inferior
del muscul temporal i es va exposar la superficie temporal del crani. A continuacié es va
perforar una petita finestra de 1 mm de diametre al crani, just sobre I’ACM. Tot seguit es va
retirar una petita part de les meninges i es va procedir en la cauteritzacié de ’ACM (Figura 7).
En un petit grup d’animals Balb/c, amb la finalitat d’excloure els efectes inflamatoris
potencialment induits per I'escalfor del cauteritzador eléctric, I'esmentada porcié arterial es va
ocloure mitjangant un lligament amb una sutura de seda quirurgica.

Un cop acabada la cirurgia, es va suturar I'animal i es va col-locar en una gabia de recuperacio
amb una font de calor (manta electrica) abans de ser estabulat en una gabia amb lliure accés al
menjar i aigua on va restar fins al moment de la finalitzacié de I'experiment.

1.1.2 Oclusié intraluminal permanent de I’artéria cerebral mitja proximal

El procediment quirlrgic es va iniciar col-locant una sonda laser Doppler al crani del ratoli per
registrar la perfusid cortical del territori irrigat per I’ACM. Tot seguit es va realitzar una incisié
al coll i es va accedir al territori de I’ACC dreta per tal de cauteritzar I'arteria tiroidal i occipital.
Tot seguit es va lligar un nus a I’ACC amb una sutura de seda i es va introduir un filament de
nilé amb la punta arrodonida per I'interior de I'ACI fins al I'origen de ’ACM fins al moment de
la finalitzacio de I’experiment (Figura 8A).

En acabar el procediment quirlrgic, es va suturar I'animal i es va col-locar en una gabia de
recuperacio tal i com s’ha descrit en I'apartat anterior.

55



METODES

1.2 Model d’isquémia cerebral en rata
1.2.1 Oclusié transitoria intraluminal de I'artéria cerebral mitja proximal

El procediment quirdrgic es va iniciar col-locant una sonda laser Doppler al crani de la rata per
registrar la perfusié cortical del territori abastit per I’ACM. Tot seguit es va realitzar una incisié
al coll i es va accedir al territori de I’ACC dreta. Es va cauteritzar I'arteria occipital i I'arteria
tiroide superior i es va lligar un nus a I'artéria pterigopalatina. Tot seguit es va lligar un nus a
I’ACC amb una sutura de seda i es va introduir un filament de nilé amb la punta arrodonida per
I'interior de I’ACI fins al I'origen de I’ACM. Per tal d’evitar una compensacié de la circulacio
contralateral i d’unificar els volums d’infart es va col-locar un pinga a I'ACC contralateral.
Transcorreguts 50 minuts des de I'inici de I'oclusio, es va treure la pinga de I’ACC contralateral.
Deu minuts mes tard, es va retirar suaument del filament que ocloia I’ACM. Finalment, es va
deslligar la sutura de I’ACC ipsilateral, es va deixar sortir una mica de sang per assegurar que
no hi havia cap coagul i finalment es va cauteritzar I’ACE per tal d’evitar que sortis sang pel
punt d’accés del filament (Figura 8B).

En finalitzar la cirurgia es va desenganxar el laser Doppler, es va suturar la ferida del coll i la del
cap i es va col-loca I'animal en una caixa de recuperaciéo amb una manta térmica.

2. AVALUACIO DEL VOLUM D’INFART PER IMATGE DE
RESSONANCIA MAGNETICA

Les mesures del volum d’infart es van realitzar amb Image) a partir de les imatges obtingudes a
la ressonancia magnética de la Plataforma de Ressonancia Magnetica experimental de
I"IDIBAPS. Es va utilitzar un escaner d’animals 7.0T BioSpec 70/30 horitzontal (Bruker BioSpin,
Ettlingen, Alemanya) equipat amb una antena de superficie per cervell de rata o ratoli en
funcié de I'espécie d’animal utilitzada.

Durant el procediment d’adquisicié d’'imatges I'animal es va mantenir sota anestésia inhalada
amb isofluora i fixat per les orelles i les dents per tal d’evitar que es produissin interferéncies
en l'adquisicid de les imatges degut a la respiracié dels animals. En tot moment es va
monitoritzar la respiracid i es va mantenir la temperatura corporal a 372C.

En rates es van adquirir mapes de relaxometria T2 utilitzant una seqiiéncia echo multi tall amb
25 temps echo de 8 a 200 ms. El temps de repeticid va ser de 4000 ms. Es van obtenir 18 talls
de 1 mm de gruix amb una resolucié espacial de 0.156 mm?/pixel. Les imatges es van
reconstruir amb el programa Paravision 5.1 (Bruker BioSpin, Ettlingen, Alemanya), veure Figura
28.

Figura 28: Seccions coronals obtingudes mitjancant mapes de relaxometria T2 per avaluar el volum
d’infart cerebral en rata.

56



METODES

Es va mesurar I'area de I’hemisferi contralateral (HC), la regié infartada (RI) i finalment
I’hemisferi ipsilateral no infartat (HINI). El volum final es va obtenir realitzant una correccio per
edema i excloent els ventricles seguint la formula que es detalla a continuacio:

VI
RI+HINI

Volum infart (VI) (mm?3)= RI x (RIfHCINI) Volum infart (%)=

En ratoli, després d’optimitzar les seqliencies d’adquisicid, es van obtenir imatges potenciades
en T2 utilitzant Unicament un temps echo de 33 ms. Veure Figura 29. El temps de repeticié va
ser de 2336 ms. Es van obtenir 22 talls de 0,5mm de gruix amb una resolucio espacial de 0.078.
mm?/pixel. Les imatges es van reconstruir amb el programa Paravision 6.1 (Bruker BioSpin,
Ettlingen, Alemanya). El volum d’infart es va calcular utilitzant la metodologia descrita en el
treball de (Gerriets et al., 2004).

\* :

Figura 29: Seccions coronals obtingudes mitjangcant imatges potenciades en T2 per avaluar el volum
d’infart cerebral en ratoli.

3. VALORACIO NEUROLOGICA
3.1 Valoracié neurologica en rata

Transcorregudes 24h de la reperfusié es va sotmetre els animals a un test neurologic senzill
(Pérez-Asensio et al., 2010) basat en una escala de 9 punts (on 0=no hi ha déficit i 9=maxima
afectacid) que es llista a continuacié:

- Activitat espontania: Valoracid de la capacitat de desplagament i exploracié.
S’atribueix una puntuacid de 0 si és normal, de 1 si fa desplagament sense exploracié i
de 2 si realitza un desplagament només si s’estimula o no es desplaca en absolut.

- Tendéncia a girar cap a I'esquerra: Com que I’hemisferi dret es troba afectat, esperem
trobar canvis en la regié contra lateral de la lesié en la resta del cos. Si no té una
tendeéncia a desplagar-se cap a I'esquerra té una puntuacié de 0. Si a 'aixecar I'animal
per la base de la cua deriva cap a l'esquerra té una puntuacié de 1. Si gira
espontaniament a I'esquerra de 2 i finalment, si fa girs sobre si mateixa de 3.

- Avaluacié propioceptiva de I’extremitat anterior esquerra: Es va mesurar la capacitat
de I'animal en percebre que I'experimentador li subjectava I'extremitat anterior i
també la capacitat d’enretirar-la després de la subjeccié. Si 'animal no permet que se
li agafi la pota rep un valor de 0, si ho permet pero amb residencia té una puntuacio de
1. Si no oposa resisténcia ni aparta la pota rep una puntuacié de 2.

- Reaccid a la caiguda: L’animal s’aixeca per la cua i es valora com posiciona les potes
anteriors en tornar-lo a acostar a la superficie on estava. Si col-loca les dues potes
anteriors de forma simetrica rep una puntuacio de 0. Si ho fa de forma asimeétrica de 1.
Si la pota esquerra esta retreta al cos rep una puntuacié de 2.
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3.2 Valoracio neurologica en ratoli

Durant els 5 dies previs a la cirurgia es van entrenar els animals per que aprenguessin a
realitzar diferents tests neurologics basats en la coordinacid i I'activitat motora tal i com es
detalla en el treball de (Balkaya et al., 2013). Tot seguit es van realitzar els tests transcorreguts
1,4, 8i 15 dies després de la lesié cerebral.

- Pole Test: Consisteix en mesurar el temps que tarden els animals a baixar per un pal de
50 cm de llarg amb un diametre de 0,8 cm i amb rugositats per tal d’evitar que
rellisquin. Es va quantificar el temps que tardaven en fer un gir sobre si mateixos a la
part superior d’un pal i baixar a través d’aquest fins a assolit el terra. Veure Figura 30.
Es van realitzar 5 assajos separats 5 minuts entre ells i el valor final es va obtenir fent

la mitjana del temps dels 5 assajos.
0 @,

Start Finish

Figura 30: Representacio esquematica del Pole test.

- Rotarod: Es va quantificar el temps que els animals eren capagos de mantenir
I'equilibri en una situacié d’acceleracié constant (comengant a 4 rpm i accelerant 1
rom cada 8 segons fins a un maxim de 40 rpm) en el Rotarod (Rota-Rod/RS Panlab
Harvard apparatus). Veure Figura 31. Es van realitzar 3 assajos separats entre ells per
15 minuts i el valor final es va obtenir fent la mitjana de temps dels 3 assajos.

Start Finish

—~ | & |

Figura 31: Representacio esquematica del test Rotarod.
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4. VALORACIO DE LA INTEGRITAT DE LA BHE MITJANCANT
L’EXTRAVASACIO DE BLAU D’EVANS EN RATA

Per tal de valorar la permeabilitat de la BHE en animals control i isquémics 22 hores després de
la reperfusio es va administrar 4 ml/kg de blau d’Evans (Sigma Aldrich, St Louis, MO, USA) (2%
pes/vol en sali estéril) a una velocitat de 1ml/min per la vena femoral tal i com es descriu en
(Pérez-Asensio et al., 2010). Transcorregudes 2 hores es van sacrificar i perfondre els animals
amb sali heparinitzat per retirar el blau d’Evans de dins els vasos. Es va obtenir el cervell i es
van realitzar talls coronals de 2 mm de gruix. En primer lloc, es van adquirir fotografies de les
seccions per tal de quantificar manualment amb I'lmagel I'area ocupada pel blau d’Evans
extravasat al teixit cortical i subcortical. De les seccions coronals de 2mm es va guardar la
tercera seccié contant des de I'inici del cervell sense tenir en compte els bulbs olfactius i es va
separar el cortex i I'estriat de cada un dels hemisferis per a estudis posteriors de Western Blot.

5. ADMINISTRACIO DE LIPOSOMES DE CLODRONAT EN RATA

Per tal d’obtenir informacié funcional sobre el paper dels BAMs en la fase aguda de l'ictus es
van dur a terme experiments de peéerdua de funcidé mitjancant I'administracié intra
cerebroventricular de liposomes que contenen amb clodronat o tampd sali fosfat (PBS) a
I'interior. Veure Figura 32.

¥ L: Lisosoma i fosfolipases

o
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A @1‘- ./ \Ty
eE W

+ - * -

Macréfag perivascular

Figura 32: Representacié esquematica de la deplecidé selectiva dels macrofags perivasculars. Quan
s’allibera el clodronat dels liposomes es produeix la mort cel-lular.

L’administracié d’aquests liposomes es va realitzar 4 dies abans de la induccié del model
d’isquemia transitoria en rates tal i com es detalla en I'apartat anterior.

Durant 25 minuts es va administrar un volum de 30 pl de solucié de liposomes (5 mg/ml), amb
una xeringa Hamilton™ connectada a una micro-bomba, en el ventricle lateral esquerre del
cervell a les seglients coordenades en relacié amb Bregma: 0.9 mm posterior, 1.5 mm lateral, i
4,5 mm dorsoventral mentre I'animal estava col-locat en un aparell estereotactic i anestesiat
amb isofluora inhalat.
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6. CITOMETRIA DE FLUX

6.1 Aillament de cel-lules infiltrants al cervell isquéemic

Els animals es van eutanasiar per perfusidé transcardiaca amb PBS per eliminar les céel-lules
sanguinies dels vasos. Es va extreure el cervell i es van disseccionar les diferents regions
d’interés segons el model i experiment. Amb la finalitat d’obtenir suspensions cel-lulars de les
mostres de teixits esmentades es van utilitzar els protocols aconsellats pel fabricant de
I'aparell gentleMACS (Miltenyi Biotec) per a la disgregacié mecanica i enzimatica del teixit. A
continuacié i per tal d’eliminar la mielina de la mostra del teixit nervids, es va utilitzar un

|TM

gradient de densitat, resuspenent la mostra en solucions de Percoll™ isotonic de diferent

concentracid i es va procedir a realitzar el marcatge amb anticossos especifics.

- Citometria de flux: Per tal de poder obtenir una quantificacié en valors absoluts de les
cél-lules presents a la nostra mostra es va afegir un volum conegut de microesferes
fluorescents (Flow-Count Fluorospheres, Bechman-Coulter). Finalment les mostres es
van passar per |I'equip BD LSRFortessa SORP (BD Biosciencies) utilitzant el BD Diva
software (BD Biosciences) i es van analitzar els resultats amb el sofware Flowlo v10
(FlowJo).

- Separacio cel-lular per citometria de flux (de I’anglés, fluorescence-activated cell
sorting (FACS)): Les poblacions de cel-lules desitjades es van recollir en microtubs amb
200 pl de PBS-DEPC tractats préviament amb FBS amb I'equip (Aria Il cell sorter (BD
Biosciences). Les cel-lules obtingudes, es van centrifugar a 400G durant 10 min a 49C,
es va eliminar el sobrenedant per aspiracid i es van afegir 350ul de tampd de lisi
completat amb 2-B-mercaptoetanol (10 pL/mL). Tot seguit es van congelar a -802C fins
al moment de I'extraccid de I’ARN.

6.2 Aillamenti processament de cel-lules de la sang

En el moment de I'eutanasia es va extreure sang de la vena cava dels animals. Per evitar la
formacié de coaguls es va impregnar I'agulla i la xeringa amb heparina i es va abocar el
contingut de la xeringa en un microtub que contenia EDTA (Micro tube 1,3 Ml K3E, Starstedt).
Després de la lisi dels eritrocits amb una solucié 150 mmol/L NH4Cl, 10 mmol/L KHCOs;, 0.1
mmol/L EDTA durant 10 minuts a 37 2C en agitacidé suau, es va procedir a la tincid i a la
quantificacid de les poblacions cel-lulars de la mateixa manera que s’ha descrit en I'apartat
anterior.

6.3 Aillament de les cel-lules del moll de I'os

Després de l'eutanasia dels animals es van extreure les dues extremitats posteriors. Es va
netejar el teixit del voltant de les tibies i els femurs i es va procedir a extreure el contingut del
moll de I'os. La suspensid de cél-lules es va passar per un filtre de 70 um de porus per eliminar
les restes tissulars. Finalment es va realitzar la tincid i quantificacié de les poblacions cel-lulars
tal i com s’ha detallat en apartats anteriors.
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6.4 Aillamenti processament de les cel-lules de l1a melsa

En el moment de 'eutanasia es va obtenir la melsa dels animals. Es va disgregar el teixit
mecanicament i es va procedir a la lisi dels globuls vermells tal i com es detalla en I'apartat
anterior. Tot seguit es va realitzar la tincié de la suspensio cel-lular.

7. AILLAMENT I ADMINISTRACIO DE MONOCITS DEL MOLL DE
L'OS

Per tal de poder aillar i administrar monocits en la fase aguda de la isquemia en els animals
amb monocits deficients de CCR2 es van extreure monocits de I'os del femur i la tibia de
ratolins adults mitjancant I'EasyStep Mouse Monocyte Isolation kit. Es van obtenir les céel-lules
del moll de tal i com es detalla en I'apartat anterior i es va incubar amb un coctel d’anticossos
units a microesferes magnetiques. Tot seguit, es va passar la suspensid cel-lular a través d’un
imant i es van recuperar els monocits per seleccié negativa. Finalment, es van resuspendre 1,5
milions de cel-lules en 200ul de PBS i es van injectar per la vena de la cua 6 hores després de la
isquémia cerebral permanent.

8. ANALISIS DE I’EXPRESSIO GENICA
8.1 Extraccio d’ARN de cel-lules sortejades

Per a efectuar I'extraccio de I’acid ribonucleic total (ARN) es va utilitzar (Pure Link RNA Micro
Kit, d’Ambion). Per a I'extraccid es va seguir el protocol recomanat pel fabricant. En el pas de la
precipitacié amb etanol 70% (1:1 v/v), les mostres es van incubar 24h a -202C per augmentar
I’eficiéncia de la precipitacid del ARN. Per eluir I’ARN de la columna es va fer amb H,O RNAse-
free del kit. L’ARN obtingut es va guardar immediatament a -802C.

8.2 Extraccio d’ARN de teixit total en rata

Després de I'eutanasia de I'animal mitjancant una perfusié transcardiaca amb PBS heparinitzat
es va disseccionar el teixit cortical i subcortical de I'hemisferi isquemic i les mateixes regions de
I’hemisferi contralateral. Tot seguit, les mostres es van guardar a -802C en microtubs lliures de
ARNases.

Per a I'extraccié de I'ARN es va utilitzar el métode del Trizol (Ambion) i es va treballar sota
campana préviament netejada amb RNAse Zap (Invitrogen) per tal de prevenir la degradacio
de la mostra per la preséncia d’ARNases.

Es van treure les mostres del congelador es va afegir Trizol (Ambion) a les mostres i es va
disgregar el teixit amb I’'ajuda d’un dissociador mecanic de teixit (Polytron). Es va afegir
cloroform i es va centrifugar el contingut a 49C. Es va recollir el sobrenedant i s’hi va afegir el
mateix volum de 2-Propanol per tal de precipitar 'ARN. Tot seguit es va mantenir a 1 hora a
-209C, es van centrifugar el contingut i es va retirar el sobrenedant per decantacié. L’ARN
present en el pellet es va rentar amb 1 ml d’ etanol 80% lliure de ARNases. Es va centrifugar a
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49C i es va eliminar I'excés d’etanol per evaporacio en un bloc térmic a 502C fins que el pellet
va quedar transparent. Es va resuspendre I’ARN en 100 pl d’ H;O lliure de ARNases. Finalment,
les mostres es van congelar a -80 2C fins al moment de la quantificacidé de I’ARN.

8.3 Extraccio d’ARN de teixit total en ratoli

També es va extreure I’ARN del teixit cortical provinent dels ratolins préeviament perfosos amb
PBS amb heparina. Es va utilitzar el meétode del Trizol detallat en I'apartat anterior pero
després de 'obtencid del sobrenedant en el pas amb cloroform es va afegir el mateix volum
d’etanol al 70% a la mostra i es va procedir a la purificacié de la mostra d’ARN amb el PureLink
RNA Mini Kit (Invitrogen) tal i com es detalla en les especificacions del fabricant.

8.4 Quantificacio i avaluacio de la qualitat de 'ARN

8.4.1 ARN de cel-lules aillades per FACS-cell sorting

En el segon treball, la puresa de 'ARN de les mostres sortejades es va mesurar al Servei de
Genomica de I'IDIBAPS amb un PicoChip (BioAnalyzer2100). Indirectament es va obtenir també
la concentracié d’ARN present en la mostra. En el tercer treball, la puresa i quantitat de I’ARN
de les mostres de microglia i monocits Ly6C" es va mesurar mitjancant High Sensivity RNA
ScreenTape (Agilent2200 TapeStation System).

8.4.2 ARN del teixit total

La quantitat i la qualitat de I’ARN es va mesurar amb el micro-espectrofotometre ND-1000
(NanoDrop Technologies, Wilmington, DE, USA). Es va considerar una bona qualitat de la
mostra extreta quan la ratio de les mesures d’absorbancia per una banda a 260nm/280 nm era
> 1,80 per altra banda a 260 nm/230 nm > 1,80 .

8.5 Microarray d’ARN

En la present tesi es va realitzar un estudi de microarray en col-laboracié amb la Unitat
d’estadistica i Bioinformatica (UEB) de I'Institut de Recerca de la Vall d’Hebron (VHIR). Per
I'estudi del perfil d’expressid génica dels BAMs sortejats es va utilitzar el GeneChip Rat
Genome 230 2.0 Array, 3’'IVT Pico reagent kit (Affymetrix) del Servei de Genomica de I'IDIBAPS.
Per a I'analisi del microarray es van seleccionar aquelles mostres amb valors de RNA integrity
number (RIN) > 9.2, per fer comparables les dades, es va utilitzar I'algoritme robust multi-array
average (RMA). Aquests valors normalitzats van ser la base de tot I'analisi. Es van seleccionar
aquells gens amb diferéncies significatives entre els grups isquémic i control amb un p-valor
ajustat <0.01 i un |logFC|>2 per representar els Heatmaps. Per tal d’extreure la informacio
biologica dels resultats, es van agrupar els resultats en categories d’ontologia genética (GO) i
Ingenuity Pathway Analysis (IPA).
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8.6 Conversio de’ARN a ADNc

Després de determinar la concentracié de I'ARN es va realitzar la transcripcid inversa
mitjangant el High capacity cDNA Reverse Transcription Kit (Applied Biosystems) per tal
d’obtenir una copia d’ADN complementaria (ADNc) a la cadena d’ARN. Per les mostres que
provenien de I'extraccié del teixit total i de les cél-lules sortejades es va utilitzar 1 ug i 9 ng
d’ARN respectivament fins a un volum final de 10 pl amb H,O lliure de ARNases. Com a control
negatiu de la retrotranscripcio es va utilitzar H,O lliure de ARNases juntament amb la mix.

El volum final que es va utilitzar per cada reaccid va ser de 20 pl (10 pl de MIX i 10 pl de
mostra). Tot seguit es va fer una centrifugacid breu, es van col-locar les mostres al
termociclador i es va seleccionar el programa de PCR recomanat pel fabricant.

Després de la transcripcié inversa es van diluir les mostres provinents del teixit total 1/6 amb
H,O lliure de ARNases i es van guardar a -209C.

8.6.1 Preamplificacié del ADNc de les cel-lules sortejades

Donat el cas que partiem d’'unes mostres amb una baixa concentracié d’ARN vam realitzar la
preamplificacié selectiva d’alguns gens d’interes utilitzant un pool de sondes especifiques de
Tagman, la TagMan™ PreAmp Master Mix i el ADNc com a substrat tal i com recomanava el
fabricant.

El volum final que es va utilitzar per cada reaccié va ser de 50 pl. Tot seguit es van col-locar les
mostres al termociclador i es va seleccionar el programa de PCR recomanat pel fabricant.
Després de la preamplificacid es van diluir les mostres 1/20 amb tampd Tris/EDTA
(10mM/1mM) i es van congelar a -20°C.

8.7 Assajos quantitatius d’expressio genica mitjancant PCR a
temps real (RT-PCR)

Per dur a terme els assajos d’expressié génica mitjancant PCR a temps real es van utilitzar dos
sistemes diferents d’amplificacié dels gens diana basats en la utilitzacié d’encebadors. Per una
banda es va utilitzar el sistema de sondes de Tagman i per altra banda el sistema de SYBER
Green, en el que préviament va ser necessari dissenyar els encebadors IDT (Conde, Espanya)
amb I'ajuda del software Primer-Blast de Pubmed. En ambdds casos I'aparell utilitzat per a la
deteccié de fluorescencia resultant de la reaccié va ser el iCycler iQTM Multi-color Real Time
PCR Detection System (Bio-rad).

Cada mostra es va carregar per triplicat en una placa de 384 pous (Bio-Rad). Es va carregar
també el control negatiu de la retrotranscripcid per determinar si I'aigua utilitzada per fer la
dilucié de les mostres estava contaminada amb ARN i un control negatiu amb H,O lliure de
ARNases per determinar si s’havia produit alguna contaminacié per ADNc alhora de carregar la
placa.
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Els programes utilitzats per a la RT-PCR es detallen en les segiients figures:

Figura 33: Detall del programa utilitzat per a la RT-PCR amb el sistema de sondes Tagman™.
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Figura 34: Detall del programa utilitzat per a la RT-PCR amb el sistema de SYBER Green™.

La RT-PCR ens permet quantificar els canvis relatius d’expressido d’'un gen d’interés respecte a
I’expressié constitutiva d’un gen control (housekeeping gene). La unitat de mesura de la RT-
PCR és el Ct (cycle threshold). Aixi doncs, els valors de Ct obtinguts tant del gen d’interés com
del housekeeper, préviament escollit considerant la més baixa alteracid del perfil d’expressio
degut al tractament, es van analitzar amb el métode de doble detla Ct (2-AACt) descrit per
(Livak and Schmittgen, 2001).

9. WESTERN BLOT

Es va utilitzar la técnica de Western Blot per tal de detectar I'expressio de proteines a partir del
seu pes molecular i amb I'ajuda d’anticossos especifics.

En primer lloc es van extreure les proteines del teixit descrit en I'apartat 4 mitjancant la
sonicacié en un tampd de lisi que contenia un coctel d’inhibidors de proteases. Es va
determinar la concentracid proteica de cada mostra mitjangant un test colorimeétric utilitzant
el reactiu de Bradford. Tot seguit, es van separar les proteines per electroforesi en gels de
poliacrilamida del 12% i es van transferir en membranes de polyvinylidene difluoride. Durant la
nit es van incubar les membranes a 4 2C amb I'anticos primari contra VEGF-A. Tot seguit es van
incubar les membranes amb I'anticos secundari conjugat amb peroxidasa de rave, (HRP, de
I’anglés horseradish peroxidase). Com a control de carrega per validar la quantitat de proteina
es va utilitzar I'anticos contra la tubulina i el seu respectiu anticos secundari conjugat amb
HRP. La immunoreaccié es va desenvolupar amb un meétode quimioluminescent basat en
luminol. La quantificacid de la intensitat de la banda es va realitzar amb el programari d'analisi
1-D de Quantity One (Bio-Rad). Tot seguit, es va calcular la relacié de la intensitat del senyal de
VEGF-A respecte el propi control de carrega.
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10. IMMUNOTINCIONS

10.1 Immunofluorescencia en talls de vibratom

Per a la visualitzacié de vasos cerebrals funcionals, en el moment de I'eutanasia es van
perfondre els ratolins amb PBS heparinitzat, paraformaldehid (PFA) 4% i gelatina fluorescent
préviament preparada de la seglient manera: es van diluir 400 mg de gelatina (Sigma) en 20 ml
de PBS a 509C. Quan la temperatura de la solucié va baixar per sota de 40 2C, es va afegir
albumina-FITC (Sigma) 10 mg/ml i la temperatura es va mantenir a 37 C fins a la perfusié dels
ratolins. Després de la perfusid, es van col-locar ratolins amb el cap cap avall sobre gel per
refredar rapidament i solidificar la gelatina. El cervell es va extreure amb cura i es va mantenir
en PFA al 4% en tampé fosfat (PB) a 4 2C durant la nit. Alguns dels cervells es van congelar i es
van processar per immunofluorescencia tal i com es detalla a continuacié. En altres cervells es
va procedir a I'obtencidé de seccions de 100 um de gruix amb vibratom. Aquestes seccions es
van criopreservar en una solucid de glicerol i es van mantenir a -202C fins al moment en que es
va realitzar la immunotincié. També es van obtenir seccions de 1600 um que es van clarificar
seguint el protocol descrit (Lugo-Hernandez et al., 2017) per tal d’observar els vasos cerebrals
en cervells isquémics de ratoli a diferents temps.

Els talls de vibratom de 100 um es van rentar amb PBS, es van permeabilitzar amb PBS i Triton
X100 al 0,2% i es van bloquejar amb un 3% de sérum. Tot seguit es van incubar els talls amb
I"anticos primari durant tota la nit a 42C. Posteriorment es van rentar els talls, es va realitzar la
incubacié amb I’anticos secundari a temperatura ambient durant dues hores i posteriorment
es van tenyir els nuclis amb DAPI. Finalment es van muntar les mostres amb Fluormount-G
(SouthernBiotech).

10.2 Immunofluorescéncia en seccions de teixit congelat

Els cervells es van deixar tota la nit en PFA al 4% i el dia seglient es van rentar amb tampd
fosfat i es van criopreservar en sucrosa al 30% en PB. Tot seguit es van congelar els cervells en
isopenta (2-metilbuta) a -402C i es van guardar a -802C. Tot seguit es van obtenir talls coronals
seriats al cridostat de 14 um separats entre ells per 500 um.

Pel que fa a les mostres de pacients humans que havien patit un ictus fatal es va obtenir el
consentiment escrit dels familiars que van fer donacio del cervell al Banc de Teixits Neurologics
de I'Hospital Clinic — IDIBAPS per poder realitzat I'autopsia i extraccié del cervell en un temps
post mortem limitat seguint el protocol del Banc de Teixits Neurologics de I'Hospital Clinic —
IDIBAPS aprovat pel comité d’ética de I'Hospital Clinic (CEIC). Les mostres es van conservar en
diferents modalitats: per una banda es van fixar en formol i es van incloure en parafina i per
I'altra banda es van col-locar amb [l‘optimal cutting temperature compound (OCT) i es van
congelar en nitrogen liquid i es van emmagatzemar a -802C. D’aquestes Ultimes mostres es van
obtenir talls consecutius al criostat de 5 um de gruix i es van guardar a -802C.
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Les seccions de teixit congelat es van treure del congelador i es van deixar assecar a
temperatura ambient per posteriorment ser fixades amb etanol 70%. Amb la finalitat de
bloquejar les unions inespecifiques dels anticossos, les seccions es van incubar amb una
solucié de bloqueig de PBS amb un 3% de serum (en funcié de I'hoste del que provingui
I'anticos secundari) i es va procedir amb la incubacié de I'anticos primari durant tota la nit a
4°C i en camera humida. A continuacié es va realitzar un rentat amb PBS i els talls es van
incubar amb I’anticos secundari conjugat amb un fluorofor (Alexa Fluor, Lifetechnologies) 1,5
hores a temperatura ambient. En cas de marcatges dobles o triples es van es van afegir els
anticossos primaris i secundaris pertinents. Finalment pel marcatge de nuclis es va utilitzar
DAPI o ToPro-3 i es van muntar les mostres amb Fluormount-G (SouthernBiotech).

10.2.1 Quantificacio cel-lular

De les mostres procedents de la immunofluorescéncia del primer treball, es van obtenir 5
fotografies per cada una de les dues seccions presents en el portaobjectes, a 40x amb el
microscopi confocal (Leica) i el programa LAS. Les regions analitzades es detallen en la Figura
35.

Figura 35: Representacidé esquematica de les regions analitzades dels cervells dels pacients que havien
patit un ictus. 1) Nucli isquemic, 2) zona periferica, 3) regid contralateral a la lesid, 4) meninges
ipsilaterals a la lesid, 5) meninges contra laterals a la lesid.

10.2.2 Quantificacié dels vasos FITC+

En el tercer treball de la present tesi es van quantificar els vasos
plens amb gelatina-FITC del cervell dels ratolins després de la y o
isquémia cerebral. Es van seleccionar tres seccions del cervell de :

cada animal separades 1 mm entre elles i es van adquirir imatges a
20X tal i com es detalla en la Figura 36.

Figura 36: Representacid esquematica de les regions que es van obtenir les [t B B®G ]
fotografies en el teixit cerebral. 1) Nucli isquemic, 2) regié del voltant del T
nucli isquémic delimitat segons la reaccio glial, 3) regio periférica a la lesio.
1’,2’,3’) Fan referéncia a les regions de I’hemisferi no isquémic.
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Tot seguit mitjangant el programa Imagel es va aplicar la seglient macro en totes les
fotografies per tal de segmentar els vasos i poder obtenir el % d’area ocupada de vasos en
cada imatge tal i com es detalla en la segilient imatge:

A) B)

run("8-bit");
setAutoThreshold("Default dark");
//run("Threshold...");
setThreshold(36, 255);
//setThreshold(36, 255);
setOption("BlackBackground", false);
run("Convert to Mask");
run("Measure");

Figura 37: Representacié del funcionament de la macro utilitzada per la segmentacié dels vasos. A)
Macro utilitzada. B) Seqliencia d’esdeveniments (1,2,3,4) que es van produint a mesura que la macro
avanca pel processat de les imatges.

10.3 Immunohistoquimica en seccions de parafina

Tant les mostres provinents del teixit dels animals com les dels pacients es van incloure en
parafina per tal de mantenir I'estructura anatomica més ben preservada. Tot seguit es van
obtenir seccions de 5 um al microtom.

Les seccions de cervell incloses en parafina es van desparafinar amb Xile, etanol absolut, etanol
96%, etanol 70%, aigua destil-lada i PBS. Es va realitzar un bloqueig de les peroxidases
endogenes amb H,0,, un bloqueig dels talls amb un 3% del serum corresponent per evitar
unions inespecifiques i es va procedir amb la incubacié de I'anticos primari durant tota la nit a
4°C i en camera humida. A continuacid es va realitzar un rentat amb PBS, els talls es van
incubar amb I’anticos secundari biotinilat i el complex avidina-biotina-HRP (per amplificar la
senyal de revelat) durant 1 hora. Tot seguit es va realitzar el revelat amb diaminobencidina, un
contrast amb Hematoxilina i finalment es van deshidratar les mostres i es van muntar les
preparacions amb una resina amb base de xilé.

10.3.1 Quantificacio cel-lular

En el segon treball presentat en aquest treball de tesi doctoral es van quantificar diferents
tipus cel-lulars del cervell de rates no operades i rates isquémiques. Es van seleccionar dues
seccions del cervell de cada animal i es van quantificar el nombre de cél-lules en 3 regions
corticals de I’hemisferi no afectat i 3 regions de I’hemisferi isquémic (blau i vermell
respectivament) de cada una de les seccions. A més, també es van seleccionar 3 arees del cos
estriat de cada hemisferi (verd i taronja respectivament) (Figura 38).
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Figura 38: Esquema d’una seccid del cervell de rata. Amb gris es representa la zona isquémica. Amb
diferents colors, es representen les regions d’interés on es va realitzar el comptatge cel-lular.

Les cél-lules es van comptabilitzar a 40X en un microscopi (Olympus BX51) equipat amb una
platina motoritzada (Prior Pro Scan Il) i una camera digital (Olympus DP71). Tots els equips
estaven controlats pel sistema Visiopharm Integrator, amb el newCAST™ stereology software
(Visiopharm A/S). La quantificacio final es va expressar en n2 de cél-lules/area.
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Resum dels articles

Els resultats que s’han obtingut durant el transcurs d’aquesta tesi es presenten en format de
compendi de publicacions.

Primer article

NEUTROPHIL RECRUITMENT TO THE BRAIN IN MOUSE AND HUMAN
ISCHEMIC STROKE

Isabel Pérez-de-Puig*, Francesc Mir6-Mur*, Maura Ferrer-Ferrer, Ellen Gelpi,
Jordi Pedragosa, Carles Justicia, Xabier Urra, Angel Chamorro and Anna M. Planas

*Aquests autors tenen la mateixa contribucié en el treball.

Acta Neuropathologica (2015);129(2):239-57. doi: 10.1007/s00401-014-1381-0

En aquest treball es va estudiar el reclutament de neutrofils en dos models murins d’isquémia
cerebral permanent. Els models experimentals utilitzats van ser: la cauteritzacié distal de
I’arteria cerebral mitja (c-MCAo) i I'oclusié intraluminal proximal de I'arteria cerebral mitja (il-
MCAo0). També es va estudiar el cervell de tres pacients que van patir un ictus isquémic i que
van morir en la fase aguda de la patologia.

Els neutrofils es recluten rapidament en resposta a una infeccié o inflamacié tissular. Lictus
desencadena una forta reaccié inflamatoria perod la presencia i la funcié dels neutrofils en el
cervell isquémic no estan ben caracteritzades, particularment en els casos amb absencia de
reperfusid.

Mitjangant citometria de flux es va observar que després de la induccié del model c-MCAo es
produeix un reclutament més accentuat de neutrofils en el teixit isquémic en comparacié amb
el model il-MCAo. A més a més, es va poder confirmar que el reclutament de neutrofils no és
degut a la cirurgia per si sola, siné que és deguda a la isquemia cerebral.

Mitjancant microscopia confocal es va poder identificar la preséncia de neutrofils a les
leptomeninges a partir de les 6 hores posteriors a I'oclusid, mentre que a partir de les 15 hores
es localitzaven a la lamina basal cortical i als espais de Virchow-Robin corticals. A les 24 hores
també es van observar infiltrats de neutrofils al parénquima cerebral .

Els neutrofils mostraven signes d’activacio i mort, donat que presentaven citrulinacié de la
histona-3, cromatina descondensada, i projeccions extracel-lulars d’ADN i histones que
suggerien la produccié de trampes extracel-lulars (Neutrophils Extracellular Traps, NETSs).

En el model c-MCAo es van identificar neutrofils perivasculars a tot el teixit cortical isquemic.
En canvi, en el model il-MCAo es van localitzar els neutrofils als marges de la lesid, pero no en
el nucli isquémic, essent principalment intraluminals i menys abundants al teixit subcortical.
L'oclusié permanent de tot el territori de I'ACM, I’ abséncia de vasos col-laterals al teixit
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subcortical, conjuntament amb una xarxa vascular pial col-lapsada a causa d’'un pronunciat
edema cerebral, van fer pensar que el trafic de neutrofils en aquest dltim model es podria
veure compromes.

Finalment, vam detectar neutrofils a les leptomeninges proximals a la lesid i en els espais
perivasculars de la zona afectada en el cervell post mortem de pacients que havien patit un
ictus isquemic.

Aixi doncs, vam concloure que els neutrofils extravasen dels vasos de les leptomeninges i
poden arribar al cervell en models animals d’experimentacié i en humans amb una oclusio
arterial cerebral prolongada. Aquest treball identifica una nova via d’infiltracié de neutrofils al
cervell isquémic independent de la vasculatura intracerebral.

Segon article

CNS-BORDER ASSOCIATED MACROPHAGES RESPOND TO ACUTE
ISCHEMIC STROKE ATTRACTING GRANULOCYTES AND PROMOTING
VASCULAR LEAKAGE

Jordi Pedragosa, Angélica Salas-Perdomo, Mattia Gallizioli, Roger Cugota, Francesc Mird-
Mur, Ferran Briansd, Carles Justicia, Fernando Pérez-Asensio, Leonardo Marquez-
Kisinousky, Xabier Urra, Anna Gieryng, Bozena Kaminska, Angel Chamorro and Anna M.
Planas

Acta Neuropathologica Communications (2018); 6(1):76. doi: 10.1186/s40478-018-0581-6.

El sistema nervidés central (SNC) conté diferents tipus de cel-lules immunes situades en
compartiments anatomics especifics. Els macrofags resideixen a les fronteres del SNC a
diferéncia de la microglia que localitza al parénquima cerebral. Els macrofags es localitzen al
voltant dels vasos cerebrals, als espais de les leptomeninges i als plexes coroides. Aquesta
localitzacié privilegiada els permet interactuar directament amb la vasculatura i desenvolupar
funcions de neteja, regulacié de la permeabilitat vascular i de vigilancia immunologica.

En el present treball vam estudiar els canvis fenotipics i el paper d’aquests macrofags en
resposta a la isquémia cerebral aguda. Basant-nos amb el fet que I'expressié de CD163 és un
tret distintiu dels macrofags perivasculars cerebrals i de les meninges en rata i en el cervell
huma, vam aillar aquests macrofags CD163* mitjancant fluorescent activated cell sorting (FACS)
del cervell de rates control i també 16 hores després de I'oclusid transitoria de |'arteria
cerebral mitja en rata. El perfil d’expressid genica d’aquestes cél-lules CD163* va posar de
manifests que després de la isquémia es produeix un augment en l|'expressid de gens
relacionats amb la via del factor induible per la hipoxia (HIF-1), aixi com també la induccié de
gens que codifiquen per components de la matriu extracel-lular, i quimioatraients de leucocits,
entre d’altres.
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Gracies a la utilitzacié d’una estratégia de deplecié d’aquests macrofags, vam trobar que
aquests macrofags participen en el reclutament de granulocits, produeixen factor de
creixement de I'’endoteli vascular (VEGF), promouen la permeabilitat dels vasos sanguinis pials
i corticals i contribueixen a la disfuncié neurologica en la fase aguda de la isquéemia i
reperfusio.

Finalment, vam poder detectar VEGF al voltant dels vasos sanguinis i colocalitzant amb
macrofags perivasculars CD163* en el teixit cerebral de pacients que havien patit un ictus
isquemic i que havien mort en la fase aguda de la patologia.

Globalment, els resultats d’aquest treball mostren que la isquémia cerebral promou
rapidament una reprogramacié del perfil d’expressié genica dels macrofags CD163* que es
tradueix en un increment de la quimiotaxis de leucocits al focus de la lesid, la desestabilitzacio
de la BHE i un deteriorament neurologic en la fase aguda de I'ictus.

Tercer article

A SUBSET OF CCR2* MONOCYTES PROMOTES ANGIOGENESIS AND
PARTICIPATES IN FUNCTIONAL RECOVERY AFTER ISCHEMIC STROKE

Jordi Pedragosa, Francesc Mird-Mur, Amaia Otxoa-de-Amezaga, Carles Justicia, Francisca
Ruiz-Jaén, Peter Ponsaerts, Manolis Pasparakis, and Anna M. Planas

Manuscrit en preparacio

La funcié exacta dels mondcits pro inflamatoris Ly6C""CCR2* que infiltren al cervell després de
la isquémia cerebral no és del tot coneguda. En el present treball vam mostrar que diferents
poblacions de monocits i limfocits que expressen CCR2 infiltren al teixit cerebral isquémic. Per
poder estudiar el paper dels monocits CCR2* en aquesta patologia vam generar una colonia de
ratolins deficients de CCR2 en el Ilinatge de cél-lules mieloides.

Un dia després d’haver provocat la isquemia cerebral permanent en aquests ratolins vam
detectar una menor infiltraci6 de monocits i una reduccid en I'expressié de gens pro-
inflamatoris, gens relacionats amb I'activacio alternativa dels macrofags (fenotip M2), aixi com
també de gens relacionats amb I'angiogénesi. No obstant aix0 15 dies després de la isquemia
cerebral, els animals amb monocits deficients en CCR2 presentaven un augment retardat del
perfil inflamatori, com il-lustra I'increment en I'expressié de ll1b en relacid als seus respectius
animals del genotip control.

A més a més, els ratolins deficients en CCR2 en els monocits van mostrar una reduccio en
I’'angiogenesi i un empitjorament en la funcié neurologica respecte als animals control, tot i no
presentar diferéncies en el volum de lesid.

L’aillament de monocits Ly6C" del cervell de ratolins 24 hores després de la isquémia cerebral
mitjancant FACS seguit d’extracci6 de RNA i RT-PCR va mostrar que aquestes cél-lules
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expressaven gens pro-inflamatoris, com Il1b, pero també gens marcadors del fenotip M2, com
Chil3 i Argl, i gens proangiogéenics com Vegfa.

Mitjangant citometria de flux es va confirmar que un petit grup de monocits infiltrants Ly6C"
CCR2* eren Argl®, que indicava una possible diversitat fenotipica d’aquestes céel-lules en el
teixit isquémic.

Per tal d’intentar rescatar I'efecte negatiu de la deficiencia en CCR2 en els monocits, 6 hores
post-isquémia vam administrar monocits obtinguts del moll de I’os d’animals CCR2*/*. Aquest
tractament no va promoure la recuperacid neuroldgica que esperavem, suggerint que els
monocits immadurs de la medul-la dssia no tenen funcions pro-reparadores.

Els resultats d’aquest treball mostren una contribucié especifica dels monocits CCR2+ infiltrats
al cervell isquemic en la reaccid inflamatoria aguda, perdo també la participacié d’aquests
monocits en la resolucid tissular i posterior recuperacié funcional.

L'estudi mostra que existeix una heterogeneitat en la poblacions de monodcits CCR2* que
infiltren al cervell isquémic, i suggereix la preséncia de monocits pro-reparadors. Aquestes
cél-lules no semblen provenir de la medul-la ossia pero podrien migrar d’altres reservoris. Per
tant, determinades subpoblacions de monocits pro-reparadors podrien ser importants alhora
de dissenyar terapies cel-lulars basades en monocits per a la recuperacid d’ictus.
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Abstract Neutrophils are rapidly recruited in response
to local tissue infection or inflammation. Stroke triggers a
strong inflammatory reaction but the relevance of neutro-
phils in the ischemic brain is not fully understood, particu-
larly in the absence of reperfusion. We investigated brain
neutrophil recruitment in two murine models of permanent
ischemia induced by either cauterization of the distal por-
tion of the middle cerebral artery (c-MCAo) or intraluminal
MCA occlusion (il-MCAo), and three fatal cases of human
ischemic stroke. Flow cytometry analyses revealed progres-
sive neutrophil recruitment after c-MCAo, lesser neutrophil
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recruitment following il-MCAo, and absence of neutrophils
after sham operation. Confocal microscopy identified neu-
trophils in the leptomeninges from 6 h after the occlusion,
in the cortical basal lamina and cortical Virchow—Robin
spaces from 15 h, and also in the cortical brain parenchyma
at 24 h. Neutrophils showed signs of activation including
histone-3 citrullination, chromatin decondensation, and
extracellular projection of DNA and histones suggestive
of extracellular trap formation. Perivascular neutrophils
were identified within the entire cortical infarction follow-
ing c-MCAo. After il-MCAo, neutrophils prevailed in the
margins but not the center of the cortical infarct, and were
intraluminal and less abundant in the striatum. The lack of
collaterals to the striatum and a collapsed pial anastomotic
network due to brain edema in large hemispheric infarc-
tions could impair neutrophil trafficking in this model.
Neutrophil extravasation at the leptomeninges was also
detected in the human tissue. We concluded that neutro-
phils extravasate from the leptomeningeal vessels and can
eventually reach the brain in experimental animal models
and humans with prolonged arterial occlusion.

Keywords Leptomeninges - Perivascular - Brain -
Ischemia - Rodent - Human

Introduction

The only treatment showing efficacy in acute ischemic
stroke is thrombolysis with recombinant tissue plasmino-
gen activator (tPA) when it is administered within the first
4.5 h after symptom onset. However, a majority of stroke
patients arrive to the hospital later than 4.5 h and cannot be
treated with tPA [16]. It is estimated that spontaneous reca-
nalization of the occluded vessel occurs in only one quarter
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of the stroke population by 24 h of clinical onset [46] and
in up to half of the patients by 1 week [39, 51]. However,
the benefits derived from such a protracted recanalization
are negligible. In sharp contrast with these data that illus-
trate that the archetypical stroke patient in the clinic suf-
fers long lasting or permanent ischemia, most experimental
studies are performed using experimental models of tran-
sient brain ischemia [29].

Acute ischemic stroke is a hypoxic-ischemic disor-
der associated with a sterile inflammatory reaction [7].
Ischemic injury triggers an immune response that promotes
immune cell migration and infiltration to the brain paren-
chyma according to an orchestrated temporal pattern [23,
30]. Neutrophils have received special attention for many
years as these cells have a remarkable destructive potential,
either through the direct neurotoxic effects from the release
of proteolytic enzymes [1, 48], or through indirect effects
that result from intravascular neutrophil accumulation, cap-
illary blood flow obstruction and the no-reflow phenome-
non [14, 15]. Experimental studies showed that neutrophils
migrate to cerebral ischemic regions during the first few
hours after the onset of ischemia. However, they have not
determined the exact anatomic location of neutrophil infil-
tration within the neurovascular unit and brain parenchyma
[4, 15, 22, 24, 52]. More recently, it has been disputed
whether neutrophils are able to cross the multiple physical
barriers in the blood-brain barrier (BBB) that separate the
intracerebral vessel lumen from the brain parenchyma after
ischemia/reperfusion, or whether neutrophils penetrate the
parenchyma in sufficient numbers to be of clinical signifi-
cance [18]. Alternatively, it has been posited that the neu-
rovascular unit is the site of neutrophil action after CNS
ischemia/reperfusion [18].

So far, interventions aiming to prevent neutrophil
recruitment to the ischemic brain have not shown benefits
in human stroke [34]. In experimental animals, several
lines of evidence support a pathogenic role of neutrophils
in ischemia/reperfusion but not in permanent ischemia
[9, 10, 21, 32, 45, 53]. However, increased numbers of
neutrophils have been detected after permanent brain
ischemia and infiltration into the parenchyma was found
to begin 12 h after the onset of the arterial occlusion [8,
22, 52]. Remarkably, increasing data attest that neutro-
phils cross talk and shape the maturation and effector
functions of other leukocytes, show diverse phenotypes
[12, 19], and could play an important role in several path-
ological conditions [31, 36, 40]. In this study, we investi-
gated the route of entry of neutrophils to the brain while
the circulation remained arrested in experimental mod-
els of permanent occlusion of the middle cerebral artery
(MCAo0) in mice. In addition, we assessed the anatomi-
cal localization of neutrophil infiltration in fatal cases of
human stroke.
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Methods
Animals

Adult (3—4 months old) Balb/C male mice (n = 89) were
purchased from Charles River (Lyon, France). Animal work
was carried out according to the local regulations and in
compliance with the Spanish laws (Real Decreto 53/2013)
following the Directives of the European Community and
with approval of the Ethics Committee (CEEA) of Univer-
sity of Barcelona.

Brain ischemia

Focal brain ischemia was induced by permanent right
MCAo in mice, either by cauterization of the distal portion
of the MCA (¢c-MCAo0) (n = 43), or by intraluminal MCA
occlusion (i-MCAo) (n = 28). c-MCAo restricts blood flow
within a limited portion of the cortex, whereas il-MCAo
affects the entire MCA territory causing striatal and corti-
cal infarctions. A detailed description of the experimental
procedures is provided in the Supplementary Materials. In
brief, c-MCAo was carried out under isoflurane anesthesia
as reported [43]. Two mice were excluded from the study
due to unsuccessful surgery. None of the mice died during
the study. For sham operation (n = 7), all surgical proce-
dures were carried out but the MCA was not cauterized
and the mice were killed at 24 h. To exclude any effects of
cauterization, in a small group of mice (n = 3) we carried
out MCA ligature (8/0 black-braided silk suture) and the
mice were studied at 24 h. iI-MCAo was performed under
isoflurane anesthesia introducing a filament through the
right internal carotid artery up to the level where the MCA
branches out, as reported [13] with modifications. Cerebral
perfusion was assessed with laser Doppler flowmetry (Per-
imed AB, Jirfilla Sweden). Three mice died before 24 h
after il-MCAo. Sham-operated mice (n = 4) were subjected
to surgery but the filament was only briefly introduced into
the internal carotid artery and was immediately removed,
and mice were killed after 24 h. Control mice (n = 4) were
naive mice not subjected to surgery or anesthesia.

Isolation of cells from tissues

Mice were anesthetized and transcardially perfused with
40 mL saline. The ischemic brain tissue (ipsilateral to
the MCAo0) and the identical regions of the non-ischemic
hemisphere (contralateral) were dissected out and analyzed
separately. For the ¢c-MCAo model the cortex was dis-
sected out, whereas for the il-MCAo model the dissected
tissue included the cortex and the striatum. The tissue was
processed to obtain cells as described in Supplementary
Materials.
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Table 1 Antibodies for immunofluorescence
Antibody Species Reference  Supplier Dilution
Anti-mouse
Ly6G (clone 1A8)
Recognizes neutrophils Rat monoclonal 127601 BIOLEGEND  1:200
Ly6G/C (NIMP-R14)
Recognizes neutrophils and a subset of monocytes/macrophages Rat monoclonal ab2557 ABCAM 1:100
Elastase
Recognizes neutrophils and precursors, and certain monocytes express low levels ~ Rabbit polyclonal ab68672  ABCAM 1:50
Histone-3 citrulline
Citrullination is a histone modification typical of neutrophil extracellular traps Rabbit polyclonal ab5103 ABCAM 1:400
pan-Laminin
Recognizes the laminin protein family widely expressed in basal laminae Rabbit polyclonal 70097 DAKO 1:100
a4-Laminin
Recognizes a laminin protein specific of the endothelial basal lamina Goat polyclonal AF3837 R&D 1:20
PDGFRp
This PDGF receptor is mainly expressed in pericytes Goat polyclonal AF1042 R&D 1:100
vWF
Labels the vascular endothelium Sheep polyclonal abl1713 ~ ABCAM 1:100
Glut-1
Mainly labels the vascular endothelium Rabbit polyclonal ~ 07-1401 MILLIPORE 1:200
CD31
Mainly labels the endothelial cells Mouse monoclonal  sc-46694  SANTA CRUZ  1:50
B-Catenin
Is involved in cell-cell adhesion, labels endothelial cell junctions Mouse monoclonal 61015 BD 1:500
Caspase-3
Apoptosis effector protein Rabbit polyclonal ab52293  ABCAM 1:100
Anti-human
Neutrophil elastase
Recognizes neutrophils and precursors, and certain monocytes express low levels ~ Mouse monoclonal  M0752 SEROTEC 1:200
Myeloperoxidase
Enzyme found mainly in neutrophil primary granules and monocyte lysosomes Rabbit polyclonal A 0398 DAKO 1:100
pan-Laminin
Recognizes the laminin protein family widely expressed in basal laminae Rabbit polyclonal ~ Z0097 DAKO 1:200
VWF
Labels the vascular endothelium Sheep polyclonal abl1713 ~ ABCAM 1:100

Flow cytometry

Isolated brain cells were processed as described in the Sup-
plementary Materials and incubated with the following
primary antibodies: rat anti-mouse CD11b (clone M1/70,
Alexa Fluor 647, BD Pharmingen), CD45 (clone 30-F11,
FITC, BD Pharmingen), and Ly6G (clone 1A8, PE-Cy7,
BD Pharmingen). Isotype controls were rat IgG2bk (clone
A95-1, Alexa Fluor 647 or FITC, BD Pharmingen), rat
IgG2a (FITC, Hycult Biotech), and rat IgG2ax (clone R35-
95, PE-Cy7, BD Pharmingen). Data acquisition was carried
out in a BD FacsCantoll cytometer (BD Biosciences) using
the FacsDiva software (BD Biosciences). Data analysis
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was carried out with FlowJo software (version 7.6.5, Tree-
Star Inc., Ashland, OR, USA). Flow-Count Fluorospheres
(Beckman-Coulter) were used for absolute cell number
quantification.

Immunofluorescence

Mice were anesthetized with isoflurane and perfused intra-
cardially with saline followed by paraformaldehyde (PFA,
4 %) in phosphate buffer (pH 7.4). The brain was removed,
post-fixed with PFA overnight, cryoprotected in 30 %
sucrose, frozen, and 14-pum-thick sections were obtained in
a cryostat. The sections were fixed with ethanol, blocked
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Acute infection

ropsy timelapse

Exitus to nec-

Exitus (days
after onset)

Etiology

Hemorrhagic
transformation

(HT)

Acute revascular-
ization therapy

occlusion site

Vascular territory Intracranial

Admission
NIHSS

Table 2 Clinical data of the stroke patients

Case Age Gender

) Springer

Large vessel 5 days 4h No

Parieto-occipital

None

Left MCA infarct Left M2

4

Man

79

disease

parenchymal
hematoma
type 2

No

Yes pneumonia

3h

3 days

Cardio-embolic

None

Basilar artery

Vertebro-basilar

Woman 1

86

infarc

3h Yes

1 day

Cardio-embolic

No

None

No vessel imag-

Vertebro-basilar

Woman 9

89

infarct
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with normal serum and incubated overnight at 4 °C with
combinations of primary antibodies (see Table 1). We gen-
erally combined antibodies made in different species to
avoid cross-reactions. Then, sections were incubated for
2 h at room temperature with secondary antibodies (Alexa
Fluor-488, -546, -647, LifeTechnologies). Immunoreaction
controls were always carried out by omission of the pri-
mary antibodies. Sections were counterstained with either
4’ 6-diamidino-2-phenylindole (DAPI) or ToPro-3 (Invit-
rogen) to visualize the cell nuclei and they were observed
under a confocal laser microscope (Leica, SP5 or TCS
SPE).

Postmortem tissue of stroke patients

The brains of three patients suffering from acute stroke
who died between 1 and 5 days after stroke onset at the
Stroke Unit of the Hospital Clinic of Barcelona were
used in this study, after obtaining written consent from
their families for tissue removal after death for diagnos-
tic and research purposes at the Neurological Tissue Bank
of the Biobank-Hospital Clinic-Institut d’Investigacions
Biomediques August Pi i Sunyer (IDIBAPS). The study
had the approval of the Ethics Committee of this Hospital.
The patients included two women and one man, and had
a mean age of 84.7 years (ranging from 79 to 89 years).
A summary of the characteristics of the patients is shown
in Table 2. All patients had radiologically confirmed
ischemic infarcts. These infarcts affected the territory of
the middle cerebral artery in one case and the cerebellum
in two cases (Supplementary Fig. 1). The elapsed time
from stroke onset to death ranged from 1 to 5 days, and
the time from death to autopsy ranged from 3 to 4 h. An
expert neuropathologist (EG) dissected the ischemic core,
the peripheral region, the leptomeninges, and a portion of
non-ischemic tissue obtained from an unaffected region
distant to the infarction (Supplementary Fig. 2). Sam-
ples of the tissue from each region were either formalin
fixed, paraffin embedded and sectioned in a microtome
at 5 um, or embedded in OCT and immediately frozen in
liquid nitrogen for later sectioning in a cryostat at 5 pm.
Paraffin sections were stained with hematoxylin and
eosin, or were used for immunohistochemistry apply-
ing a rabbit polyclonal antibody against myeloperoxidase
(Table 1), and processed with the avidin-biotin peroxi-
dase (ABC, Vector, Vectastain, Palex Medical S.A., Sant
Cugat del Vallés, Spain) method. Cryostat sections were
processed for immunofluorescence as described above
with the antibodies listed in Table 1. For cell counting,
we obtained 5-6 immunofluorescence pictures for each
brain region using the x40 objective in two different sec-
tions. The numbers of immunoreactive cells located either
within the vessel lumen (intravascular), surrounding the
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Fig. 1 Identification of neutrophils in the brain after ischemia by
flow cytometry. Flow cytometry gates of brain cells for representative
mice after cauterization (¢c-MCAo0) (a) and intraluminal (il-MCAo)
occlusion (b), at the indicated time points and in a control non-
ischemic brain (fop of panel a). Cell populations are first identified
by side and forward scatter (SSC and FSC) (left graphs), followed
by the expression of CD11b and CD45, which shows a progressive
increase of myeloid cells (CDllbhiCD45hi) (middle graphs) in the
ischemic brain tissue. Separation of the latter population by CD11b
and Ly6G allows the identification of neutrophils (CD11b"Ly6G+)
(graphs on the right of each panel). The percentage of cells in each
gate is indicated in the graphs. a After illustrating the gating strategy
from left to right, the panel on the right shows from top to bottom
the increase in neutrophils (gate CD11b" Ly6G +) with time after
¢-MCAo. b Neutrophils are also found in the il-MCAo model (right

vascular endothelium (perivascular), or in the parenchyma
(extravascular) were counted in each picture. The average
count in all pictures was taken as representative for each
region per subject.

81

Intraluminal MCAo
24h MCAo
280K . e ' 5 COVIBHI Ly#0+
% CO11b- COASM CO1IBHICOASHY i il
o 1708 S
NI.
150K by 2 3
3 W |
10 \ 3 g p
100K
50K w’
v cols
™ 0
0

0 10 10° 10 10
g 0
1 3 g}
FSC-A cD11b cD11b
Cc
c-MCAo (cauterization)
24h Rk
125009 CJcontralateral 12500+
& [ ipsilateral
8 100004 100004
=5
Egs 75004 7500
3
c
O = 50004 50004
%3
5 25001 25004
[3)
04
10min 3h 14h 1d 2d  15d sham c-MCAo
time after c-MCAo
d
il-MCAo (intraluminal)
1750- .
* 24h sham
Q 15007 mi-MCAO
_>.-'§ 1250+
£
"3) £ 1000+
-1
O L 750
£
38 mo
g 2501
0 =t =1

panel). ¢ Quantification of brain tissue neutrophil numbers obtained
after 10 min (n = 2),3 (n = 5) and 15 (n = 9) hours, and 1 (n = 8),
2 (n = 3), and 15 (n = 2) days after c-MCAo are shown for the ipsi-
lateral and contralateral hemispheres. Two-way ANOVA by time and
hemisphere followed by the Bonferroni post hoc test shows signifi-
cant increases at 1 day in the ipsilateral versus the contralateral hemi-
sphere (***p < 0.001). The increase in neutrophil number seen 24 h
after c-MCAo (n = 8) in the ipsilateral hemisphere was not detected
after sham operation (n = 5) (Mann—Whitney test, **p < 0.005). d
Quantification of brain tissue neutrophil numbers obtained in the ipsi-
lateral and contralateral hemispheres 1 day after il-MCAo (n = 8)
or sham operation (sham) (n = 2). Two-way ANOVA by surgery
(MCAo vs sham) and hemisphere followed by Bonferroni post hoc
test shows a significant increase of neutrophils in the ipsilateral hemi-
sphere after il-MCAo (¥p < 0.05)

Statistical analyses

Cell numbers at different time points were compared with
two-way ANOVA. For the il-MCAo model, comparisons
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between two groups were carried out with the Mann—Whit-
ney U test. Cell numbers in human samples were compared
with the Kruskal-Wallis test followed by the Dunn’s Mul-
tiple Comparison test. Data were analyzed using GraphPad
software.

Results

Neutrophils reach the ischemic territory after permanent
ischemia in mice

The presence of neutrophils in the ischemic brain has
been reported in experimental models of permanent
ischemia [8, 22, 52]. After intracardiac perfusion of the
mice, isolation of cells from the brain, and flow cytom-
etry analysis, we found neutrophils in the ipsilateral hemi-
sphere 24 h after permanent ischemia (Fig. 1). Given that
blood within the branches of the occluded vessels is not
washed out after intracardiac perfusion of the animals, we
first asked whether the stagnated blood was the source of
neutrophils in the infarcted tissue. To answer this ques-
tion we carried out flow cytometry in brain tissue sam-
ples at different time points after induction of permanent
ischemia by c-MCAo (Fig. la). The number of neutro-
phils (CD45 + CD11b + Ly6G + cells) in the ipsilateral
hemisphere increased with time reaching a peak at 24 h
(Fig. lc). This finding was not observed in the contralat-
eral hemisphere or after sham operation (Fig. Ic). For the
intraluminal ischemia model (il-MCAo), FACS analysis
of the ischemic tissue at 24 h also showed increased num-
bers of neutrophils compared with the contralateral hemi-
sphere and compared with tissue of sham-operated mice
(Fig. 1d). Comparatively, neutrophils were less abundant
after il-MCAo than after c-MCAo. ¢c-MCAo requires
invasive surgery involving partial craniectomy and caus-
ing a hole in the leptomeninges to access the MCA for
direct occlusion. Although surgery might contribute to the
local presence of neutrophils in the leptomeninges, sham
operation, where all the surgical procedures excepting
cauterization of the MCA were carried out, induced a neg-
ligible presence of neutrophils at 24 h (Fig. 1c). To ensure
that MCA cauterization was not the cause of neutrophil
recruitment, we carried out direct occlusion of the MCA
by means of a ligature. This procedure induced a large
cortical infarction that was visually apparent when the
brain was removed from the skull at 24 h, and abundant
neutrophils were detected in the ipsilateral hemisphere
by FACS (mean + SEM number of cells per ischemic
cortex = 21,234 &+ 7,524, n = 3). Overall, this experi-
ment showed that ischemia triggered neutrophil recruit-
ment after direct occlusion of the MCA in the absence of
reperfusion.
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Fig. 2 Neutrophils in the brain after cauterization of the MCA p
(c-MCAo0). a Polymorphonuclear cells (PMNs) on the brain sur-
face and reaching the Virchow-Robin space of an occluded corti-
cal arteriole containing erythrocytes (white) in the vessel lumen. All
the cell nuclei are stained with DAPI and the characteristic multi-
lobular nucleus of PMNs is apparent surrounding the cortical arteri-
ole. b-m NIMP-R14+ cells (green) and n—u Ly6G+ cells (green).
b-f NIMP-R144 leukocytes cross the glia limitans (GFAP red,
pan-laminin blue) in the ipsilateral hemisphere at 6 h (b) and 15 h
(¢, d), but they are not seen in the contralateral hemisphere (e, f). g
NIMP-R14+ cells located underneath the parenchymal basal lamina
(red pan-laminin) along the vessel wall in cortical layer I after 6 h of
ischemia. Images z,—z; are confocal 1-pwm-thick sections along the z
axis. h—j NIMP-R14+ cells (arrowheads) are seen on the parenchy-
mal basal lamina of the ischemic cortex and along the vessels in the
superficial cortical layers (h). A detail of the cells on the parenchy-
mal cortical basal lamina is shown in (i) and the cellular invasion to
the perivascular space of the cortical arterioles located in the core of
infarction is illustrated in (j). Red is pan-laminin; blue shows all the
cell nuclei with To-Pro3. k NIMP-R14+ cells lie on the endothelial
basal lamina (EBL, blue, a4-laminin) that surrounds the endothelium
(E, red, Glut-1). I-m NIMP-R14+ cells accumulate in perivascular
spaces (arrows) and extravasate to the parenchyma of the infarcted
core (arrowheads) while erythrocytes (white in 1) remain in the vessel
lumen. Red is pan-laminin. n-o Ly6G+ neutrophils surrounding and
outside a large leptomeningeal vessel (m), and extravasated from a
leptomeningeal vessel (o). Erythrocytes (purple) are contained inside
the vessel lumen. Blue is PDGFRp. p, s Neutrophils in the infarcted
core located in the perivascular space between the endothelial (red,
a4-laminin, EBL) and the parenchymal (blue, pan-laminin, PBL)
basal laminae of blood vessels containing erythrocytes (purple) 24 h
after MCAO. g-r Neutrophils surround the basal lamina of blood
vessels (red, pan-laminin) in perivascular spaces and are free in the
parenchyma of the infarcted core (arrowheads). t-u Neutrophils in
perivascular spaces of a cortical vessel (t) and a leptomeningeal arte-
riole (u), and free (arrowheads) in the infarcted parenchyma. Red is
a4-laminin and blue is To-Pro3. The time after c-MCAo is indicated
in each panel. Number of mice at 6 h, 15 h and 24 h are 3, 3, and 6,
respectively. Bar scale a-g, i, k, m, p—u 10 pm; j, 0 20 pm; h, n
50 pm

Neutrophils leave the circulation at the leptomeninges
and invade perivascular spaces after c-MCAo0

By confocal laser microscopy we found polymorphonu-
clear cells extravasated from leptomeningeal vessels, in the
subpial space and on the parenchymal basal lamina of the
ischemic cortex, and entering the Virchow—Robin spaces
surrounding cortical vessels of the ischemic region 6 h after
c-MCAo (Fig. 2a). We then studied these cells by immu-
nofluorescence using NIMP-R14 (Fig. 2b-1) and Ly6G
(Fig. 2m-t) antibodies. The NIMP-R14 antibody is widely
used to study neutrophils, but in fact it recognizes Ly6G
and also Ly6C, which is expressed not only by neutrophils
but also by a subpopulation of monocytes and, therefore,
can label infiltrating macrophages in addition to neutro-
phils. In contrast, the Ly6G+ cells are taken as neutrophils.
Nonetheless, in the flow cytometry study we observed a
subpopulation of Ly6G+ cells in the ischemic brain that
were CD45+ but CD11b— (Fig. 1a) and, therefore, did not
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conform to the typical neutrophil phenotype. Although in
immunofluorescence the Ly6G antibody could recognize
both Ly6G+ CD11b+ (neutrophils) and Ly6G+ CDI11b—
cells, only 4.5 % of the total Ly6G+ cells were CD11b— at
24 h post-ischemia according to the FACS analysis. This
result showed that the majority of the Ly6G+ cells detected
by immunofluorescence at 24 h should be neutrophils.

NIMP-R14+ cells were detected extravasated from lep-
tomeningeal vessels of the ipsilateral hemisphere from 6 h
following ¢c-MCAo. NIMP-R14+ cells were seen around
the cortical glia limitans in the proximity of the ischemic
territory, and surrounding superficial cortical blood vessels
located in the ischemic region (Fig. 2b—d), but not in the
contralateral hemisphere (Fig. 2e, f). In the ischemic corti-
cal territory, NIMP-R 14+ cells were located in the perivas-
cular spaces between the parenchymal basal lamina and the
endothelium (Fig. 2g, k), and in many instances the shape
of the cell nucleus was compatible with that of polymor-
phonuclear cells (e.g., Fig. 2g-z1). At 24 h, NIMP-R14+
cells were abundant in the leptomeninges and on the paren-
chymal cortical basal lamina of the ipsilateral hemisphere
(Fig. 2h, i) and invading the cavities of cortical arterioles
located in the infarcted core (Fig. 2j). They were also seen
extravasated to the infarcted parenchyma (Fig. 21, m), while
erythrocytes remained in the vessel lumen in the absence of
overt hemorrhagic transformation (Fig. 21).

With the antibody against Ly6G (Fig. 2n—u) we identified
positive cells outside leptomeningeal vessels and adjacent to
the parenchymal basal lamina of the ischemic cortex (Fig. 2n,
0). Ly6G+ cells were also seen in perivascular spaces of cor-
tical vessels located between the parenchymal basal lamina
(pan-laminin) and the endothelial basal lamina express-
ing ad-laminin (Fig. 2p, s). The parenchyma basal lamina
seemed to contain the Ly6G+ cells during the early hours
after MCAo, as previously reported [18]. After 24 h, Ly6G+
cells were seen perivascularly and also extravasated to the
parenchyma of the infarcted core, near the vessels (Fig. 2q,
t, u) and mainly in superficial cortical layers (Fig. 2u). Adhe-
sion of intravascular NIMP-R14+ or Ly6G+ cells to post-
capillary venules was occasionally observed, and these cells
egressed to perivascular spaces and across the basal lamina
(Supplementary Fig. 3a—d). In addition, we detected NIMP-
R14+ and Ly6G+ cells in the lumen of occluded capillar-
ies (Supplementary Fig. 3e—f), presumably corresponding to
neutrophils stagnated in the vessels of the ischemic region.

Neutrophils after permanent intraluminal occlusion of the
MCA (il-MCAo)

For comparative purposes we also studied the permanent
il-MCAo model by confocal laser microscopy. Immu-
nofluorescence showed NIMP-R14+ cells surrounding
veins and arteries of the leptomeninges and on the cortical
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Fig. 3 Neutrophils in the brain after permanent intraluminal MCAo »
(il-MCAo0). a-g NIMP-R14 + cells (green) and h—q Ly6G+ cells
(green). a-b NIMP-R14+ cells (arrowheads) are seen in the lep-
tomeninges outside a vein (blue, w4-laminin) and an arteriole (red,
Glut-1) at the ventral part of the brain and in the infarcted brain
parenchyma. ¢ A similar phenomenon is observed in this region
after staining the glia limitans (red GFAP, blue pan-laminin). d-g
NIMP-R 14+ cells (blue are the nuclei; To-Pro3) are seen adjacent to
the basal lamina (red, pan-laminin) of an arteriole in the dorsal cor-
tex (d), nearby a small blood vessel (e), extravasated in the cortical
parenchyma at the ventral part of the brain (f), and in the capillary
lumen (g), where spread and punctuate staining is seen suggesting
intravascular degranulation. h—j Ly6G+ neutrophils on the paren-
chymal basal lamina of the dorsal cortex (h), in perivascular spaces
and lumen of a cortical arteriole (i), and in the ventral leptomenin-
ges (j). Red (pan-laminin) shows the basal laminae, and blue shows
the cell nuclei (To-Pro3). k-n Ly6G+ neutrophils are seen in the
ventral leptomeninges (k), trapped in the lumen of a blood vessel
in the ischemic striatum (I), and in perivascular spaces between the
endothelial basal lamina (EBL red, a4-laminin) and the parenchy-
mal basal lamina at the margins of the infarcted cortical region (PBL
blue, pan-laminin) in the ventral part of the brain. o Ly6G+ neutro-
phils at the cortical parenchymal basal lamina (red pan-laminin) and
in cortical layer I within the dorsal part of the brain at the margins
of infarction. Cell nuclei are shown in blue (To-Pro3). p-q Neutro-
phils (arrowheads) along blood vessels in the dorsal cortex (p) and
extravasated in the parenchyma in the ventral part of the brain (q).
Red is a4-laminin and blue is pan-laminin. The time after il-MCAO
is indicated in each panel. Number of mice at 6 and 24 h are 5 and 8,
respectively. Bar scale in a 20 pm, b 15 pum, ¢ 30 pm, d—q 10 pm

parenchymal basal lamina (Fig. 3a—c) from 6 h onwards, and
in the perivascular spaces of large cortical vessels mainly
at the margins of the ischemic core from 15 h (Fig. 3d). At
24 h, the NIMP-R14+ cells were observed not only perivas-
cularly but also free in the cortical parenchyma in infarcted
zones at the boundary of the infarcted core (Fig. 3e, f). How-
ever, in the infarcted striatum, NIMP-R14+ cells were less
abundant and were mainly located in the lumen of capillaries
(Fig. 3g). Although in some instances it was apparent that the
nuclear morphology of the NIMP-R 14+ cells was in compli-
ance with that of neutrophils (e.g., arrowheads in Fig. 3d, e);
we carried out a study using the neutrophil-specific Ly6G
antibody. Ly6G+- cells were seen on the cortical parenchy-
mal basal lamina (Fig. 3h, 0), the perivascular spaces of cor-
tical vessels (Fig. 3i), and extravasated from leptomeningeal
vessels (Fig. 3j, k). Some Ly6G+- cells were trapped in brain
capillaries (Fig. 31), while others were found in the cortical
perivascular spaces between the endothelial basal lamina
(a4-laminin+) and the parenchymal basal lamina (Fig. 3m,
n). Some Ly6G+ cells were seen in the cortical infarcted
parenchyma (Fig. 3n, q).

Comparative regional location of neutrophils between the
¢-MCAo and the il-MCAo models

In the ¢c-MCAo model, the distal portion of the MCA
is occluded resulting in a cortical infarction (Fig. 4a).
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Neutrophils were seen in the leptomeninges of the ipsilat-
eral cortex and in the infarcted tissue, but were not detected
in neighboring non-infarcted tissue (Fig. 4b, ¢). In the il-
MCAo model, the MCA is occluded at its origin in the cir-
cle of Willis and the resulting infarction affects the cortex
and the striatum (Fig. 4d). In this model, neutrophils were
seen within the infarcted cortex and were more prominent
at the boundaries of the cortical infarction than in the core.
They were seen in cortical perivascular spaces and extrava-
sated to the parenchyma in ventral and dorsal parts of the
cortex (Fig. 4e-h). In the striatum, which lacks collateral
flow, most Ly6G+ cells were located in the vessel lumen
and extravasation to the infarcted parenchyma was very
rare (Fig. 4i). Occasionally, a few neutrophils were seen
in the choroid plexus and the surrounding white matter
(Fig. 4j).

Neutrophils showed signs of activation in the ischemic
brain

Neutrophils have granules containing proteases, such as
neutrophil elastase (Supplementary Fig. 4). Upon activa-
tion, these enzymes are released to the extracellular envi-
ronment after neutrophil degranulation. As part of their
antimicrobial function, neutrophils are known to project
extracellular traps (NETs) releasing enzymes, histones,
and DNA out of the cells, and die through a distinctive
process called NETosis [2]. Prior to releasing NETS, neu-
trophil enzymes access the cell nucleus and promote chro-
matin decondensation [42] involving histone modifications.
Histone citrullination is believed to be a hallmark of NET
formation [49]. To identify signs of NET formation in the
ischemic brain, we used an antibody against citrullinated
histone 3 (Cit-H3). No Cit-H3-positive reactions were seen
in the control brain or in the contralateral hemisphere (not
shown). However, in both experimental MCAo models
some neutrophils showed Cit-H3-positive labeling (Fig. 4).
Cit-H3 neutrophils became apparent after 24 h of ischemia
but were rare at earlier time points. Cit-H3 + neutrophils
were located in perivascular spaces (Fig. 4a), in the brain
parenchyma nearby blood vessels (Fig. 5b), and in the
lumen of capillaries (Fig. 4c). In the c-MCAo model, we
estimated that about 15-20 % of the neutrophils were Cit-
H3+ at 24 h, and were found in all of the different loca-
tions described above. However, in the iI-MCAo model,
most of the Cit-H3+ neutrophils were located intravascu-
larly, particularly in the striatum.

By examining the DNA in the Cit-H3-positive neutro-
phils (Ly6G+) we found some evidence of NET formation
in the ischemic cortex at 24 h (Fig. 4d-h). Certain Ly6G+
neutrophils showed the presence of DNA (DAPI) and Cit-
H3 surrounding the cell body, suggesting projection of
DNA and histones to the extracellular milieu (Fig. 4d).
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Fig. 4 Regional localization of neutrophils in the experimen-p
tal MCAo models. The macroscopic appearance of the infarction
is illustrated with MRI brain images (T2 maps) of mice 24 h after
c¢-MCAo (a) and il-MCAo (d) showing a pale area corresponding to
the infarcted region. Squares in the MRI images indicate the approxi-
mate zones from where the microscopic images were obtained.
Green is Ly6G; red is pan-laminin in all panels excepting in panel j,
which is Glut-1; blue illustrates the nuclei stained with ToPro-3. For
the c-MCAo model (n = 6), a cortical zone at the margin of infarc-
tion is shown in (b). The dashed line is drawn to indicate the mar-
gins of infarction as assessed from the apparent difference in inten-
sity of blood vessel basal lamina staining with pan-laminin. Ly6G+
neutrophils are abundant at the leptomeninges (arrow), and are only
seen in the cortex (arrowhead) within the infarcted region. ¢ Corti-
cal infarcted region showing abundant Ly6G+ neutrophils in the lep-
tomeninges (arrow) and in the cortex (arrowhead). For the il-MCAo
model (n = 8), neutrophils are seen in the leptomeninges and mainly
in marginal zones of the infarcted tissue as illustrated with images
corresponding to the dorsal (e), lateral (f), and ventral (g, h) parts of
the cortex, where neutrophils are seen associated to the parenchymal
basal lamina or vessels (arrows), and are also seen free in the paren-
chyma (arrowheads). Neutrophils in the striatum (i) are mainly seen
inside the vasculature (i/, i2) and only very rarely they are free in the
infarcted striatal parenchyma (arrowhead in i3). Occasionally, neu-
trophils (arrowheads) are seen in the choroid plexus (arrow) (j1) and
surrounding white matter (j2) in mice with very large infarctions. Bar
scale 30 pm (excepting in e/, e3, g1, i2,i3, and j2 15 pm)

Other Cit-H3+ neutrophils lost their typical lobular nuclei
and showed diffuse DNA staining indicative of chromatin
decondensation (Fig. 4e). Extracellular DNA and histones
were also observed adjacent to neutrophils located inside
the capillary lumen (Fig. 4f). Occasionally NET-like struc-
tures were seen surrounding pericytes (PDGFRB+) (Sup-
plementary Fig. 5), suggesting that NETs might damage
components of the BBB. Altogether, the confocal images
strongly supported that after prolonged ischemia some neu-
trophils can expel DNA and other intracellular components
out of the cells indicative of NET formation.

We searched for some evidence of caspase-dependent
apoptosis by immunostaining for active caspase-3. Cas-
pase-3+ cells were detected in the ischemic tissue but they
did not co-localize with neutrophil markers (not shown).
Although we cannot exclude that neutrophils undergo-
ing cell death might down-regulate the typical membrane
markers preventing their identification, our results provide
evidence of NETosis and do not support that caspase-
dependent apoptosis is involved in neutrophil death during
the first 24 h of ischemia.

Neutrophils in the postmortem brain of stroke patients

We investigated the brain of three stroke patients that died
within 1-5 days after stroke onset (see Table 2 for clinical
case description and Supplementary Fig. 1 for illustration
of intracranial occlusion sites). In all of the patients, con-
ventional histological staining (hematoxylin and eosin) of
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paraffin-embedded brain sections showed the presence of  (Fig. 6a, e, g), but not in the leptomeninges located in dis-
polymorphonuclear cells with typical features of neutro- tant non-affected areas (Fig. 6b). In the ischemic tissue,
phils in the leptomeninges surrounding the ischemic tissue  polymorphonuclear cells were found in perivascular spaces
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of brain vessels (Fig. 6¢, d, f, h) and, to a lesser extent, free
in the infarcted parenchyma (Fig. 6d, f, h), particularly at
the boundaries of the infarcted tissue. Immunostaining of
paraffin sections with myeloperoxidase (MPO) showed
positive cells in the leptomeninges and the ischemic tissue,
where they were seen inside the vessels, in perivascular
spaces, and to a lesser extent, in the parenchyma (Supple-
mentary Fig. 6).

Cryostat sections were stained for neutrophil elastase
(NE) together with laminin. We observed NE + cells
in three different locations, i.e., intravascular (Fig. 7a),
perivascular (Fig. 7b), and extravascular (Fig. 7c, d).
MPO and NE co-localized in the same cells (Fig. 7e). We
counted the numbers of NE+ cells in each of the above
locations (Fig. 7f-h) within different brain regions: the
core of infarction, the periphery, and a control non-affected
region distant from the infarction, and in the leptomeninges
surrounding ischemic and non-affected zones. The num-
ber of intravascular NE+ cells (Fig. 7f) was higher in the
infarcted tissue and surrounding the leptomeninges than
in the corresponding non-affected regions, but differences
were only statistically significant for the leptomeninges
(Fig. 7f). NE+ cells were also seen in perivascular spaces
(Fig. 7g) and, to a lesser extent, free in the parenchyma
within the infarct (Fig. 7h); but differences did not reach
statistical significance when compared to the non-affected
(control) regions presumably due to the small number of
patients and intra-group variability. Extravasated NE+
cells were detected in the leptomeninges surrounding the
ischemic tissue, with statistically significant differences
compared to distant leptomeninges (Fig. 7h).

Discussion

Neutrophils play an essential function in building up a
rapid innate immune response against invading pathogens,
but can also damage the tissues due to their high proteo-
lytic enzyme content and capacity of generating reactive
oxygen intermediates [27] and activating the complement
system [41]. Therefore, neutrophil activation must be
tightly regulated to avoid uncontrolled release of its intra-
cellular content. Leukocyte access to the brain is prevented
by the BBB, but under pathological conditions leukocytes
can adhere to activated post-capillary venules and infil-
trate the brain parenchyma across the BBB [17]. However,
in ischemic stroke, blood flow is arrested and peripheral
leukocytes cannot reach the ischemic territory through the
circulation, unless they accessed it through collateral blood
vessels, peripheral regions, or after the occluded vessels are
reperfused. This is why it is generally believed that neutro-
phils play a more prominent role in ischemia/reperfusion
than in permanent ischemia. In this study we found that
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Fig.5 Some neutrophils show histone-3 citrullination (Cit-H3) 24 h p
after MCAo. a-b, d-e ¢c-MCAo0 model (n = 6) and ¢, f il-MCAo
model (n 8). a—c¢ Cit-H3+ neutrophils are seen at perivascular
locations (a) and extravascular (b) in the infarcted cortex, but they
are located inside blood capillaries in the infarcted striatum (c). The
shape of the vessels (blue) is apparent after staining PDGFRS (a, b),
which labels the surrounding pericytes, or pan-laminin (¢) labeling
the basal lamina. d Illustrates a neutrophil (green, Ly6G+) (arrow-
head) showing histone-3 citrullination (red, Cit-H3) extending out-
side the cell body together with DNA (blue, DAPI) (arrow). The
phase contrast image merged with the fluorescence images and z-pro-
jections is shown on the right to illustrate co-localization of mark-
ers in the same cell. The neutrophil extracellular projections were
occasionally directed towards isolated dense elements with a shape
and size compatible with isolated erythrocytes (asterisk) free in the
parenchyma. e Two neutrophils (green, Ly6G+) (arrowheads), one of
them (/eft) shows a polymorphonuclear structure with DAPI staining
(blue), while the other (right, arrow) shows a diffuse nuclear struc-
ture indicative of chromatin decondensation and is positive for Cit-
H3 (red). f A neutrophil (green, Ly6G+) (arrowhead) inside a capil-
lary (blue, a4-laminin) is positive for Cit-H3 (red) and shows most of
the DNA (white, DAPI) and Cit-H3 outside the cell (arrow) forming
structures suggestive of intravascular NETosis. Bar scale a, b 20 pm;
¢ 10 pm;d—f5 pm

the numbers of neutrophils present in the ischemic terri-
tory increased with time after permanent MCAo in rodents,
in agreement with previous studies [8, 22]. Although we
found evidence of neutrophil adhesion to the walls of post-
capillary venules, we report that a major pathway through
which neutrophils can invade the ischemic tissue during
the arterial occlusion is via leaving the circulation at the
leptomeningeal vessels. Neutrophils were seen in perivas-
cular spaces of cortical arterioles. Inflammatory cells in
the subarachnoid space are able to cross the pia matter and
access the subpial space under certain pathological condi-
tions [28]. From the subpial space the cells can reach the
parenchymal basal lamina of the cortex and the perivascu-
lar spaces of cortical arterioles, since the Virchow—Robin
space is communicated to the subpial space [28, 37, 54]. A
previous intravital microscopy study showed the presence
of rolling and adherent leukocytes in pial venules and in
arterioles of the ischemic tissue after permanent focal cere-
bral ischemia in mice [33]. Our study identified neutrophils
in these locations but has the limitation that the results were
obtained from static microscopic images. In vivo imaging
studies will be required to provide a full demonstration of
the impact of this trafficking pathway in neutrophil recruit-
ment after stroke. The presence of polymorphonuclear cells
in the subarachnoid space, as assessed by classic histology,
was reported after permanent intraluminal MCAo in rats
[22], and a previous study in mice found Ly6G+ neutro-
phils in the leptomeninges and perivascular spaces after
ischemia/reperfusion in mice [18]. Our results confirm the
latter findings showing that the perivascular spaces are a
niche for neutrophils after brain ischemia, and extend the
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findings to the situation of permanent ischemia showing
that neutrophil extravasation at the leptomeninges provides
a pathway for neutrophil recruitment to the ischemic corti-
cal territory in the absence of reperfusion.

Typically, bacterial meningitis causes massive neutro-
phil infiltrates in the leptomeninges and intraparenchy-
mal vasculitis is characterized by perivascular neutrophil
infiltration [28, 35]. Although the effect is comparatively
much more modest after stroke, some underlying molecu-
lar mechanism could be similar. Indeed, neutrophils sense
the presence of pathogens but they also respond to dan-
ger signals and chemoattractants under sterile inflamma-
tion [7]. After stroke, chemokines and danger signals are
released to the extracellular space [6, 30]. Interstitial fluid
can drain through the perivascular spaces of cortical arte-
rioles towards the leptomeninges and out of the brain [5,
11, 25, 50]. However, perivascular drainage appears to be
mediated by arterial vessel pulsations [26] and it was found
to be impaired during experimental ischemia [3]. This find-
ing suggests that during ischemia the perivascular spaces
of cortical arterioles might accumulate signals capable of
attracting neutrophils. We found neutrophils in perivascular
spaces of cortical ischemic regions but not in the infarcted
striatum. The anatomy of the periarterial spaces in the
basal ganglia differs from that in the cerebral cortex [44],
and the terminal vessels supplying blood to the subcortical
regions lack collateral blood flow with adjacent arteries. In
contrast, pial arterioles on the cortical surface form a rich
anastomotic network. Regional differences in the anatomic
structure of the specific vascular beds may condition the
process of interstitial fluid drainage and the regional capac-
ity to allow trafficking of inflammatory cells during the
arterial occlusion.

Neutrophils progressively accumulated in the perivas-
cular spaces as the duration of ischemia increased and the
parenchymal basal lamina seemed to act as a containment
barrier preventing the free passage of the neutrophils to the
parenchyma, as was previously reported after ischemia/
reperfusion [18]. However, after long periods of ischemia,
we detected neutrophils extravasated to the cortical paren-
chyma, as previously described by classical histology
after 12 h of permanent intraluminal MCAo in rats [22].
Although isolated erythrocytes were occasionally detected
in the parenchyma within the infarcted core at 24 h likely
due to capillary damage, the presence of neutrophils in the
cortical parenchyma was observed in the absence of hemor-
rhagic transformation. Activated neutrophils cause vascular
damage by generating oxidative stress [27] and comple-
ment activation [47], and neutrophil elastase enhances vas-
cular permeability and is involved in ischemic brain dam-
age [48]. It is feasible that perivascular neutrophils accessed
the parenchyma after some of them suffered NETosis,
involving the loss of their typical nuclear morphology,
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release of their content and cell death [2, 42]. Although the
triggers of such changes are currently unknown, sustained
hypoxia, or extravasation of plasma components or eryth-
rocytes might play a role. Neutrophils were also found in
the capillary lumen within the ischemic area in the cortex
and striatum, likely remaining in the blood stagnated in the
vessels after the arterial occlusion. After prolonged periods
of ischemia, these intraluminal neutrophils also showed
signs of NETosis. NETs formed in the blood promote coag-
ulation and thrombosis [20, 38]. Therefore, intravascular
NETosis might induce secondary microthrombosis. These
events might be relevant for delayed restoration of reperfu-
sion when the duration of ischemia is long enough to allow
intravascular NETosis to take place, and could contribute to
the no-reflow phenomenon.

In this study, neutrophils were more abundant after
¢-MCAo than after il-MCAo. Although this observation
could suggest that the surgery was involved in attracting
neutrophils, such an effect was not seen after sham opera-
tion, pointing to brain ischemia as the driver of neutrophil
recruitment. Experimental stroke models normally involve
surgery causing mechanical injuries to the tissues or arter-
ies that could contribute to neutrophil recruitment. Alter-
natively, neutrophils can strongly respond to post-surgical
local infection. However, neutrophils were found in the
ischemic brain after taking high precaution in steriliz-
ing surgical material and working under clean conditions,
and they were focally localized in the ischemic zone. Fur-
thermore, the mild functional deficits [43] and good gen-
eral status of the mice after c-MCAo argue against the
possibility of meningeal infection. Several differences
in the ischemia models might account for the differences
in neutrophil infiltration. il-MCAo induces occlusion of
the entire MCA tree, while only the distal portion of the
MCA is occluded in the c-MCAo model. Therefore, the
leptomeningeal branches of the proximal portion of the
MCA are patent after c-MCAo and can supply neutrophils
to the anastomotic network of pial arteries near the cortical
infarction. In contrast, in the il-MCAo model, the access of
neutrophils to the leptomeninges of the ischemic territory
would be limited to possible anastomoses of pial arterioles
with branches from the external carotid artery and with
collateral vessels from other arterial trees. Another impor-
tant difference between these experimental models is the
intracranial pressure that can develop after il-MCAo due
to edema, which is comparatively negligible after c-MCAo
as a consequence of partial craniectomy. It is possible that
increased edema and intracranial pressure in this model
would impair neutrophil trafficking to the core of the corti-
cal ischemic region.

In human stroke, we identified the presence of polymor-
phonuclear cells in the leptomeninges proximal to infarc-
tion and in perivascular spaces of the ischemic tissue, but
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Fig. 6 Polymorphonuclear cells Patient 1
in human stroke. Representative
hematoxylin and eosin paraffin
sections of the 3 stroke patients:
a-d patient 1; e, f patient 2; g,
h patient 3. a Leptomeninges
nearby the infarcted region.
Dark purple cells morphologi-
cally compatible with polymor-
phonuclear cells (PMNs) are oy
abundant in the leptomeninges P 4 J:j! J
adjacent to the infarction. b ooy f Z,
PMNs are not apparent in the s “!
leptomeninges adjacent to '
non-affected tissue and distant
from the infarction. ¢, d PMNs
are seen in the vessels (arrows)
and in marginal zones of the
infarcted parenchyma (arrow-
head) in the temporal lobe. e
PMNs are seen in the leptome-
ninges proximal to the infarcted
core in the cerebellum. f PMNs
are seen associated to blood
vessels (arrow) and extrava-
sated from the vasculature
(arrowhead). g PMNs located
inside and surrounding a large
meningeal vessel in the cerebel-
lum. The inset is magnified in h
showing the adjacent infarcted
cerebellar parenchyma where
an extravasated PMN is seen

in the molecular cell layer. The
asterisk indicates a red hypoxic
Purkinje cell. Insets illustrate
the cells in more detail after
magnification of the area inside
the box in each picture (x2
ind; x2.5in a; x3 in e). Bar
scale (a, b, d-g) 20 pm; (c, h)
10 pm
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not in the non-affected territories. Cells with the char-
acteristic morphology of neutrophils carrying the typi-
cal enzymes MPO and neutrophil elastase were seen in
perivascular spaces of the infarcted tissue and to a lower
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extent extravasated from the vessels, but their numbers
were comparatively more discrete than in the surrounding
leptomeninges. In the human cases we have some evidence
of permanent arterial occlusions but we are not certain
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255

« Fig. 7 Neutrophil elastase positive cells in human stroke. a-d

Staining is shown for neutrophil elastase (green), laminin (red),
DAPI (blue), and the merged images. a Unaffected non-ischemic
brain region showing an intravascular elastase + cell (arrow). b
Infarcted core region showing perivascular elastase + cells (arrow).
¢ Elastase + cells extravasated at the meninges proximal to the
ischemic tissue (arrow). d Elastase + cells extravasated from a ves-
sel (arrow). e Double staining with neutrophil elastase and myeloper-
oxidase (MPO) show colocalization in the same cell. a is from patient
number 2: b is from patient number 3; c—e are from patient number
4. f-h Quantification of the number of neutrophil elastase + cells
per area in brain sections according to their intravascular, perivascu-
lar, or extravascular localization shows the values corresponding to a
control non-affected region, the periphery of infarction, and the core
of infarction, as well as the zone of the leptomeninges proximal to
the core (ischemic) or to a non-affected region (control). Values are
expressed as the mean £ SEM for n = 3 patients. There was a non-
significant trend to higher neutrophil elastase + cell numbers/area in
the core region versus the corresponding control region. A significant
increase in neutrophil elastase + cell numbers/area was found in the
meninges adjacent to the ischemic tissue versus the meninges adja-
cent to the non-affected brain tissue. *p < 0.05. Bar scale 10 pm

about the precise status of blood flow at the time of death
since imaging studies for research purposes cannot often
be performed in critical stroke patients. This fact may be
an important confounding factor given that, from the ani-
mal results, we would only expect substantial neutrophil
infiltration to the parenchyma through the leptomeninges
pathway after prolonged periods of ischemia. Neverthe-
less, the majority of patients that do not recanalize in the
acute phase of stroke have long-lasting occlusions [39, 46,
51]. Although the small number of stroke patients and the
heterogeneity of the infarcted territories are limitations of
this study, we detected neutrophils in the leptomeninges
proximal to the infarction in all the patients. This finding
is a proof of concept that our experimental results could be
relevant to human stroke.

In summary, we showed that during MCAo, neutrophils
reached cortical brain territories devoid of blood flow after
extravasating from leptomeningeal vessels surrounding
the infarcted tissue and reaching the cortical parenchymal
basal lamina as well as the perivascular spaces of cortical
arterioles. After prolonged periods of ischemia, neutrophils
became activated showing signs of NET formation inside
the vessel lumen and around the blood vessels suggesting
that the neurovascular unit is a target of action of neutro-
phils in stroke. The presence of neutrophils in the leptome-
ninges surrounding the infarcted regions was confirmed in
postmortem human brain tissue supporting that this path-
way is also relevant for neutrophil recruitment in human
ischemic stroke.
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Abstract

The central nervous system (CNS) contains several types of immune cells located in specific anatomic
compartments. Macrophages reside at the CNS borders surrounding the brain vessels, in leptomeningeal spaces
and the choroid plexus, where they interact with the vasculature and play immunological surveillance and
scavenging functions. We investigated the phenotypic changes and role of these macrophages in response to
acute ischemic stroke. Given that CD163 expression is a hallmark of perivascular and meningeal macrophages in
the rat and human brain, we isolated CD163"* brain macrophages by fluorescence activated cell sorting. We
obtained CD163" cells from control rats and 16 h following transient middle cerebral artery occlusion, after
verifying that infiltration of CD163" peripheral myeloid cells is negligible at this acute time point. Transcriptome
analysis of the sorted CD163" cells identified ischemia-induced upregulation of the hypoxia inducible factor-1
pathway and induction of genes encoding for extracellular matrix components and leukocyte chemoattractants,
amongst others. Using a cell depletion strategy, we found that CNS border-associated macrophages participate in
granulocyte recruitment, promote the expression of vascular endothelial growth factor (VEGF), increase the
permeability of pial and cortical blood vessels, and contribute to neurological dysfunction in the acute phase of
ischemia/reperfusion. We detected VEGF expression surrounding blood vessels and in some CD163" perivascular
macrophages in the brain tissue of ischemic stroke patients deceased one day after stroke onset. These findings
show ischemia-induced reprogramming of the gene expression profile of CD163* macrophages that has a rapid
impact on leukocyte chemotaxis and blood-brain barrier integrity, and promotes neurological impairment in the

acute phase of stroke.

Keywords: Perivascular macrophages, Subpial macrophages, Hypoxia, Leukocytes, Brain, Ischemia

Introduction

The central nervous system (CNS) contains different sub-
sets of myeloid cells under steady-state conditions. Micro-
glia reside in the brain parenchyma whereas macrophages
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remain at the CNS borders. CNS border-associated mac-
rophages (BAMs) include cells resident in the perivascular
spaces of brain vessels, lining the meninges, and the chor-
oid plexus. BAMs carry out scavenger functions and are
fully competent to present antigen to lymphocytes [6, 12,
27, 34, 37]. BAMs derive from hematopoietic progenitors
that populate the brain at embryonic stages and are not
replaced by bone-marrow derived cells under physio-
logical conditions [18, 19]. Little is known about the func-
tion of BAMs under pathological conditions but several
lines of evidence support their involvement in the

© The Author(s). 2018 Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0
International License (httpz//creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and
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pathogenesis of brain diseases [13]. Perivascular macro-
phages are protective during bacterial meningitis [44], and
participate in the clearance of vascular Amyloid-f (Ap)
deposition in mouse models of Alzheimer’s disease [23,
36, 54]. However, these cells also mediate oxidative stress
and cerebrovascular dysfunction induced by A [39]. They
contribute to endothelial, neurovascular, and cognitive
dysfunction in several models of hypertension [14, 41],
and exacerbate the clinical symptoms in a model of ex-
perimental allergic encephalomyelitis [43]. A recent study
in the mouse using high-dimensional single-cell cytometry
and fate mapping identified different subsets of BAMs and
showed differential responses of BAMs compared to other
brain myeloid cell populations during aging, experimental
autoimmune encephalomyelitis, and in a model of Alzhei-
mer’s disease [37].

Ischemic stroke is a frequent disease and one of the main
causes of death and permanent disability worldwide [15].
Lack of adequate blood supply to a brain region causes brain
damage and triggers sterile inflammation and innate im-
mune responses [5, 26] that are considered as putative tar-
gets for therapeutic intervention [4]. While the responses of
microglia to ischemic stroke have been extensively studied
[33], those of BAMs remain largely unknown. Nevertheless,
BAMs might be important in cerebrovascular diseases be-
cause they are located at the interface between the blood
vessels, the brain parenchyma, and the immune system. In
humans [28] and rats [34], perivascular and meningeal mac-
rophages have been classically characterised by the expres-
sion of CD163, a membrane scavenger receptor belonging
to the cysteine-rich superfamily [31] that is involved in the
response to inflammation [10]. In this study, we investigated
the phenotype and function of CD163" BAMs in the acute
phase of cerebral ischemia/reperfusion in rats.

Materials and methods
An extended version of the methods is available in the
Additional file 1.

Experimental brain ischemia

Focal brain ischemia was induced in adult male
Sprague-Dawley rats (280-320 g body weight) by 1-h
intraluminal occlusion of the right middle cerebral artery
(MCAo) with reperfusion. Briefly, rats were anaesthetised
with isoflurane and cortical cerebral perfusion was mea-
sured with a laser—Doppler flowmeter (PF4001 Master,
Perimed). Body temperature was maintained at 37.5 °C
during surgery with a heating blanket connected to a rec-
tal probe. The MCA was occluded with a filament (Doccol
#403912PK10Re). Rats were excluded from the study if
the mean drop in cerebral perfusion during ischemia did
not reach at least 65% of the basal value. Overall mortality
after ischemia was <10%. A neurological test on a
nine-point scale (0=no deficit to 9 = highest handicap)
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was performed at 24 h. We scored: (i) spontaneous activity
(moving/exploring = 0, moving without exploration =1,
no moving or only when pulled by the tail = 2); (ii) circling
to the left (none = 0, circling when elevated by the tail and
pushed or pulled =1, spontaneous circling =2, circling
without displacement = 3); (iii) resistance to left (contralat-
eral) forepaw stretching (full resistance = 0, rats offer some
resistance but they allow stretching = 1, rats offer no re-
sistance =2), and (iv) the parachute reflex (symmetrical =
0, asymmetrical = 1, contralateral forelimb retracted = 2).
The brain was imaged 24 h after MCAo with MRI in a
7.0 T horizontal animal scanner (BioSpec, Bruker BioSpin,
Ettlingen, Germany). Brain lesions were evaluated by T2
mapping and lesion volume was measured with Image].

Drug administration

Anesthetized rats (isoflurane) received an i.c.v. injection of
30 pl liposomes containing either clodronate (5 pg/pl), or
PBS as the vehicle (ClodronateLiposomes.com, Haarlem,
The Netherlands) in the left ventricle. Treatment was ran-
domly allocated according to a randomization list gener-
ated at the beginning of each set of experiments. Each
treatment received a code that did not reveal its identity.
Drug administration and all further interventions and
measurements were carried out in a blinded fashion. Is-
chemia was induced 4 days after drug administration.

Flow cytometry

Fresh brain tissue was processed with the Neural Tissue
Dissociation Kit (P) (#130-092-628, Miltenyi Biotec). A 30—
0% percoll gradient was used to remove myelin and cell deb-
ris to obtain a single-cell suspension. The pellet was washed
and stained with the life/death fixable cell staining Aqua
(ThermoFisher Scientific), and cells were immunostained
with anti-CD11b (clone OX-42, Alexa Fluor647; AbDSero-
tec or PerCP-Cy5.5; BioLegend) at 1:40 dilution, anti-CD163
(clone ED2, FITC or PE, AbdSerotec) diluted 1:20,
anti-CD45 (clone OX-1 labelled with PE-Cy7, BioLegend, or
Alexa Fluor 488 AbdSerotec) diluted 1:50, anti-granulocytes
(clone REA535, APC-Vio770, Miltenyi Biotec) diluted 1:50,
anti-CD3 (clone G4.18, PE, BD Pharmingen) diluted 1:100,
anti-CD4 (clone OX-35, BV711, BD Biosciences) diluted
1:200, anti-CD8 (clone OX-8, Vioblue, Miltenyi-Biotec) di-
luted 1:200, anti-CD161 (clone 3.2.3, APC, Biolegend) di-
luted 1:200, anti-ySTCR (clone V65, ~APC-Vio770,
Miltenyi-Biotec) diluted 1:100, and anti-CD25 (clone
OX-39, FITC, BD Pharmingen) diluted 1:100. We used
Flow-count Fluorospheres (Beckman-Coulter) for absolute
cell counting. Data were acquired in a BD LSRFortessa
SORP flow cytometer (BD Biosciencies) using the BD Diva
software (BD Biosciences) and were analysed with FlowJo
v10 software (FlowJo).
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Cell sorting

CD163" macrophages and microglia were isolated from
the control rat brain and from the brain 16 h
post-ischemia using fluorescence activated cell sorting
(FACS). Briefly, the right brain hemisphere was processed
with the Neural Tissue Dissociation Kit and a percoll gra-
dient, as described above for flow cytometry, and single
cells were immunostained with CD11b and CD163.
CD11b"CD163" cells corresponding to brain resident
macrophages and CD11b"CD163" cells were collected in
RNAse-free PBS using Aria II cell sorter (BD Biosciences).
We verified the purity of the sorted cell populations by
flow cytometry in independent experiments.

RNA extraction

RNA was extracted from samples of FACS-sorted CD163"
macrophages and FACS-sorted CD163” microglia with
PureLink™ RNA Micro Kit (#12183016, Invitrogen).
On-column DNAse step was performed to avoid genomic
DNA contamination. RNA purity was assessed by RNA Pico
Chip BioAnalyzer 2100 (Agilent). RNA was also extracted
from brain tissue samples with the PureLink™ RNA Mini Kit
(#12183018A, Invitrogen) using Trizol® Reagent (Life Tech-
nologies). In this case, we assessed the RNA quantity and
quality using a ND-1000 micro-spectrophotometer (Nano-
Drop Technologies).

qRT-PCR

Total RNA was reverse-transcribed using a mixture of
random primers (High Capacity cDNA Reverse Tran-
scription kit, Applied Biosystems). For brain tissue,
1000 ng of total RNA were reverse-transcribed and the
final product was diluted 6 times in RNAse-free water.
For RNA of sorted cells, cDNA was pre-amplified (Taq-
Man® Pre Amp Master Mix (2x) #4384266) with a pool
of TagMan probes, and the final pre-amplified product
was diluted 20 times with tris-EDTA (TE) buffer pH 8.0
(#BP2473, Fisher Bioreagents). Quantitative real-time
RT-PCR analysis was carried out with Tagman system
(#4304437, Life Technology) using the iCycler iQTM
Multicolor Real-Time Detection System (Bio-Rad,
Hercules, CA, USA).

RNA microarray and bioinformatics

Six RNA samples obtained from sorted CD11b"CD163"
cells (from three control rats and three ischemic rats at
16 h post-ischemia) with RIN values>9.2 were selected
for RNA microarray study with GeneChip Rat Genome
230 2.0 Array, 3'IVT Pico reagent kit (Affymetrix). The
images were processed with the Expression Console soft-
ware (Affymetrix) to check the array quality. Genes se-
lected as being differentially expressed were clustered to
look for common patterns of expression. Bioinformatics

Page 3 of 19

analyses of functional and biological significance were
carried out.

Immunohistochemistry of paraffin embedded brain
sections

Rats were anesthetized with isoflurane and perfused
through the heart with saline followed by 4% PFA. Careful
extraction of the brain from the skull allowed keeping most
of the pia meningeal layer attached to the brain tissue. The
brain was kept in 4% PFA overnight at 4 °C, washed in
phosphate buffer and embedded in paraffin. Inmunohisto-
chemistry was carried out in 5 pm-thick paraffin section
with the following primary antibodies: a mouse monoclonal
antibody against CD163 (clone ED2, which recognizes the
rat CD163 cell surface glycoprotein [7]) (# MCA342GA,
0.5 mg/mL, AbD Serotec, Bio-Rad) diluted 1:50, and rabbit
polyclonal antibodies against Iba-1 (# 019-19,741, 0.5 mg/
mL, Wako Chemicals USA, Inc.) diluted 1:500, and against
myeloperoxidase (MPO) (# A0398, 3.3 mg/mL, Dako), di-
luted 1:100, using the EnVisionTM Detection System; (#
K5007, Dako). Following incubation with biotinylated sec-
ondary antibodies (anti-rabbit made in goat # BA-1000; and
anti-mouse made in horse # BA2001; both from VECTOR
and used at 1:200 dilution), the immunoreaction was visual-
ized with the avidin-biotin peroxidase method (ABC, Vec-
tor, Palex Medical S.A., Sant Cugat del Valleés, Spain) and
diamenobenzidine. Cell counting was performed in a
blinded fashion.

Evans blue technique

A solution of 2% Evans blue (Sigma-Aldrich) (w/v in sa-
line) was administered iv. (4 mL/kg of body weight)
22 h after ischemia. Two hours later, rats were anesthe-
tized and perfused with saline. We obtained images of
1-mm thick coronal sections of fresh brain that were
analysed with Image] software.

Western blotting

Proteins were separated by electrophoresis in 12% polya-
crilamide gels and were transferred to polyvinylidene
fluoride membranes (Immobilon-P, # IPVH00010, Milli-
poreSigma) and incubated overnight at 4 °C with a goat
polyclonal antibody anti-VEGF-A (#AF564, R&D) diluted
1:500, followed by a secondary anti-goat HRP antibody di-
luted 1:2000. B-tubulin was used as the loading control.

Post-mortem tissue of stroke patients

We studied the brain of three stroke patients (female; 63,
81 and 89 years old) deceased on day 1 after ischemic
stroke onset. Two patients had right MCA infarcts and
the third had a vertebro-basilar infarction, with a National
Institute of Health Stroke Scale (NIHSS) severity score of
20, 13, and 9, respectively. Only the first of these patients
received mechanical thrombectomy, whereas the other
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Fig. 1 Features of the CD163" macrophages in the acute phase of stroke. a) CD163 immunohistochemistry in paraffin brain sections 8 h after
MCAo shows CD163" cells (brown) in perivascular and subpial spaces of the contralateral and ipsilateral hemispheres. Panels in the right are
magnifications of the squares in the adjacent panels. Images are representative of four rats. Scale bar= 10 um. b) Flow cytometry of myeloid cells
in the control (n=2) and ischemic brain tissue 16 h (n=4) and 24 h (n =7) after MCAo. The population of CD163" cells (orange) is maintained
after ischemia, but the population of CD45"CD11b" cells (blue) progressively increases due to infiltration of peripheral myeloid cells to the
ischemic tissue. Microglial cells (CD45'°*CD11b*) are shown in red. ¢) Quantification of the brain myeloid cell populations within all live cells by
flow cytometry. For each animal, we calculated the fold increase in the ischemic (ipsilateral, ipsi) hemisphere versus the contralateral (contra)
hemisphere. As expected, the ratio between the right/left hemispheres in control rats was equal to 1 (mean=+SD, 0.965 + 0.05 for CD45"CD11b*
cells, and 1.115 +0.05 for CD163* cells). The ratio ipsi/contra progressively increased after ischemia for CD45"CD11b* CD163™ cells (*p < 0.05,
Kuskall-Wallis test followed by post-hoc Dunn'’s test). In contrast, the ratio ipsi/contra for CD163" cells was similar to controls at 16 h and the
increases at 24 h were very small and not statistically significant. Values in the graph are expressed as the mean and SD of the indicated number

two patients did not receive any revascularization therapy.
None of the patients received tPA. The mean + SD time
lapse from exitus to necropsy was 4.3 + 3.2 h. Expert neu-
ropathologists obtained ischemic tissue that was embed-
ded in optimal cutting temperature (OCT) compound and
immediately frozen in liquid nitrogen for later sectioning

in a cryostat at 5 um. The sections were processed for im-
munofluorescence using the following primary antibodies:
mouse monoclonal antibody anti-CD163 (clone EDHu-1,
1 mg/mL, # MCA1853, Serotec, Bio-Rad) diluted 1:200;
rabbit polyclonal antibody anti-VEGFA (0.9 mg/mL, #
ab46154, Abcam) diluted 1:100; and sheep polyclonal
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(See figure on previous page.)

Fig. 2 Gene expression profile of CD163" macrophages after brain ischemia. a) We isolated CD11b*CD163"* BAMs and CD11b* CD163™ microglia
by FACS from control rat brain and obtained RNA for gene expression analysis. Colors for cells in the drawings are arbitrary. b) By gRT-PCR we
validated that sorted macrophages, but not sorted microglial cells, express Cd163. The expression of Aif1 (Iba-1) is higher in microglia than
macrophages, whereas the expression of Siglec1 (CD169) is lower in microglia. Values are expressed as fold versus the mean value of CD163"
macrophages and are the mean+SD of n= 3-6 samples per group. **p < 0.01, *p < 0.05, two-tailed Mann-Whitney test. ¢) RNA was extracted from
CD163" cells immunosorted from the control and the ischemic rat brain at 16 h of reperfusion (n =3 per group) to study ischemia-induced
changes in gene expression profile using Affymetrix microarrays. The global heat map, where each lane represents macropahge gene expression
from the brain of different control or ischemic rats, shows results of the microarray analysis with | logFC|> 2 and FDR < 0.01. d) Top diseases/
functions associated to gene expression profile changes were obtained with ingenuity pathway analysis (IPA) gene ontology algorithms showing
category scores. The minimum significance level (~log(p-value)) from Fisher's exact test is indicated by the threshold (arrow). Inflammatory and
immune functions are highlighted suggesting the involvement of CD163" macrophages in such responses after brain ischemia

antibody anti-vWF (# ab11713, 6.8 mg/mL, Abcam) di-
luted 1:100. Sections were incubated overnight at 4 °C
with primary antibodies followed by incubation for 2 h at
room temperature with secondary antibodies (Life Tech-
nologies): Alexa Fluor-488 (# A11017 anti-mouse made in
goat, and # A21206 anti-rabbit made in donkey), Alexa
Fluor-546 (# A10036 anti-mouse made in donkey, and #
A10040 anti-rabbit made in donkey) and Alexa Flour-647
(# A21448 anti-sheep made in donkey), all diluted 1:500.
0.3% Sudan black in 70% ethanol was used to reduce tis-
sue autofluorescence. Immunoreaction controls were car-
ried out by omission of the primary antibodies, and by
substituting the primary anti-VEGFA antibody by rabbit
immunoglobulin fraction (# 0903, 20 mg/mL, Dako) di-
luted 1:2200. Sections were counterstained with 4',6-dia-
midino-2-phenylindole (DAPI) (Invitrogen) to visualize
the cell nuclei and they were observed under a confocal
laser microscope (Zeiss LSM 880). Confocal images were
processed with Image] software to display the pictures.

Statistical analyses

Comparisons between two groups were carried out with
two-tailed Mann-Whitney or unpaired Student t-test after
testing for normal distribution using the Kolmogorov-Smir-
nov test. Multiple comparisons were carried out with the
non-parametric Kruskal-Wallis test followed by post-hoc
Dunn’s test. Two-way ANOVA was used to compare group
differences by treatment (clodronate vs. vehicle) and condi-
tion (ischemia vs. control). The Bonferroni’s Multiple Com-
parison tests was used for post-hoc analysis. Statistical
analyses were carried out with GraphPad Prism software.
The sample size in experiments designed to investigate the
effect of drug treatment on stroke outcome was 7 = 16, as
calculated using G*power 3.1 software (Diisseldorf Univer-
sity) with an estimated effect size d of 0.9, alpha level of
0.05, and statistical power of 0.8.

Results

Features of CD163" cells in the control brain and in the
acute phase of stroke

The CD163" rat brain cells studied in this work include
perivascular macrophages and subpial macrophages that

remained attached to the glial limitans after removing the
brain from the skull (Fig. 1a). Flow cytometry of control
brain tissue showed a higher level of CD45 expression in
CD163* macrophages than in microglia (CD45°*CD11b*
cells) (Fig. 1b). Ischemia induces macrophage infiltration to
the brain peaking after several days [17, 47, 49, 52, 53]. We
examined the CD163" cells and the CD45"CD11b" myeloid
cells in the control brain tissue and the brain tissue at 16 h
and 24 h post-ischemia. Following ischemia, the population
of CD45"CD11b* myeloid cells progressively increased. In
contrast, the population of CD163" cells remained similar
to controls at 16 h and showed a tendency to increase in
the ipsilateral hemisphere at 24 h (Fig. 1b,c). These results
showed that most peripheral myeloid cells infiltrating the
brain tissue in the first hours post-ischemia did not ex-
press CD163.

Ischemia-induced changes in the gene expression profile
of CD163" BAMs

To characterize the general phenotype of CD163" mac-
rophages and compare it with that of microglia, we iso-
lated the CD163" cells and the CD163™ microglia from
the control rat brain by fluorescence-activated cell sort-
ing (FACS) (Fig. 2a, see gates used for cell sorting in
Additional file 1: Figure Sla). We checked the purity
(mean + SD, n rats) of the sorted cells by flow cytometry
and found that 92.0 +4.2% (n=4) of the sorted cells
were CD11b*CD163" cells. We also verified by flow cy-
tometry that the CD11b"CD163™ cell population was
enriched in CD45%™CD11b* microglia (92.9 +2.4%, n =
2). We then performed additional cell sorting experi-
ments for RNA extraction and gene expression studies
(Fig. 2a). By qRT-PCR we detected Cd163 mRNA ex-
pression in the sorted CD163" population but not in the
sorted microglia, as expected, whereas the expression of
Aifl (Iba-1) was higher in microglia than in the CD163"
cells, and Siglecl (CD169) expression was detected in
CD163" cells but not in microglia (Fig. 2b).

We aimed to investigate whether ischemia changed the
gene expression profile of the resident CD163" macro-
phages. We isolated the CD11b*CD163" cells by FACS as
above in groups of control non-ischemic rats and rats
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Fig. 3 CD163" BAMs upregulate the expression of leukocyte chemoattractants after ischemia. a) Heatmap showing the profile expression of
upregulated (pink) and downregulated (green) genes in the GO term Leukocyte chemotaxis. A set of genes upregulated after ischemia is
highlighted. b) Heatmap of genes of the IPA category Recruitment of neutrophils. Some of these genes (arrows) were later analyzed by qRT-PCR in
RNA of cells sorted from a different set of rats. ¢) In a different group of controls (n = 3) and ischemic rats (n=5) (16 h of reperfusion), we sorted
CD163" BAMs, extracted RNA and carried out gqRT-PCR to validate up-regulation of some of the genes previously identified in the microarray.
Values are expressed as fold vs. the mean value of control CD163" cells and are shown as the meanzSD. d) Gene expression as assessed by qRT-
PCR in sorted CD163* BAMs and sorted microglia (n =3 controls and 5 ischemic rats per each cell type). All values are normalized versus the
mean value of controls and are represented as the mean+SD. Generally, induction of gene expression after ischemia is similar or lower in BAMs
than microglia, with the exception of some genes like Cc/17 that was induced after ischemia in BAMs but not microglia. Two-way ANOVA
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Fig. 4 Treatment with clodronate liposomes depleted BAMs in control and ischemic rats. a) Flow cytometry plots of CD11b*CD163" cells in the
brain of control rats treated i.c.v. with either vehicle liposomes (V) or clodronate liposomes (CL) 5 days before the analysis. b) CL reduced the
numbers of brain CD11b"CD163™ cells (*p < 0.05, n =4 per group). ¢) Rats received CL or V in the left ventricle 4 days before occlusion of the
right MCA and the brain was analyzed by flow cytometry 1 day after ischemia. d) Flow cytometry analysis of CD11b" CD163" cells of the
ischemic hemisphere (n=12V; n=11 CL) and the corresponding hemisphere of control rats (n=11V; n=9 CL) and shows reduction after
treatment with CL versus V in both groups. *** p < 0.001, two-way ANOVA by treatment and condition. e) Immunohistochemistry and cell
counting in brain shows reduced numbers of CD163" cells in the contralateral and ipsilateral (infarcted core) cortical and subcortical regions of
the CL group (n = 12) compared to the V group (n=10). *** p < 0.001, ** p < 0.01. Scale bar: 20 um

subjected to ischemia plus 16 h of reperfusion (Additional
file 1: Figure S1b). We chose to study this time point after is-
chemia given that myeloid cell infiltration was still very mild
and the majority of CD163" cells were resident macrophages
(Fig. 1b,c). We obtained RNA from the sorted cells, and
processed it with Affymetrix microarrays. Unsupervised
clustering analysis showed that the samples clustered ac-
cording to the groups (Additional file 1: Figure S2a), and
principal component analysis precisely separated the ische-
mic from the control samples (Additional file 1: Figure S2b).
We selected the genes showing statistically significant differ-
ences between ischemic and control groups (adjusted
p-value< 0.01) and filtered for |logFC | > 2. According to the
above criteria, the expression of 1493 genes was
up-regulated whereas the expression of 594 genes was
down-regulated in CD163" macrophages after ischemia, as
graphically illustrated in the volcano plot (Additional file 1:
Figure S2c). The global heat map illustrates differentially
expressed genes in these groups (Fig. 2c). The top 25
up-regulated genes (Additional file 1: Table S1) included
genes related to the extracellular matrix, such as Vean (ver-
sican), Sdcl (syndecan), Fnl (fibronectin-1), Sppl (osteo-
pontin), Sema3c (semaphorin 3c), Mmp7 (matrix
metalloproteinase 7, MMP-7), and Mmp14 (MMP-14) sup-
porting a role of CD163" macrophages in extracellular
matrix remodelling. Also, we detected up-regulation of
genes involved in nicotinamide adenine dinucleotide me-
tabolism (Cd38), and inflammatory and immune responses,
like Tspo, Cd8a, and Itgax (CDIllc). The sorted CD163"
cells expressed genes recently identified in BAMs of the
mouse brain, such as Mrcl (CD206), Mertk, Adgrel
(F4.80), Fcgr3a (CD16), CSarl (CD88), Lyvel, RTI-ba
(MHC class II antigen), Cd44, Cd38 [37], and Tmeml119,
Csflr, and Cxcr4 [29]. However, the expression of most of
these genes did not significantly change after ischemia, with
the exception of increased expression of Cd38 (Additional
file 1: Figure S3A) and Cd44 (Fig. 3b). Neither control nor
ischemic CD163" BAMs showed expression of genes en-
coding for typical microglial proteins, like Salll. Among the
top genes down-regulated after ischemia we found the
a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic ~  acid
(AMPA) glutamate receptor Gria2, genes related to subcel-
lular organization, like Syne2 and Fam65b, and genes of the
extracellular matrix, such as Adam23, certain growth factor

receptors, like Egfr, and genes related to immune responses
particularly associated to inhibition of leukocyte activation,
such as Siglec5 (Additional file 1: Table S2).

The analysis of biological significance was based on en-
richment analysis on different annotation databases to
highlight biological categories in which the selected genes
appear to be over-represented after brain ischemia. The
GO analysis identified over-representation, enriched
KEGG entities and clusters for terms related to acute in-
flammatory response, cytokine activity, chemokine activity,
response to hypoxia, extracellular space, extracellular
matrix, metalloproteinases, collagen degradation, blood
vessel remodelling, angiogenesis, and response to oxidative
stress, amongst others (see Additional file 1: Figure S3 for
heat maps of genes in GO-terms representative of the in-
flammatory response). Down-regulated KEGG pathways
included: ATPase, Ca'" transportingg ATPase, Na'/K"
transporting; Cd7 molecule; KIT ligand; beta-2-adrenergic
receptor; and epidermal growth factor receptor (Egfr) path-
way. Ingenuity Pathway Analysis (IPA) identified top ca-
nonical pathways (Additional file 1: Figure S4A) and top
associated disease/functions (Fig. 2d). Amongst the highly
up-regulated pathways, hypoxia inducible factor-1 (HIF-1)
signalling highlighted the response to ischemic conditions
(Additional file 1: Figure S4), illustrated by up-regulation
of Hifla and vascular endothelial growth factor-A (Vegfa)
genes (Fig. 3a, Additional file 1: Figure S3). The term lipo-
polysaccharide (LPS) was amongst the top upstream regu-
lators, suggesting acquisition of pro-inflammatory features
reminiscent of the response to LPS. However,
ischemia-induced CD163" macrophage activation showed
a distinctive metabolic and inflammatory signature. For
instance, regarding arginine metabolism [38], inducible ni-
tric oxide synthase (iNOS, Nos2) was not overrepresented
whereas arginase-1 (Argl) was one of the top up-regulated
genes (Additional file 1: Table S1). This effect is expected
to suppress excessive nitric oxide production and promote
L-arginine consumption impairing lymphocyte activation
in response to antigen [3, 8].

Ischemia induces the expression of leukocyte
chemoattractants in CD163* BAMs

The above gene pathway analyses in CD163" macrophages
highlighted the response to wounding, inflammation, and
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chemotaxis after ischemia. A heatmap representation is
shown for the GO term Leukocyte chemotaxis where sev-
eral genes up-regulated by ischemia are detailed (Fig. 3a).
The IPA analysis identified over-representation of the
term Neutrophil recruitment (Fig. 3b). The analyses
showed up-regulation of genes such as Spp1, interleukin-6
(1l6), C-X-C motif chemokine ligands 14 (Cxcl/14), S1008a,
and L-selectin (Sell), amongst others. Ischemia also
up-regulated genes encoding for chemokines involved in
recruiting T helper type 2 (Th2) lymphocytes, like Ccl22
and Ccl17 [56] (Fig. 3, Additional file 1: Table S1). For val-
idation purposes, some of the up-regulated genes related
to leukocyte chemotaxis were studied by qRT-PCR using
RNA of CD163" macrophages sorted from different
groups of control and ischemic rats 16 h post-ischemia
(Fig. 3c). We compared the expression of these genes in
FACS-sorted CD11b"CD163" cells versus sorted
CD11b"CD163" cells enriched in microglia (Additional
file 1: Figure S1). CD163" macrophages seemed to work in
consonance with microglia to promote leukocyte re-
cruitment to the ischemic brain since most of the
genes that we studied by qRT-PCR showed similar
(e.g Sppl, Clgbp) or weaker (e.g. Sell) expression in
CD163" macrophages compared to microglia. How-
ever, ischemia up-regulated certain genes, such as
Ccl17, preferentially in CD163" macrophages (Fig.
3d). Altogether, these results suggested the possibility
that CD163" macrophages participated in the recruit-
ment of leukocytes after brain ischemia.
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Selective depletion of BAMs but not microglia in control
and ischemic brain

To obtain functional information on the role of BAMs in
the acute phase of stroke, we carried out loss-of-function ex-
periments by intracerebroventricular (i.c.v.) administration
of liposomes containing clodronate [14, 23, 42, 43]. Macro-
phages scavenge the liposomes and the intracellular accu-
mulation of the toxin clodronate induces macrophage cell
death [46, 55]. Liposomes containing either clodronate or
vehicle (PBS) were administered in the left ventricle and the
brain was analyzed 5 days later. Flow cytometry studies of
the brain cells showed that clodronate liposomes induced a
strong reduction (65-70%) of the CD163" population in
both hemispheres (Fig. 4a,b). We then checked that CD163*
cell depletion was maintained after brain ischemia. We oc-
cluded the right MCA four days after administration of clo-
dronate or vehicle liposomes to the left ventricle and
studied the brain tissue 24 h post-ischemia (Fig. 4c).
CD163" cells were also reduced in the ischemic tissue after
clodronate treatment, as assessed by flow cytometry (Fig.
4d). Immunohistochemistry (Fig. 4e) showed depletion of
CD163" macrophages located in the perivascular spaces and
on the glia limitans under the pia matter. Of note, we veri-
fied that i.c.v. clodronate liposome treatment did not signifi-
cantly affect the number of parenchymal microglia
compared to the vehicle group in the control and ischemic
brain tissue, as shown by immunohistochemistry (Ibal®)
(Additional file 1: Figure S5a), and flow cytometry
(CD45%™CD11b") (Additional file 1: Figure S5b). In both
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Fig. 5 Depletion of BAMs does not reduce infarct volume but attenuates the neurological deficit. a T2w MRI 24 h post-ischemia of representative
rats per treatment group, i.e. clodronate (CL, n= 16) or vehicle (V, n=17) liposomes. b Ischemia induced a similar drop of cortical perfusion (CBF)
during MCAOQ, as assessed by laser Doppler, in both groups. The neurological score shows a small but significant improvement in the CL group.
(Mann-Whitney test, * p=0.046) There are no differences between groups in total infarct volume (b), as well as the volume of infarcted cortical
and subcortical regions (not shown), as assessed by T2w MRI. Treatment, ischemia, neurological evaluation, MRI, and infarct volume measures
were carried out in a blinded fashion
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from the contralateral (control) and ipsilateral (ischemic) brain hemispheres of rats treated with V (n =7) or CL (n =6) for gRT-PCR analysis. Values
are expressed as fold versus the mean value in the control V group. CL does not reduce leukocyte chemoattractants that were upregulated by
ischemia in CD163" macrophages (see Fig. 3), such as Spp1, Cigbp, 16, and Ccl17. b) Flow cytometry analysis of the brain hemisphere of control
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(CD45MCD11bY) (*p =0.039)
.

hemispheres of the clodronate group we observed the
presence of CD163™ Ibal® perivascular cells (Fig. 4e,
Additional file 1: Figure S5b) that might correspond to
peripheral myeloid cells. The effect of i.c.v. administra-
tion of clodronate was local and it did not modify blood
cell counts (Additional file 1: Figure S6).

BAM depletion ameliorated the stroke-induced
neurological dysfunction

To find out whether BAM depletion affected the extent of
brain damage we measured the size of the brain lesion and
assessed the neurological function 24 h post-ischemia in
rats treated with clodronate or vehicle liposomes, as
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Fig. 7 Depletion of BAMs reduces granulocyte infiltration in the ischemic cortex. Rats received clodronate (CL) or vehicle (V) liposomes in the left
ventricle 4 days before occlusion of the right middle cerebral artery and the brain was analyzed 1 day after ischemia. a) Myeloperoxidase (MPO)
immunohistochemistry (brown, arrows) of the core of infarction in paraffin sections (counterstained with hematoxylin in blue) of ischemic rats
treated with V or CL. Scale bar: 20 um. Blind cell counting showed that CL (n = 12) reduces the numbers of MPO* cells in the ischemic cortex
compared to the V (n=8) (*p=0.05), but differences in subcortical regions were not statistically significant (CLn=12,V n=10, p=0.12). b) An
independent group of rats treated with V or CL was studied by flow cytometry 24 h postischemia after dissection of cortical and subcortical brain
regions. The numbers of REA535" granulocytes was determined. Values are expressed as number of cells per gram of brain tissue. The number of
REA535" cells decreased in both regions after BAM depletion. However, differences between treatment groups were statistically significant in
cortical regions (*p = 0.038), whereas only a trend was observed in subcortical regions (p = 0.085)

above. One-hour ischemia induced large brain lesions and
BAM depletion did not cause a major effect in the volume
of infarction (Fig. 5). However, rats depleted of BAMs
showed a mild but significant improvement of the neuro-
logical score (Fig. 5), suggesting that BAM activity has
negative consequences for the neurological status in the
acute phase of stroke.

BAM depletion alters leukocyte recruitment after brain
ischemia

We then investigated by qRT-PCR whether depletion of
BAMs altered the RNA expression of cytokines and chemo-
kines in the brain tissue 24 h after ischemia. The brain of rats
treated with clodronate liposomes did not show a significant
reduction in the mRNA expression of the leukocyte chemoat-
tractants and chemokines that we examined (Fig. 6a). This re-
sult is compatible with ischemia-induced expression of these
genes in other cells in addition to CD163" macrophages, in-
cluding microglia and potentially astrocytes or other neural
cells. In spite of this, depletion of CD163" cells reduced the
percentage of infiltrating REA535" granulocytes in the ische-
mic hemisphere, as determined by flow cytometry (Fig. 6b,c)
whereas the numbers of other leukocytes were not affected
(Additional file 1: Figure S7). To validate this finding, we car-
ried out immunohistochemistry with anti-myeloperoxidase
antibodies in an independent group of rats. Blind cell count-
ing showed less infiltrating granulocytes after BAM depletion,
particularly in cortical regions (Fig. 7a). To further investigate
possible regional differences we carried out a second flow cy-
tometry study in an independent group of ischemic rats
where we dissected out cortical and subcortical regions and
analysed them separately. BAM depletion reduced REA535"
granulocyte numbers in the ischemic cortex, whereas subcor-
tical regions only showed a non-significant trend (Fig. 7b). In
contrast to the effect on granulocyte recruitment, BAM de-
pletion did not significantly modify the numbers of T cells,
NK cells, or myeloid mononuclear cells infiltrating the ische-
mic tissue (Additional file 1: Figure S8).

BAMs increase cortical vascular permeability 24 h after
ischemia

The microarray analysis of sorted CD163" macrophages
identified over-representation of genes involved in the

post-ischemic response to hypoxia, such as the
HIF-target gene Vegfa (Fig. 3a, Additional file 1: Figure
S3a). BAM depletion reduced the expression of Vegfa
mRNA in the cerebral cortex 24 h post-ischemia,
whereas this effect was milder in subcortical regions
(Fig. 8a). Ischemia induced the expression of VEGF ¢,
protein (Fig. 8b), a VEGF-A isoform (similar to human
VEGF¢5) that is secreted and has the capacity to bind to
the extracellular matrix [45]. In agreement with the
mRNA results, BAM depletion reduced the cortical ex-
pression of VEGF¢4 (Fig. 8b).

Given that hypoxia-induced VEGF in the brain pro-
duces acute vascular leakage [48], we studied whether
BAM depletion affected vascular permeability. Not-
ably, ischemia-induced Evans blue extravasation from
the ipsilateral pial vessels and cortex was minimal in
rats depleted of BAMs (Fig. 8c), which showed a re-
duced volume of tissue with Evans blue extravasation
in the cortex but not in subcortical regions. These re-
sults suggest that depletion of BAMs prevented
ischemia-induced leakage of pial and cortical vessels.

We then investigated whether these findings might
be relevant to acute ischemic stroke in humans. To
this end, we studied CD163" macrophages in
post-mortem brain tissue of three patients with fatal
ischemic stroke deceased 24 h after symptom onset.
VEGF immunoreaction was detected surrounding
blood vessels and we found some CD163" perivascu-
lar macrophages positive for VEGF (Fig. 9). We ob-
served that VEGF immunoreactivity was more
prominent in the two patients that did not receive
any revascularization therapy than in the patient that
received mechanical thrombectomy. This effect is
likely attributable to persistent ischemic conditions in
the former. The described perivascular VEGF immu-
noreaction was mainly found at the periphery of the
infarcted core. In the infarcted core, we also observed
VEGF immunoreactivity in parenchymal CD163" cells
with a pattern of expression that varied across the tis-
sue and between patients. Altogether, these results are
compatible with the possibility that human CD163*
perivascular macrophages secreted VEGF in acute is-
chemic stroke.
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versus the V group (n=7) (Mann-Whitney test, *p =0.014)

Fig. 8 Depletion of BAMs attenuates ischemia-induced pial and cortical vascular permeability. BAMs were depleted by i.c.v. administration of
clodronate liposomes (CL) 4 days prior to ischemia. For treatment control, rats received vehicle liposomes (V). a) Vegfa mRNA was studied in
cortical and subcortical regions of the ipsilateral (ipsi, ischemic) and the contralateral (contra) brain hemispheres. Ischemia-induced expression of
Vegfa mRNA at 24 h is attenuated in the cortex of the CL rats versus the V rats (n =6 per group) (Mann Whitney test, p = 0.041). b) Western
blotting of cortical and subcortical brain tissue (ipsilateral) 24 h post-ischemia shows the VEGF, ¢4 isoform of VEGF-A detected as two bands
corresponding to the homodimeric and monomeric forms at approximately 54 kDa and 24 kDa. Quantification of signal intensity of the 54-kDa
band shows reduced expression in the cortex of rats receiving CL vs. rats receiving V (n =6 per group) (Mann-Whitney test, **p = 0.002). c)
Ischemia increases the permeability of pial vessels (arrows), as assessed by Evans blue extravasation 24 h post-ischemia, and BAM depletion
attenuates the effect. Images of one representative coronal brain section per rat of each treatment group show Evans blue extravasation in the
ipsilateral hemisphere. Rats receiving clodronate show negligible Evans blue in the cortex (arrows in the schematic representation at the right
hand side). The volume of tissue showing Evans blue extravasation is reduced in the cortex, but not in subcortical zones, of the CL group (n=8)

Discussion

BAMs are players at the interface between the nervous
system and the immune system [6, 12, 27, 29, 34, 37,
53]. However, the precise functions of these cells under
pathological conditions remain largely unknown. This
study provides evidence for a role of BAMs increasing
vascular permeability, facilitating granulocyte recruit-
ment, and contributing to neurological dysfunction in
the acute phase of ischemic stroke. BAMs express typ-
ical myeloid cell markers like microglia but their differ-
ential phenotypic features were less known until recently
published studies provided an extensive description of
the phenotype of BAMs in the mouse brain [29, 37]. We
verified that rat CD163" BAMs expressed genes encod-
ing for proteins identified in these latter works. How-
ever, the expression of most of these BAM genes did not
significantly change 16 h post-ischemia versus controls,
with the exception of increased expression of Cd38 and
Cd44. Although CD44 expression was previously consid-
ered as a marker of brain infiltrating cells [29], we de-
tected the expression of Cd44 in CD163" BAMs
obtained from the control rat brain, in agreement with
the finding of CD44" BAMs in the control mouse brain
[37]. Furthermore, the expression of Cd44 increased
after ischemia, as described for CD44 expression in
mouse BAMs in EAE [37]. In addition, we found that rat
CD163" BAMs express Siglec (CD169) and low levels
of Aifl (Iba-1), in contrast to microglial cells that do not
express Siglecl and express comparatively higher levels
of Aifl.

Brain ischemia causes necrotic neuronal cell death with
release of danger signals that activate the microglia [26],
but the response of BAMs is currently unknown. We found
that these cells respond to ischemic conditions by showing
changes in the gene expression profile enabling adaptation
to hypoxia and acquisition of novel cellular functions in-
volved in extracellular matrix-vascular interactions and in-
flammatory responses. BAMs upregulated the expression of
genes regulating neutrophil chemotaxis as part of the re-
programming process induced by ischemia. The anatomic

location of these cells confers them the capacity to partici-
pate in the communication network between the brain en-
vironment and the vasculature. Brain ischemia induces
neutrophil extravasation from leptomeningeal vessels and
neutrophil accumulation in perivascular spaces of the af-
fected brain region [9, 40]. Our study suggests that CD163"
macrophages attract granulocytes to the leptomeningeal
and perivascular spaces in response to brain ischemia.
These findings are in consonance with a study showing that
perivascular macrophage depletion reduced brain neutro-
phil infiltration in a model of vesicular stomatitis viral in-
fection [51]. Furthermore, perivascular macrophages
mediate neutrophil recruitment during bacterial skin infec-
tion [1]. Other works reported the involvement of mono-
nuclear cells in neutrophil attraction. For instance, specific
subsets of monocytes are key regulators of neutrophil ex-
travasation in the lung [30].

Functional analysis of genes over-represented in
CD163" BAMs after brain ischemia versus controls
highlighted the activation of neovascularization pro-
cesses and the HIF-1 pathway. This finding is consistent
with the observed up-regulation of the HIF-la target
gene Vegfa, a potent modulator of angiogenesis [2, 32]
and regulator of the cellular redox status [11]. We ob-
served the expression of VEGF in the post-mortem hu-
man brain tissue of stroke patients deceased 24 h after
stroke onset, and detected VEGF surrounding some
brain vessels and CD163" perivascular macrophages,
suggesting that the findings in rats might be valid in
acute ischemic stroke patients. Acute production of
VEGEF is associated with increases in vascular permeabil-
ity [48]. In our study, BAM depletion in the rats de-
creased the ischemia-induced expression of Vegfa
mRNA and the secreted protein isoform, VEGF;¢4, in
the cerebral cortex. Furthermore, BAM depletion re-
duced Evans blue extravasation from pial and cortical
vessels, whereas these effects were less marked in sub-
cortical regions. We argue that the greater cortical effect
might be due to the activity of subpial macrophages in-
creasing the permeability of pial vessels in the acute
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perivascular macrophages positive for VEGF. Scale bar: 10 um

Fig. 9 CD163+ macrophages and neighboring vessels express VEGF in human ischemic stroke. VEGF around the vessels and in surrounding
CD163" macrophages in human ischemic stroke. Immunofluorescence staining of post-mortem brain tissue of patients deceased 24 h after
ischemic stroke (n = 3). Confocal microscope images show CD163" macrophages (red in a-c, green in d-e), vascular endothelium (von Willebrand
factor, VWF; blue), and cell nuclei (white) that are stained with DAPI. The presence of VEGF immunoreactivity (green in a-c, red in d-e) is observed
surrounding the endothelial layer of blood vessels and in CD163" macrophages. Images in ¢ and e are magnifications of the indicated part of b
and d, respectively. Orthogonal projections show co-localization of VEGF and CD163 staining in some cells. The arrows point to CD163"

phase of stroke. While we were preparing this manu-
script, a study reported pathogenic actions of CD163"
macrophages in atherosclerosis where these cells showed
activation of HIFla and VEGF expression and increased
vascular permeability and inflammatory cell recruitment
[20]. Interestingly, perivascular macrophages are involved
in maintaining vascular barrier function in the periphery
under physiological conditions [21, 24]. Here we show that
an ischemic stroke challenge changes the homeostatic

function of CD163" macrophages by inducing cellular acti-
vation of the HIF pathway and generation of VEGF and in-
flammatory mediators. This effect in the very acute phase
of stroke does not exclude putative vasculoprotective effects
of perivascular macrophages in chronic phases after stroke.

Our study did not find any differences in infarct vol-
ume 24 h post-ischemia in rats depleted of BAMs, in
spite that they showed reduced granulocytes in the is-
chemic brain. Previous studies reported reduced infarct
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volume after ischemia/reperfusion in rats depleted of
neutrophils [35]. However, the effects were not entirely
reproduced in a model of severe ischemia/reperfusion in
rats [22], or in a model of ischemia/reperfusion plus
thrombolytic treatment in spontaneous hypertensive rats
where only one out of two different neutrophil depletion
strategies reduced the lesion size [16]. Also, neutrophil
depletion reduced infarct size in hyperlipidemic ApoE ™/~
mice but not in normolipidemic wild-type mice [25].
Therefore, it was unlikely that the moderate reduction of
granulocyte recruitment induced by BAM depletion in
our model of severe ischemia/reperfusion was sufficient
to cause major differences in the size of the severe brain
lesion induced by our ischemia model. Nevertheless, we
found some improvement of the neurological function
in the absence of BAMs that was attributable to attenu-
ated granulocyte recruitment and preservation of pial
and cortical vascular integrity after ischemia.

A limitation of our study is that it only addressed the
function of BAMs in the acute phase of stroke. We re-
stricted our study to the first hours after stroke to avoid
the putative confounding effect of massive macrophage in-
filtration that takes place in the days that follow stroke [5,
17, 47, 49, 52]. Moreover, our BAM depleting strategy is
transient and repopulation of these cells by peripheral
macrophages could follow at later time points. Long-term
studies using different experimental approaches are re-
quired to understand the consequences of BAM activity
for the evolution of the brain lesion and the repair pro-
cesses, particularly regarding extracellular matrix and vas-
cular remodelling. Another limitation is that we could not
separate perivascular from subpial macrophages since all
of them express CD163 in the rat brain. Depleting the
CD163" macrophage population had more effects in cor-
tical rather than in subcortical regions after ischemia. We
suspect that subpial macrophages may play a role by pro-
ducing VEGF and regulating vascular permeability and ex-
travasation of granulocytes from pial vessels. These effects
could exacerbate the brain lesion by impairing the integ-
rity of the collateral circulation [50]. Finally, we conducted
our experimental study in young male rats, while stroke
mainly affects old people of both sexes. Studies in aged
animals and females are required to find our whether
BAMs show a similar response in these conditions.

Conclusions

In summary, this study provides evidence for a role of
BAMs in granulocyte chemoattraction and vascular per-
meability following acute ischemic stroke. The study also
suggests that targeting these potentially negative re-
sponses of brain resident macrophage might help to pre-
serve cortical blood supply and improve the neurological
function in the acute phase of cerebral ischemia/
reperfusion.
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ABSTRACT

Inflammatory Ly6CMCCR2* monocytes infiltrate the brain after stroke but their function is not
entirely clear. We report that CCR2* cells infiltrating the ischemic brain tissue include complex
populations of monocytes and lymphocytes. To underscore the role of CCR2* monocytes we
generated mice with selective deletion of CCR2 in myeloid cells. One day after ischemia these
mice showed lower monocyte infiltration and reduced expression of pro-inflammatory genes
and genes related to M2 alternatively macrophage activation and angiogenesis. However, they
showed a delayed inflammatory rebound illustrated by increased expression of //l1b 15 days
post-ischemia that was not detected in wild type mice. Furthermore, mice with CCR2-deficient
monocytes showed reduced angiogenesis and worse behavioural performance, despite no
differences in lesion volume. Ly6C" monocytes sorted from the brain 24h post-ischemia
expressed pro-inflammatory genes, like /l1b, but also M2 genes Chil3 and Argl and pro-
angiogenic Vegfa. By flow cytometry we confirmed that a subset of infiltrating Ly6C"CCR2*
monocytes were Arginase-1*, showing that CCR2* monocytes comprise cells with diverse
phenotypes. Administration of CCR2** bone-marrow monocytes to mice with CCR2-deficient
monocytes 6h post-ischemia did not improve the behavioural performance suggesting that
immature bone-marrow monocytes lack pro-reparative functions. The results show the specific
contribution of infiltrating CCR2* monocytes to the acute inflammatory reaction after ischemic
stroke and subsequent lesion resolution and functional recovery. The study unravels
heterogeneity in the population of CCR2* monocytes infiltrating the ischemic brain and
suggests that pro-reparative monocyte subsets, likely absent in bone marrow, could be critical
in monocyte-based cell therapies for stroke recovery.
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INTRODUCTION

Stroke-induced acute inflammation is a multifaceted response to sterile tissue injury. Excessive
inflammation is believed to exacerbate the brain lesion, but on the other hand inflammation is
involved in triggering mechanisms that promote clearance of the damaged tissue and set an
adequate environment for subsequent tissue repair (Karin and Clevers, 2016). Diverse types of
leukocytes are attracted to the injured brain in an orchestrated fashion and they play complex
functions (Gelderblom et al., 2009). Inflammation-induced pro-resolving mechanisms are
mediated, at least in part, by infiltrating monocyte/macrophages (Nakamutra and Shichita,
2019). Mouse monocytes are classified as ‘classical’ essentially corresponding to Ly6CM
monocytes, and ‘non-classical’ corresponding to Ly6C'°" monocytes (Ziegler-Heitbrock et al.,
2010). Classical Ly6C" monocytes express the chemokine receptor CCR2 and are involved in
inflammatory responses after tissue injury (Epelman et al.,, 2014; Xiong et al., 2015). In
contrast, non-classical Ly6C°CX3CR1* monocytes patrol the vasculature and exert
vasculoprotective functions (Thomas et al., 2015). After brain ischemia, Ly6C"CCR2*
monocytes are the first monocyte subsets reaching the brain tissue where they acquire
features of macrophages (Miré-Mur-et al., 2016). Macrophages are plastic cells that depending
on the stimuli in the local environment mature acquiring different phenotypes and functions
(Sica and Mantovani 2012; Vanella and Wynn, 2017).

The CCL2 chemokine, also termed monocyte chemoattractant protein 1 (MCP-1), is a potent
chemoattractant signal for monocytes to the ischemic brain tissue (Schilling et al., 2009).
Astrocyte-derived CCL2 promotes leukocyte infiltration across the blood-brain barrier (BBB)
(Weiss et al., 1998). In addition to astrocytes, microglia express CCL2 after ischemia (Gourmala
et al., 1997; Che et al., 2001; Yan et al., 2007), and endothelial cells (Rollins et al., 1990; Sica et
al., 1990), pericytes (Duan et al., 2018), perivascular macrophages (Pedragosa et al., 2018), and
neurons (Che et al., 2001, Howe et al., 2017) can also produce CCL2. Interestingly, genetic
predisposition to elevated circulating levels of CCL2 is associated with higher risk of stroke
(Georgakis et al., 2018). Constitutive CCR2-deficient mice showed reduced ischemic lesions
and improved neurological function compared to wild type mice (Dimitrijevic et al., 2007), thus
suggesting that CCR2* monocytes were detrimental. However, studies administering CCR2 drug
inhibitors or blocking antibodies challenged this view because they found more inflammation,
worse neurological deficits, impaired recovery, and more haemorrhagic transformation (Gliem
et al.,, 2012; Chu et al.,, 2015; Wattananit et al., 2016; Fang et al., 2018), suggesting that
monocytes exert beneficial functions by promoting neuroprotection and vasculoprotection.
However, globally targeting CCR2 may affect other cells besides monocytes since CCR2
expression has been reported in the endothelium (Wolf et al., 2012) and several lymphocyte
subsets, including regulatory T cells (Brihl et al., 2004) and Th17 cells (Kara et al., 2015).

The objective of this study was to identify the subsets of CCR2* cells in the ischemic brain
tissue and the specific function of CCR2* monocytes. To this end, we used reporter knock-in
Ccr2/*Cx3cr18™* mice showing infiltration of CCR2* monocytes and lymphocytes. To
underscore the specific function of CCR2* monocytes we generated mice with selective
deletion of CCR2 in myeloid cells. This strategy reduced the acute inflammatory response but
evoked delayed inflammation, reduced angiogenesis, and impaired functional recovery. Our
results show that infiltrating CCR2* monocytes induce an acute response associated to
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subsequent mechanisms critical for recovery after ischemic stroke. The results also suggest
that the infiltrating CCR2* monocyte population is heterogeneous and comprises subsets of
cells with pro-angiogenic features.

METHODS
Mice

Ccr2-deficient mice (CCR2/rfP) (B6.129(Cg)Ccr2tm21fe/) #SN17586), Cx3cri-deficient mice
(Cx3cr16fP/Gfe)  (B6.129P2(Cg)-Cx3cr1t™titt/)  #SN5582), Cx3crlcre®®™ mice (B6.129P2(C)-
Cx3cr1tm2-1(cre/ERT2)ung/)  #SNO20940), reporter ~ ROSA26-tdTomato  mice  (B6.Cg-
Gt(ROSA)26Sortm(CAG-tdTomato)Hze/) - 45NO07909), and LysMCre mice (Lyz2tmicrelfo  #SN4781)
were initially purchased from the Jackson Laboratory. We also used reporter DsRed mice with
expression of fluorescent DsRed driven by the actin promoter (Casanova-Acebes et al., 2013).
Cer2ff mice (Willenborg et al., 2012) were generated by the insertion of 2 loxP sites flanking
the entire coding sequence of Ccr2 followed by an eGFP cassette. In these mice, Cre-mediated
recombination causes functional knockout of Ccr2 and activates the expression of eGFP. In all
the studies we used littermate mice either cre* (with Ccr2-deficient monocytes) or cre’
(corresponding control genotype). For experiments, we used heterozygous Ccr2/*Cx3cr16FP/+
mice and Cx3crlcrefRT2:ROSA26-tdT mice. Colonies of these mice were maintained under SPF
conditions at the animal house of the School of Medicine of the University of Barcelona, except
for Ccr2/ mice, Cx3cr1FP/SFP mice, and DsRed mice that were maintained at the animal
house of the Faculty of Psychology of the University of Barcelona under conventional housing
conditions in a controlled environment (temperature and humidity, under a 12h light/dark
cycle) where the mice were free of nasty pathogens. Animal work was conducted following the
Catalan and Spanish laws (Real Decreto 53/2013) and the European Directives. We obtained
approval by the ethical committee (Comité Etic d’Experimentacié Animal, CEEA) of the
University of Barcelona and the local regulatory bodies of the Generalitat de Catalunya.

Brain Ischemia

Surgery for induction of ischemia was carried out in adult (3-5 month old) male and female
mice under isoflurane anaesthesia (lsovet, BBraun) and mice received analgesia
(buprenorphine, 140 uL of a 0.015 mg/mL solution, via s.c.). Permanent occlusion of the
middle cerebral artery (MCAo) was induced by coagulation of the distal portion of the right
MCA together with ligation of the ipsilateral common carotid artery. This experimental model
induces a focal cortical lesion in the ipsilateral hemisphere. The mouse brain was studied with
MRI (7T, BioSpec, Bruker BioSpin, Ettlingen, Germany) using T2w turbo RARE fast spin-echo
sequences. Images were obtained using ParaVision 6.0 software (Bruker). Infarct volume was
measured with Imagel and was corrected for edema (Gerriets et al., 2004).

Behavioural tests

For the Pole test, we used a size of 0.8 cm in diameter and 50 cm in length with stretch marks
in order to avoid sliding. Mice received preoperative training during the week prior to surgery
and the tests were performed at different time points after ischemia following a published
procedure (Balkaya et al., 2013). Briefly, the score was obtained from the average of five trials
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per day with a 5-min inter-trial period during the training and testing sessions. The best
average of the five trials obtained during the training days was used as the basal score.

For the Rotarod test, mice were habituated to Rotarod (Rota-Rod/RS Panlab Harvard
apparatus), and training during the week prior to ischemia and testing after ischemia were
conducted essentially as described (Balkaya et al., 2013), with the following modifications. We
carried out three trials on an accelerating rod, starting at 4 rpm with an increasing acceleration
of 1 rpm each 8 seconds with 15 minutes of rest between the trials. The latency before failing
was taken as the average of the three trials. The best training day average was taken as the
basal score.

Flow Cytometry

Mouse blood and brain tissue were processed for flow cytometry as described (Miro-Mur et
al., 2016). Fc receptors were blocked by previous incubation for 10 min with CD16/CD32
(#553142, clone 2.4G2, BD Pharmingen) in FACS buffer (PBS, 2 mM EDTA, 2% FBS) at 4 °C.
Live/dead Aqua cell stain (#L34957, Molecular Probe, Invitrogen) was used to determine cell
viability. Cells from CCR2-rfp*/- CX3CR1-gfp*/~ double knock-in reporter mice were stained with
the following mix of primary antibodies: CD11b (#557657, clone M1/70, APC-Cy7, BD
Pharmingen), CD45 (#564225, clone 30-F11, Brilliant Violet 786, BD Horizon), Ly6G (#560601,
clone 1A8, PE-Cy7, BD Pharmingen), F4/80 (#65-4801, clone BMS8, PerCP-Cy5.5, Tonbo
Biosciences), Ly6C (#48-5932-82, clone HK1.4, eFluor-450, eBioScience), CD115 (#135509,
clone AFS98, APC, Biolegend), CD3 (#557869, clone 17A2, Alexa Fluor 647, BD Pharmingen),
CD45R (#560472, clone RA3-6B2, V450, BD Biosciences), CD161 (#65-5941, NK1.1, clone
PK136; PerCP-Cy5.5, Tonbo Biosciences) and y8TCR (#25-5711-82, clone GL3, PE-Cy7,
eBiosciences). Live brain cells from CCR2f/f-¢GFP | ysMcre mice were stained with anti-CD11b,
anti-CD45, anti-Ly6G, anti-CD115 and anti-Ly6C. Blood, BM and spleen cells from
LysMcre:Rosa26-tdT mice were stained with the antibodies against CD11b, CD45, Ly6G, CD115
and CD192 (CCR2) (#FAB5538F, clone 475301, Fluorescein, R&D systems). All antibodies
incubations were done in FACS buffer and mouse BD Fc block for 20 min at 42C. Intracellular
staining for Arginase-1 was carried out with the antibody anti-Argl (#IC5868P, sheep
polyclonal, PE, R&D systems) after fixation/permeabilization (#554714, BD Cytofix/Cytoperm).
Data was acquired in a BD LSRIlI cytometer using the FacsDiva software (BD Biosciences, San
Jose, CA, USA). Data analyses were performed with Flowlo software (version X, Flowlo LLC,
Ashland, OR, USA).

Cell sorting

Microglia and Ly6C" monocytes were isolated from the brain of adult CX3CR1cre®R72-ROSA26-
tdT mice using Fluorescence Activated Cell Sorting (FACS). Cortical brain tissues were collected
in cold HBSS buffer (w/o Ca?* and Mg?, #14175-053, Thermo Fisher Scientific) in GentleMACS
C tubes (#130-092-628, Miltenyi Biotech). The brain cortex tissue was enzymatically
dissociated using the Neural Tissue Dissociation Kit (P) (#130-092-628, Miltenyi Biotec).
Programs m_brain_01, m_brain_02 and m_brain_03 of the gentleMACS™ Dissociator (#130-
096-427, Miltenyi Biotec) were progressively applied and samples incubated at 372 for 30 min.
The digested tissue was subsequently filtered twice with 70 um and 40 um cell strainers
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(#352340, Falcon) and washed with HBSS (w/ Ca®* and Mg?*, #14025-092, Thermo Fisher
Scientific). Cells were separated from myelin and debris by 30% isotonic percoll gradient (#17-
0891-01, GE Healthcare) in Myelin Gradient Buffer (3.56 g/L Na,HPO4-12H,0, 0.78 g/L NaH,PO,
-2H,0, 8 g/L NaCl, 0.4 g/L KCl, 2 g/L D(+)-glucose, pH 7,4). Samples were centrifuged at 950 xg
for 30 min without acceleration or brake. Cells were collected from the interface, washed once
with FACS Stain Buffer (#554656, BD Biosciences), stained in presence of mouse BD Fc block,
live/dead Aqua cell stain and the anti-CD11b, anti-CD45, anti-Ly6G and anti-Ly6C antibodies for
20 min at 42C, and processed for FACS in a FACSAriall sorter (BD Biosciences). Sorted CX3CR1M
microglia and Ly6C" monocytes were recovered in PBS-DEPC at 42C, centrifuged and lysed in
0.3 ml of Lysis buffer (#46-6001, Invitrogen) supplemented with 1 % B-mercaptoethanol.

Isolation and administration of reporter monocytes

We isolated adult mouse monocytes from the bone marrow of DsRed or CCR2"/"P mice were
isolated with a kit (EasySep™ Mouse Monocyte Isolation Kit; #19861, STEMCELL Technologies).
We crushed bones with a scalpel and flushed the cells from the femur and tibia in RPMI 1640
(#21875-034, GIBCO) supplemented with 2% FBS (FBS; Gibco-BRL) using a syringe with a 25-
gauge needle. We removed cell debris by filtering the suspension through a 70-um mesh nylon
strainer and we centrifuged at 300x g for 5 min. After discarding the supernatant, we
resuspended the cells in 2mL of PBS containing 2% FBS with 2mM EDTA supplemented with 5%
Normal Rat Serum. Then, we incubated the cell suspension with Selection Cocktail in a tube at
100 pL/mL at 42C during 5 min. RapidSpheres™ were added to the sample (100 pL/mL) for 3
min in the refrigerator. Finally, the tube with the sample was placed in the magnet and
monocytes were obtained by negative selection. 1.5 million cells were resuspended in 200 pl
of PBS and were injected in the mouse tail-vein 6 hours after pMCAo. Administration was
carried out after randomizing the mice and in a blinded fashion.

RNA extraction and process

RNA was extracted from samples of FACS-sorted Ly6C" monocytes and FACS-sorted CX3CR1M
microglia with PureLink™ RNA Micro Kit (#12183016, Invitrogen) by following manufacture
indications with the exception of a minor modification. RNA was precipitated with 70% ethanol
overnight at -20 2C. To avoid genomic DNA contamination a DNAse step was performed. RNA
quantity and purity were assessed with the High Sensitivity RNA ScreenTape® (The Agilent
2200 TapeStation system) and we obtained a range of RNA from 200-1600 pg/ul. We also
extracted RNA from the cortical brain tissue using Trizol® Reagent (Life Technologies) followed
by the PureLink™ RNA Mini Kit (#12183018A, Invitrogen). In this case, we assessed the RNA
quantity and quality using a ND-1000 micro-spectrophotometer (NanoDrop Technologies).

Total RNA was reverse-transcribed using a mixture of random primers (High Capacity cDNA
Reverse Transcription kit, Applied Biosystems, Foster City, CA, USA, #4387406). For RNA
obtained from brain tissue, 1,000 ng of total RNA were reverse-transcribed and the final
product was diluted 6 times in RNAse-free water. For samples of FACS-sorted cells, cDNA was
pre-amplified (TagMan® Pre Amp Master Mix (2x) #4384266) in order to obtain enough cDNA
for real-time-PCR. The preamplification step was carried out using a pool of TagMan probes
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and the final pre-amplified product was diluted 20 times with tris-EDTA buffer pH 8.0
(#BP2473, Fisher Bioreagents).

Real-time quantitative RT-PCR analysis was carried out with Tagman system (#4304437, Life
Technology, Carlsbad, CA, USA) or by SYBR green | dye detection (#11761500, Invitrogen) using
the iCycler iQTM Multicolor Real-Time Detection System (Bio-Rad). Primers are listed in
Supplementary Table S1. For Tagman system, the gPCR conditions were 2 min at 50°C, 10 min
at 95 °C followed by 40 cycles of 15 s at 95 °C and finally 1 min at 60 °C. For SYBR green system,
PCR primers were designed with Primer-Blast software of PubMed to bridge the exon-intron
boundaries within the gene of interest to exclude amplification of contaminating genomic
DNA, and were purchased from IDT (Conda, Spain). Optimized thermal cycling conditions for
SYBR green assays were as follows: 2 min at 50 °C, 10 min at 95 °C followed by 40 cycles of 15
sec at 95 °C and 1 min at 60 °C and finally 1 min at 95 °C, 1 min and 10 s at 55 °C. Data were
collected after each cycle and were graphically displayed (iCycler iQTM Real-time Detection
System Software, version 3.1, Bio-Rad, Hercules, CA, USA). Quantification was performed by
normalizing cycle threshold (Ct) values with the HPRT1 or GAPDH or Rpl14 housekeeping gene
Ct, and analysis was carried out with the 2-AACT method.

Administration of FITC-albumin

For visualization of patent brain vessels, at the time of euthanasia we injected a fluorescent
dye to the mice following a reported protocol, with modifications (Steinman et al., 2017). Mice
were anesthetized with isoflurane and were perfused through the heart with 20 mL of PBS
containing 0.1% heparin at room temperature (RT) and then with 20 mL of 4% (w/v)
paraformaldehyde (PFA) at RT diluted in phosphate buffer (PB) pH 7.4, at 5 mL/min. This was
followed by perfusion with 20 mL of a fluorescent gel previously prepared as follows: 400 mg
of gelatin (Sigma, # G1890) were diluted in 20 mL of PBS at 502C. When the temperature of the
solution dropped below 40 2C, 10 mg of FITC-albumin (Sigma, #A9771) was added, and the
temperature was maintained at 37 2C until perfusion of the mice. After perfusion, mice were
placed with the head down on ice to rapidly cool and solidify the gel. The brain was carefully
removed from the skull after 15 min of cooling, and it was post-fixed in 4% PFA in PB at 42C
overnight.

Immunofluorescence

Mice were transcardially perfused via the left ventricle with 40 mL of cold saline followed by
20 mL of cold 4% PFA diluted in PB pH 7.4. The brain was removed, fixed overnight with the
same fixative, and immersed in 30% sucrose in PB for cryoprotection for at least 48h until the
brains were completely sunk to the bottom of the tube. Then brains were frozen in isopentane
at -40 °C. Cryostat brain sections (14-um thick) were fixed in ethanol 70%, blocked with 3%
normal serum, and incubated overnight at 4°C with primary antibodies: rabbit polyclonal
antibodies against glial fibrillary acidic protein (GFAP) (1:400, #Z0334, Dako) or pan-laminin
(1:100, #20097, Dako); goat polyclonal antibodies against PDGFRB (1:100, #AF1042; R&D) or
Arginase-1 (1:100, #SC-18354, Santa Cruz Biotech.); rat monoclonal antibody against CD68
(1:100, #MCA195, BioRad) or CD31 (1:50, #550274, BD Pharmingen). To amplify the signal of
the DsRed cells we used a goat polyclonal anti-DsRed antibody (#sc-33354, Santa Cruz
Biotechnology, Inc.) diluted 1:100. The secondary antibodies were: Alexa Fluor 488, 546, or
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647 (Molecular Probes; Life Technologies S.A.) diluted 1:500. Cell nuclei were stained with
DAPI or To-Pro3 (Invitrogen). Images were obtained in a confocal microscope (TCS SPE-II
microscope from Leica Microsystems). Images were not further processed except for
enhancing global signal intensity in the entire images for image presentation purposes using
LAS software (Leica), Imagel, or Adobe Photoshop.

After immunofluorescence, we sampled a representative zone of the infarcted brain tissue by
analysing three sections separated from each other by a thickness of 1-mm (starting at 1.7 mm
from Bregma). We estimated the density of FITC-albumin* vessels by measuring the % of FITC*
area in 12 different regions-of-interest (ROIs) per section. ROIs were as follows: 3 ROIs within
the infarcted core, 2 ROIs in the periphery, 1 ROl in the distant non-affected cortex, and
corresponding mirror ROIs in the contralateral hemisphere. The area of each ROIs was 0.4
mm?. Images were obtained with the 20x objective of a microscope (Olympus BX51) with
motorized stage (Prior Pro Scan Il) and equipped with a digital camera (Olympus DP71). FITC*
vessel segmentation was achieved by manual thresholding using Imagel. Results of the
measures of the different ROIs per mouse were averaged to obtain values representative of
each animal. Quantification was carried out in a blinded fashion using a coding system that did
not reveal the identity of the experimental groups.

Free-floating immunostaining and brain clearing

To obtain a global view of vessel density in the affected tissue we perfused the mice with FITC-
albumin hydrogel as described above and the brain was sectioned in two coronal parts at the
level of +1.5 mm from Bregma. The anterior part was cut in 100-um thick coronal brain
sections with a vibratome (VT1200S, LEICA), and we carried out free-floating immunostaining.
The posterior coronal section (1.6 mm-thick) was clarified as described (Lugo-Hernandez er al.,
2017). Basically, the tissue was dehydrated in different gradients (30%, 60%, 80% and 100%) of
tetrahydrofuran (Sigma-Aldrich) and clarified with dibenzyl ether (DBE) (Sigma-Aldrich). After
this process, the thickness of the tissue was reduced to 0.7 mm. For image acquisition the
cleared brain tissue was dipped in DBE and studied in a confocal microscope (Zeiss LSM 880).
Image series with the field size resolution of 512x512 pixels were acquired along the tissue
thickness with a motorized stage with 3.2 um steps in the Z direction to produce a final “Z
stack”. . We used a 10X 0.4 NA objective and a master pinhole size set to 1.0 AU, and the tissue
was excited using a 488 nm laser. The images were acquired in a bidirectional sweep system at
9 um/s with a line average of 2. For section alignment we carried out a 9 % overlap correction.
In order to compare the 3D images of the different samples, we generated the maximum
intensity projection of a 451-um thick slice equal for each sample.

Statistics

Two-group comparisons were carried out with two-tailed Mann—Whitney test or t-test, as
required after testing for normality. Multiple groups were compared with one-way ANOVA or
Kruskal-Wallis test, or two-way ANOVA, followed by post-hoc analysis. Correction for multiple
t-test comparisons was carried out. The specific tests used in each experiment, p values, and n
values are stated in the Figure Legends. Statistical analyses were performed with GraphPad
Prism software version 8.2.0. In experiments designed to study differences in stroke outcome
between genotypes, sample size was calculated using G*power 3.1 software (University of
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Dusseldorf) with an alpha level of 0.05 and a statistical power of 0.95. The effect size d was
estimated at 1.3, 1.1, and 1.8 for a change of 30% based on prior information on mean and SD
infarct volume, rotarod time, and pole time, respectively, for wild type mice subjected to
ischemia by the same researcher. According to this information we estimated a sample size of
15-20 mice per group.

RESULTS

Complex populations of peripheral leukocytes with various levels of CCR2 and/or CX3CR1
expression infiltrate the ischemic brain

We characterized the subpopulations of monocytes infiltrating the ischemic brain tissue in
heterozygous Ccr2"™/*Cx3cr18®/+ double knock-in reporter mice using flow cytometry and
confocal microscopy. Circulating leukocytes express different degrees of CCR2 and CX3CR1.
Ly6C" monocytes are CCR2* and show bright red fluorescence (RFP) whereas Ly6C'oW
monocytes express CX3CR1 and thus show green fluorescence (GFP) (Saederup et al., 2010).
CD459MCD11b%™ microglia express higher levels of CX3CR1 than monocytes and do not
express CCR2, thus they showed very bright green fluorescence and did not show red
fluorescence (Fig. 1, Supplementary Fig. S1 and S2). At day 4 post-ischemia, infiltrating red cells
dominated in the core and borders of infarction whereas microglia predominated at the
border and periphery of the lesion (Fig. 1A). Infiltrating leukocytes with diverse mixtures of
either red fluorescence or low green fluorescence, or both, with or without CD68 expression,
were detected in the ischemic tissue (Fig. 1B). Fluorescent leukocytes persisted 15 days post-
ischemia, where among other cells we observed very bright RFP* leukocytes with morphology
compatible with lymphocytes (Supplementary Fig. S3). These cells were prominent within the
ischemic tissue and at the meningeal zone suggesting that CCR2* leukocytes reached the
injured brain tissue for long after stroke onset. Four and 15 days post-ischemia, we identified
subsets of RFP* leukocytes positive for Arginase-1 (Argl), a marker of alternative macrophage
polarization, whereas Argl®™ immunofluorescence was not detected in microglia
(Supplementary Fig. S4). Altogether, these results show brain invasion by a complex
population of leukocytes composed of several subtypes of cells with different phenotypes and
expressing CCR2 and/or CX3CR1 with various intensity degrees.

In order to further characterize the phenotype of the fluorescent cells, we studied the ischemic
brain tissue by flow cytometry from 3h to 15 days post-ischemia (Fig. 1C, D, Supplementary
Fig. S1 and S2). Leukocyte infiltration progressively increased with maximal peaks of
neutrophils (CD45"CD11b*Ly6G*) at day 1, monocytes (CD45"CD11b*Ly6GLy6C*) and
macrophages (CD45"CD11b*Ly6GF4/80%) at day 4, and maximal numbers of lymphoid cells
(CD45MCD11b), particularly T cells (CD45MCD11b°CD3*), at day 15 (Fig. 1C). The majority of
infiltrating Ly6C" monocytes was double-positive for RFP and showed low levels of GFP at all-
time points, whereas Ly6C'°" monocytes showed a time-dependent shift towards GFP* and
they lost RFP expression, and similar results were found for F4/80* macrophages (Fig. 1D).
Infiltrating neutrophils were RFP™ and the vast majority of these cells did not express GFP
either (Supplementary Fig. S2). In addition to myeloid cells, several lymphocytic populations
express CCR2 or CX3CR1 (Ruth et al., 2001; Bakos et al., 2017). Accordingly, we detected RFP*
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lymphoid cells in the ischemic brain tissue. Most B cells (CD45"CD11b"CD45R*) were double
negative for RFP and GFP, but we detected RFP*GFP" infiltrating T cells from the first hours
post-ischemia and becoming particularly prominent at day 15 (Fig. 1D). Furthermore, about
one-half of the infiltrating y& lymphocytes (CD45MCD11b7y8-TCR*) and NK cells (CD45MCD11b"
NK1.1*) were also RFP*GFP". Therefore, the group of CCR2* leukocytes infiltrating the ischemic
brain tissue is a heterogeneous and dynamic population of leukocytes including monocytes
and lymphoid cells.

CCR2-deficiency in monocytes reduces monocyte infiltration to the ischemic brain tissue
without affecting the recruitment of other leukocytes

To investigate the function of infiltrating CCR2* monocytes we induced selective CCR2 deletion
in myeloid cells by crossing LysMcre* mice with floxed Ccr2 (Ccr2/f) mice that express
reporter eGFP (Fig. 2A) (Willenborg et al., 2012). CCR2 deficiency is restricted to mononuclear
myeloid cells (CD11b*CD115*Ly6G") (Fig. 2B) since the highest LysMcre recombination takes
place in myeloid cells (Supplementary Fig. S5) but it is low in microglia (Goldmann et al., 2013),
and the expression of CCR2 is low in neutrophils and microglia (Supplementary Fig. S1 and S2).
We induced ischemia in Ccr2f/fLysMcre* mice and Ccr2f/flLysMcre littermates, which were
used as the control genotype (Fig. 2A). Studying the brain tissue by flow cytometry (Fig. 2C)
showed ischemia-induced strong infiltration of Ly6C" monocytes to the injured tissue at day 1,
whereas Ly6C'® monocytes were minority at this time point (Fig. 2C, D). Compared with mice of
the control genotype, Ccr2/fiLysMcre* mice showed reduced brain infiltration of Ly6C" and
Ly6C'® monocytes 24h post-ischemia (Fig. 2D). Absence of CCR2 in monocytes did not cause
significant modification in the infiltration of neutrophils (Fig. 2D) or lymphocytes
(Supplementary Fig. S6).

Brain Ccl2 mRNA expression increased 24h post-ischemia and declined afterwards showing
that the CCL2/CCR2 axis was mainly involved in monocyte recruitment during the acute phase
of stroke but it was dispensable at chronic phases. Up-regulation of Cc/l2 mRNA expression in
the ischemic brain tissue was not affected in Ccr2f/flLysMcre* mice (Fig. 2E). These experiments
showed that CCR2* monocytes rapidly infiltrate the ischemic brain tissue in response to
chemoattraction through the CCL2/CCR2 axis, and mice with CCR2-deficient monocytes
showed reduced monocyte infiltration to the ischemic brain tissue.

Absence of CCR2* monocytes impairs stroke neurological outcome

We then investigated whether reduced infiltration of monocytes affected stroke outcome. The
volume of infarction was similar in Ccr2/fLysMCre* mice than the corresponding
Cer2/fiLysMcre” controls (Fig. 3A, B). Given that we found no significant differences between
male and female mice in infarct volume after ischemia we pooled mice of both sexes in the
following studies. In another group of mice, we studied infarct volume by MRI and the
neurological function up to 15 days post-ischemia. In this experiment, again we did not
observe differences in the volume of the lesion 1 or 15 days post-ischemia (Fig. 3C). However,
the neurological function was more impaired in the mice with CCR2-deficient monocytes, as
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shown by the poorer performance in the Pole test (Fig. 3D) and the Rotarod test (Fig. 3E).
These results illustrate a beneficial role of CCR2* monocytes in brain ischemia.

Effect of CCR2* monocytes in mRNA expression of genes related to inflammation and
angiogenesis

Ischemia induced an acute inflammatory reaction highlighted by increased mRNA expression
of cytokines, like //1b and /l6, one day post-ischemia that decreased in the following days (Fig.
4A,B). Pro-inflammatory gene expression was accompanied by the expression of genes that are
considered hallmarks of M2 alternative macrophage activation (Loke et al., 2002), such as Chil3
(YM1) and Arg1 (Fig. 4A,B). Compared to the control genotype, the mice with CCR2-deficient
monocytes showed reduced mRNA expression of //1b and /6, but also Arg1 and Chil3 one day
post-ischemia (Fig. 4A,C). However, these mice showed a delayed exacerbated inflammatory
response, highlighted by increased mRNA expression of //1b, amongst other genes, 15 days
post-ischemia (Fig. 4A,C).

Given that monocyte-derived macrophages participate in tissue repair and regeneration in
different organs (Mantovani et al., 2013; Das et al., 2015), we evaluated the mRNA expression
in brain tissue of different growth and pro-regenerative factors. Ischemia generally increased
most of the factors studied (Fig. 4A,B). Angiogenesis is an important process to heal the injured
tissues. The expression of angiopoietin gene Angpt2 increased one day post-ischemia and the
effect was attenuated in mice with CCR2-deficient monocytes, whereas Angptl expression was
higher in the latter group (Fig. 4A,C). The vascular endothelial growth factor (VEGF) signalling
pathway is a potent stimulator of angiogenesis (Shibuya et al.,, 2011; Eming et al., 2014).
Expression of Vegfa and the VEGF receptors, Flk1 (Kdr, VEGFR2), and Flt4 (VEGFR3) increased 1
and/or 4 days post-ischemia (Fig. 4A, B), but the effect was attenuated in mice with CCR2-
deficient monocytes suggesting a reduced angiogenic capacity (Fig. 4A,C). Macrophages can
induce pro-angiogenic functions by signalling to pericytes (Minutti et al.,, 2019). Ischemia
reduced the mRNA expression of Pdgfbr and Pdgfb mRNA and increased the expression of Acta
MRNA, encoding for a-smooth muscle actin (a-SMA) (Fig. 4A,B). The ischemia-induced changes
in pericyte-related genes were less prominent in mice with CCR2-deficient monocytes (Fig.
4A,C). Altogether, the gene expression study suggested a contribution of CCR2* monocytes to
angiogenesis after brain ischemia. Also, the observation of differences between genotypes in
gene expression of both pro-inflammatory and pro-repair genes indicated that there could be

different functionally heterogeneous subsets of infiltrating CCR2* monocytes.
Gene expression in Ly6C" vs. microglia

Ly6CMCCR2* monocytes are pro-inflammatory (Miré-Mur et al., 2016). However, expression of
VEGFR-1 has been detected in monocytes (Sawano et al., 2001), and there are subsets of pro-
angiogenic VEGFA*CCR2*Ly6C" monocytes (Willenborg et al., 2012). In order to obtain
information about the features of the infiltrating Ly6C" monocytes, we isolated them from the
ischemic brain tissue one-day post-ischemia by fluorescence-activating cell sorting (FACS). We
obtained RNA from the sorted cells and studied gene expression. For comparative purposes,
we also sorted microglia from the same ischemic brains, and obtained control microglia from

naive mice. We conducted this study using a lineage-tracing strategy in Cx3crlcre®R72:Rosa26-
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tdT mice. Ischemia was induced after three-weeks of washout following tamoxifen
administration to allow turnover of circulating fluorescent monocytes while fluorescent
microglial cells persist because they are long living cells (Parkhurst et al., 2013). The flow
cytometry gating strategy for cell sorting is shown in Supplementary Fig. S7. We validated that
Ccr2 expression was higher in the sorted Ly6C" monocytes than microglia whereas the typical
microglia marker Tmem119 was virtually undetectable in Ly6C" monocytes (Fig. 5A). Ly6Ch
monocytes showed higher expression of //1b than microglia from the ischemic brain and a
tendency to higher //6, but not Tnfa (Fig. 2A). Notably, Ly6C" monocytes showed considerable
higher expression than microglia of the M2 genes Chil3 and Arg1 (Fig. 5A). Furthermore, Ly6CM
monocytes overexpressed Vegfa and its receptor Flt1 compared to microglia (Fig. 5A),
suggesting that subsets of infiltrating CCR2*Ly6C" monocytes may have pro-angiogenic
features. Given the observed expression of Argl mRNA in Ly6C" monocytes, we studied
Arginase-1 (Arg-1) expression by intracellular flow cytometry one-day post-ischemia. A subset
of Ly6C" monocytes (15%) was positive for Arg-1 in the ischemic brain tissue but not in the
blood (Fig. 2B) showing that the population of infiltrating Ly6C" monocytes includes cells with
diverse phenotypes.

Involvement of CCR2* monocytes in angiogenesis

Down-regulation of pro-angiogenic gene expression in the ischemic tissue of mice with CCR2-
deficient monocytes (Fig. 4) and expression of Vegfa mRNA in Ly6C" monocytes (Fig. 5) led us
hypothesize that infiltrating CCR2* monocytes may promote angiogenesis. To identify whether
the ischemic tissue contained patent vessels post-ischemia, we perfused the mice through the
heart with a FITC-albumin-based gel at the time of euthanasia and examined FITC* vessels at
different time points post-ischemia (Fig. 6A). Ischemia caused a reduction of patent vessels in
the core of the lesion at day 1, but this effect was attenuated at day 8 due to the presence of
FITC* vessels within the core of the lesion. Of note, this latter effect seemed to be attenuated
in mice with CCR2-deficient monocytes. The lesion core contained CD68" macrophages and
was surrounded by a GFAP* astroglial scar (Fig. 6B). FITC* vessels were CD31* and were
surrounded by a prominent basal lamina (pan-laminin*) and PDGFBR* scaffold-like structures
(Fig. 6C, D). We measured FITC* vessel density in different regions of the brain of
Cer2/fiLysmcre* mice and Ccr2fflLysMCre™ mice 8 days post-ischemia. Notably, mice with
CCR2-deficient monocytes showed reduce density of FITC* patent vessels in the core region
compared to the control genotype. These results show that the presence of CCR2* monocytes
promotes local angiogenesis.

Effects of administration of bone marrow monocytes in the outcome of ischemia

To find out whether bone marrow monocytes from CCR2*/* mice could rescue the detrimental
effects of monocyte CCR2-deficiency, we administered monocytes obtained from the bone
marrow of CCR2*/* mice to Cchf'/f'LysMCre+ mice 6 hours post-ischemia (Fig. 7A). Immature
monocytes initially released from the bone marrow are predominantly Ly6CMCCR2* cells
(Nahrendorf et al. 2007; Miré6-Mur et al., 2016). To study whether the injected monocytes

were present in the brain long after administration, we injected CCR2*/* monocytes obtained
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from the bone marrow of reporter DsRed mice and studied the brain 8 days later. We found
DsRed* cells in the ischemic brain tissue, where they displayed the typical morphology of
macrophages and were mainly associated with the vascular basal lamina and PDGFBR* cells
forming scaffold-like structures (Fig. 7B). We also found endogenous Ccr2”/ monocytes
(Ccr2eefP/eefe) of the recipient mice but, compared to the injected DsRed cells, eGFP*
monocytes were smaller and their morphology was more similar to monocytes than
macrophages (Fig. 7B). This difference could be attributable to later infiltration of CCR27
monocytes, which are unable to respond to the rapid release of CCL2 shortly after stroke
onset.

We then studied whether administration of CCR2** bone marrow monocytes to
Cer2f/fLysMCre* mice modified stroke outcome. For treatment control, Ccr2f/fiLysmcCre* mice
received administration of bone marrow monocytes obtained from mice of the same
genotype. We administered the cells 6 hours after induction of ischemia, measured infarct
volume at day 1, and conducted behavioural tests at days 1, 4 and 8 post-ischemia (Fig. 7A).
Neither infarct volume nor performance in the Pole test and the Rotarod test differ between
treatment groups (Fig. 7C). The treatment did not change gene expression in the ischemic
tissue 8 days post-ischemia (Fig. 7E). Overall this treatment regimen with a single
administration of bone marrow CCR2*/* monocytes was unable to rescue the effects of
monocyte CCR2-deficiency after ischemic stroke.

DISCUSSION

This study shows that complex populations of CCR2* leukocytes, including monocytes and
lymphocytes, infiltrate the ischemic brain tissue. By selectively deleting CCR2 expression in
monocytes using genetically modified mice we found that CCR2* monocytes enhanced the
expression of pro-inflammatory cytokines during the first day post-stroke. In spite of this
effect, CCR2* monocytes promoted resolution of inflammation and limited the functional
impairment during 15 days post-ischemia. This latter finding is in agreement with previous
studies showing a detrimental effect of CCR2 blockade in ischemic stroke (e.g. Gliem et al.,,
2012; Chu et al., 2015; Wattananit et al., 2016; Fang et al., 2018). Our study demonstrates that
this effect is attributable to CCR2* monocytes rather than other populations of CCR2*
leukocytes that also infiltrate the ischemic brain tissue.

Inflammation is regarded as a detrimental response that exacerbates brain damage after
stroke and it is considered as a target for therapeutic intervention (ladecola and Anrather,
2011; Chamorro et al., 2016). However, inflammation triggers subsequent processes involved
in cell migration, proliferation, matrix deposition and tissue remodelling (Eming et al., 2014).
The experimental model of cortical ischemia used in this study by permanent distal occlusion
of the middle cerebral artery induced a sharp peak of pro-inflammatory cytokine expression 1

day post-ischemia that decreased at day 4. CCR2* monocytes infiltrating the ischemic lesion
partly contributed to this effect but they also exerted long term benefits. In line with this
finding, systemic injection of low-dose lipopolysaccharide induces a Ly6C" monocyte response

that protects the brain after transient middle cerebral artery occlusion in mice (Garcia-Bonilla
et al.,, 2018). It is possible that a certain degree of acute inflammation in the injured brain
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tissue was necessary to initiate secondary processes involved in lesion resolution and repair.
The effect of acute inflammation is different from chronic inflammation that delays healing
(Barrientos et al., 2008). Accordingly, several stroke co-morbidities chronically raise the
inflammatory status and worsen stroke outcome (Drake et al.,, 2011). The mice with CCR2-
deficient monocytes showed an attenuated acute inflammatory response but a delayed
increase in pro-inflammatory mediators that may impair tissue repair.

Damage resolution in different organs involves the action of macrophages (van Amerongen et
al.,, 2007). Permanent ischemia causes a strong reduction of blood supply to the ipsilateral
cortex and loss of patent vessels in the core of infarction. However, eight days post-ischemia
we detected an increase in patent blood vessels in the infarcted core where macrophages
were located. This effect was attenuated in mice with CCR2-deficient monocytes, suggesting
the participation of these cells in angiogenesis. Accompanying the expression of inflammatory
molecules, we found that CCR2* monocytes contributed to the tissue expression of genes
involved in angiogenesis and repair. Mice with CCR2-deficient monocytes showed reduced
ischemia-induced upregulation of Vegfa and its receptors, which play crucial functions in
angiogenesis (Shibuya et al.,, 2011; Eming et al., 2014). Likewise, pericytes are critically
involved in angiogenesis (Bergers and Song, 2005) and exert repair functions. For instance,
pericytes promote differentiation of oligodendrocyte precursors favouring remyelination (de la
Fuente et al., 2017). Macrophages signal to pericytes inducing the differentiation to collagen-
producing myofibroblasts involved in tissue re-vascularization and wound healing (Minutti et
al., 2019). Pericytes express low levels of a-SMA (Skalli et al., 1989; Smyth et al., 2018;
Alarcén-Martinez et al.,, 2018) and a-SMA induction in pericytes is taken as a marker of
pericyte-myofibroblast transition (Yang et al., 2019; Minutti et al., 2019). Ischemia reduced the
MRNA expression of Pdgfbr and Pdgfb mRNA and increased the expression of Acta mRNA, and
these effects were mediated, at least in part, by CCR2* monocytes. Therefore, it is possible
that brain CCR2* monocytes favoured pericyte differentiation to pro-angiogenic fibroblasts.
Furthermore, infiltrating Ly6C" monocytes, or some subset of these cells, may display
proangiogenic features because they express Vegfa. Indeed, gene expression in Ly6C" cells
sorted from the ischemic brain tissue showed expression of //1b, Arg1, Chil3, Vegfa and Flt1.
However, it is possible that these various genes were expressed in different subsets of CCR2*
monocytes. In agreement with this view, a subset of the CCR2* monocytes expressing strong
levels of VEGF-A was reported and was found to play a crucial role inducing vascular sprouts
(Willeborg et al., 2012). Also, previous studies showed that monocytes express VEGFR1 (FIt1)
and expression of this receptor is upregulated during differentiation to macrophages (Sawano
et al., 2001). Therefore, our results are compatible with the possibility that infiltrating CCR2*
monocytes contained different functional subsets of cells with some of them being involved in
angiogenesis and tissue repair.

In the ischemic tissue we detected subpopulations of CCR2*CX3CR1* monocytes that may
correspond to ‘intermediate’ monocytes. Several lines of evidence suggest that classical
monocytes can be reprogrammed in situ at the lesion site. In a model of sterile hepatic injury,
classical pro-inflammatory CCR2MCX3CR1'°% monocytes phenotypically convert into non-
classical or alternative CX3CR1"MCCR2'°% monocytes (Dal-Secco et al., 2015). We also observed

that the initial prevalence of infiltrating Ly6ChiCCR2+CX3CR1'°W/’ monocytes in the acute phase
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of stroke shifted towards predominant Ly6C'° populations with different degrees of CCR2 and
CX3CR1 expression at later phases. Furthermore, tissue macrophages, not microglia, expressed
Argl and Chil3, which are markers of alternatively polarized macrophages involved in lesion
resolution (Loke et al., 2002). Despite the strong evidence of pro-reparative functions of some
subset of CCR2* monocytes, administration of bone marrow monocytes from CCR2*/* mice 6
hours post-ischemia to mice with CCR2-deficient monocytes did not restore the alterations
found in these mice. Several factors may contribute to explain this result. First, the number of
infiltrating monocytes after a single administration might be insufficient for complete
restoration of the function. Second, we obtained monocytes from the bone marrow, which
contains mainly immature Ly6CMCCR2* monocytes (Nahrendorf et al. 2007; Mir6-Mur et al.,
2016). The observed phenotypic heterogeneity in the population of brain infiltrating CCR2*
monocytes may include minor subsets of cells with pro-repair capacity that are absent in
monocytes directly extracted from the bone marrow. Thus, immature bone-marrow
monocytes may require some maturation process possibly acquired in the circulation or other
organs acting as reservoirs of specific monocyte subsets with reparative capacity.

In conclusion, this study shows that a complex population of CCR2* leukocytes infiltrates the
ischemic brain tissue, including myeloid and lymphoid cells. Selective deletion of CCR2 in
monocytes reduces ischemia-induced acute brain inflammation but causes a delayed
inflammatory response, reduces angiogenesis and impairs the neurological function. We
identified pro-inflammatory and pro-angiogenic traits in CCR2* monocytes infiltrating the
ischemic brain tissue suggesting that these cells comprise heterogeneous subsets of cells with
diverse phenotypes and functions. Unravelling the phenotypic heterogeneity within the CCR2*
monocyte population infiltrating the ischemic brain tissue can open new avenues to design
monocyte-based therapies for functional recovery after ischemic stroke.
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Fig.1. A complex population of CCR2* and or CX3CR1* leukocytes infiltrate the ischemic brain
tissue. We induced ischemia in the CCR2-rfp* CX3CR1-gfp* double knock-in reporter mice. A)
Confocal microscopy of brain tissue four days post-ischemia (n=3) shows red cells
concentrated in the core of infarction whereas green cells predominated in the infarct
periphery. The highest density of fluorescent cells consisting of a mixed population of green
and red cells is seen at the borders of infarction where some of the fluorescent cells co-localize
with CD68 immunostaining. Microglia cells are very bright GFP* cells mainly located at the
infarct periphery. B) Examples of individual cells with different morphologies showing single
positive (either RFP or GFP fluorescence) and double positive cells. Besides very intense green
microglial cells, in the ischemic hemisphere there are RFP* CD68"and CX3CR1" cells, compatible
with monocyte-derived macrophages. Other infiltrating cells are CD68 and exhibit different
degrees of RFP fluorescence intensity (from high to low) and/or GFP (low or absent). C,D) Flow
cytometry results of cell populations in the contralateral and ipsilateral cortex at different time
points post-ischemia ranging from 3 hours to 15 days (n=3-4 mice per group). Gating strategy
is shown in Supplementary Fig. S1 and S2. The percentage of the different myeloid and
lymphoid cells is shown as a heatmap in (C), and the frequency of CCR2 and CX3CR1 within
each cell population and time point is shown as pie charts in (D). Most Ly6C" cells are CCR2*
CX3CR1" Of note, leukocytes, other than Ly6C" monocytes, also express CCR2. Scale bar: 10

pum.
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Figure 2
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Fig. 2. CCR2-deficiency in monocytes reduces monocyte infiltration to the ischemic tissue.
We conditionally targeted Ccr2 gene expression by Cre-mediated recombination crossing
LysMcre* mice with floxed CCR2 mice (Ccr2™) that express reporter eGFP (Willenborg et al.,
2012). A) The study was conducted in littermate Ccr2"fLysMcre* and Ccr2™fLysMcre™ mice. B)
We verified that blood eGFP* cells in the Cre* mice were CD11b*CD115*Ly6G". C) Gating
strategy to study monocytes and neutrophils in the contralateral and ipsilateral brain
hemispheres after ischemia. D) We studied monocyte subsets infiltrating the brain tissue at
different time points after induction of ischemia, i.e. 1, 4 and 15 days by flow cytometry in
mice of both genotypes (n=5-12 mice per time point and genotype). Ly6C" and Ly6C°
monocytes increased after ischemia in the ipsilateral (ischemic) but not the contralateral
hemisphere. The % of CD45"CD11b"Ly6GLy6C" cells is lower in Ccr2™fLysMcre* mice one day
post-ischemia (Two-way ANOVA by genotype and time point followed by Sidak's multiple
comparisons test, ***p<0.001). The number of Ly6C" monocytes decreases in the ipsilateral
hemisphere in Cre* mice at day 1 (Two-way ANOVA by genotype and brain region followed by
Sidak's multiple comparisons test; ***p<0.001). The % of CD45"CD11b"Ly6G Ly6C® cells also
tend to decrease in cre* mice (Two-way ANOVA by genotype and time point, genotype effect
p=0.06), and the absolute cell number at day 1 is lower in Cre* mice (Two-way ANOVA by
genotype and brain region followed by Sidak's multiple comparisons test; ***p<0.001).
However, the numbers of infiltrating neutrophils (Ly6G*) are no different between genotypes.
E) Ccl2 mRNA expression in the ischemic brain tissue at different time points after ischemia
shows the highest increase at day 1 versus 4 or 15 days, but there are no differences between
genotypes (n=8-14 mice per time group and genotype). Values are expressed as fold versus

non-ischemic contralateral hemisphere of the control genotype.
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Figure 3
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Fig. 3. CCR2* monocytes mediate prevent neurological impairment after ischemic stroke. We
compared stroke outcome in mice with CCR2-deficient monocytes (Ccr2fLysMcre* mice) and
corresponding control littermate mice (Ccr2?fLysMcre™ mice). A) MRI images (T2w) show
infarct volume in female and male mice of both genotypes at different time points for each
mouse. B) MRI infarct volume 1 day post-ischemia in Ccr2"LysMcre” female (n=16) and male
(n=17) mice and Ccr2™fLysMcre* female (n=15) and male (n=19) mice. There were no
differences in infarct volume between sexes or genotypes; two-way ANOVA by genotype
(p=0.212) and sex (p=0.465). C) In an independent group of mice we pooled male and female
mice of each genotype (n=18 Ccr2"LysMcre” mice; n=14 Ccr2fLysMcre* mice) and studied
infarct volume by MRI twice, at 1 and 15 days post-ischemia and conducted behavioural tests
in the same mice at both time points (Group ‘Behaviour’). Again we found no significant
differences in infarct volume due to genotype; two-way ANOVA by genotype (p=0.932) and
time (p<0.001) with a subject matching design (subject effect p<0.001). D,E) The latter group
of mice showed differences in behaviour between groups because the mice with CCR2-
deficient monocytes showed worse performance. D) These mice needed more time to
complete the Pole test (s, seconds) than the control genotype; two-way ANOVA by genotype
(p=0.001) and time (p<0.001) with a subject matching design (subject effect p<0.001) and no
interaction between factors, followed by Sidak's multiple comparisons test that showed
significant differences between genotypes at day 4 (*p=0.020), day 8 (*p=0.015), and day 15
(**p=0.004). E) Also, mice with CCR2-deficient monocytes run less time (s, seconds) in the
Rotarod test that the control genotype, two-way ANOVA by genotype (p=0.036) and time
(p=0.024) and subject matching (subject effect p<0.001) with no interaction between factors,
followed by the Sidak's multiple comparisons test that highlighted significant differences

between genotypes at day 1 (# p=0.05).
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Fig. 4. Myeloid CCR2-deficieny alters gene expression in the ischemic brain tissue. Gene
expression assessed by gRT-PCR in the ischemic cortex of mice with CCR2-deficient monocytes
(Ccr2™iLysMcre*) and corresponding control littermate mice (Ccr2™fLysMcre’) respectively, at
day 1 (n=9 and n=13), 4 (n=9 and n=14), and 15 (n=9 and n=10) post-ischemia. A) Expression of
individual genes after ischemia in mice of both genotypes. Values are expressed as fold versus
the mean value (n=15) of non-ischemic cortex of control genotype. Two-way ANOVA by
genotype and time followed by Sidak’s multiple comparisons test. B, C) Given that we studied
multiple genes (n=31) in the same samples, we carried out a global statistical analysis adjusting
for multiple comparisons using the Holm-Sidak method. (B) Global heatmap of gene expression
values in the control genotype (Ccr2?fLysMcre’) showing changes induced by ischemia at
different time points versus non-ischemic control. Symbols indicate adjusted p value. Values
are expressed as Log2 of fold change versus control. (C) Global heatmap showing the
differences between genotypes at each time point post-ischemia according to multiple t-test.
Values are Log2 of fold change versus corresponding control genotype at each time point. The
analysis identified the largest and more robust changes between CCR2-deficient mice and the
corresponding controls. The observed differences between genotypes for the VEGF- and
pericyte-related genes were not as strong as for pro-inflammatory and M2 genes since the
statistical significance found in individual gene analysis was not sustained after adjusting for
multiple comparisons, which was attributable to the comparatively smaller magnitude of the

former changes. **** p<0.0001, *** p<0.001, **p<0.01, * p<0.05.
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Fig. 5. Brain infiltrating Ly6C" monocytes express pro-inflammatory and pro-repair genes.
We sorted Ly6C" monocytes and microglia (uG) from the cerebral cortex 1 day post-ischemia
(n=3 mice), and control microglia from the cortex of control mice (n=3 mice). The study was
performed in CX3CR1cre-Rosa26-tdT mice with a gating strategy shown in Supplementary Fig.
S7. A) RNA was extracted from the sorted cells and gene expression was studied by qRT-PCR
(n=3 samples per group). We checked the expression of Ccr2 and Tmem119 as markers of
Ly6C" monocytes and microglia, respectively. Expression of //1b is higher in Ly6C" monocytes
compared to microglia in the ischemic brain. Ly6Chi monocytes express higher levels of genes
involved in tissue repair, such as the markers of alternative macrophage polarization Chil3 and
Argl, as well as pro-angiogenic Vegfa and to a lower extent its receptor Flt1. Values are
expressed as fold versus control microglia. B) With intracellular flow cytometry we did not
detect Arg-1* cells in blood Ly6C* monocytes, but we found Arg-1* cells within the Ly6C*
monocytes in the ischemic brain tissue 24h post-ischemia (n=2 per group). Comparisons were
carried out with t-test in all graphs, except for Tnfa mRNA analysed with Mann-Whitney test
because data did not follow normality (Shapiro-Wilk test). &p=0.05; *p<0.05; **p<0.01;
***p<0.001.
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Figure 6
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Fig. 6. CCR2* monocytes promote angiogenesis. Mice were perfused through the heart with
FITC-albumin gel to visualize patent vessels (green) and the brain was studied by
immunofluorescence. A) Z-projection of a 3D-image of clarified brains. The effect of ischemia is
observed (arrow) in the ipsilateral hemisphere showing a cortical zone devoid of patent vessels
at 24h. Patent vessels are seen in the core of the lesion (arrows) 8-days post-ischemia
suggesting angiogenesis that is less apparent in Ccr2™® LysMcre* mice than corresponding
Ccr2?M LysMcre™ mice of the control genotype. B) Schematic drawing of the regions-of-interest
(ROI) used for vessel quantification 8 days post-ischemia: 1: Core; 2: Periphery; 3: Unaffected
cortex in the ipsilateral hemisphere. ROIs 1’, 2’ and 3’ are mirror ROlIs in the contralateral
hemisphere. The core ROl was defined as the CD68" zone containing macrophages. The
periphery was defined as the GFAP" area of astroglyosis limiting the core of infarction. The
unaffected ROl was outside the GFAP" zone. C) Tissue sections were stained with PDGFBR
(red), CD31 (blue) or pan-laminin (blue) to characterize the zone surrounding the vessels. i/
contralateral hemisphere; ii/ FITC* patent vessel in the infarcted core 4-days post-ischemia; iii/
thick patent vessel in the core 8-days post-ischemia; iv/ periphery region 8-days post-ischemia;
v/ string vessel-like structure in the ischemic core 4-days post-ischemia; vi/ thick basal laminae
and vessel walls with some patent vessels in the core 8-days post-ischemia. D) Details of FITC*
patent vessels immunostained with PDGFR or pan-laminin (blue) in the core region 8 days
post-ischemia. i/ vessel penetrating the cortex from the brain surface; ii/ vessel in the cortex.
E) We measured the density of fluorescent vessels in the different ROIs (% of FITC* area per
ROI of 0.4 mm? obtained with the x20 objective) in brain sections of mice of the control
genotype (Ccr2™ LysMcre”) and mice with CCR2-deficient monocytes (Ccr2™ LysMcre*) (n=6
mice per group) 8-days post-ischemia. The latter group showed a significant reduction in the
density of patent vessels within the core of infarction (Two-way ANOVA with subject matching
design followed by Sidak's multiple comparisons test, **p=0.008). Values of each ROI are

expressed as % of corresponding contralateral ROIs. Scale bar: A,B=1 mm; C,D=20 um.
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Figure 7
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Fig. 7. Administration of bone marrow monocytes is not protective. A) Mice with CCR2-
deficient monocytes (Ccr2™fLysMcre*) received i.v administration of bone marrow monocytes
through the tail vein 6h post-ischemia. CCR2* monocytes were obtained from reporter DsRed
mice for microscopic visualization. B) DsRed monocytes (red) are seen in the core of the lesion
8 days post-ischemia (n=5). The images also show endogenous eGFP* monocytes (Ccr28f/efr)
(green) of the recipient Ccr2?/fLysMcre* mice. Images in the first raw are stained with To-Pro3
(blue) to illustrate the cell nuclei. Images in the second raw are stained with PDGFBR (blue).
DsRed monocytes interact with PDGFBR* cells, which form scaffold-like structures. C) Effect of
CCR2* monocyte administration on stroke outcome in Ccr2fLysMcre* recipient mice. For
treatment controls, we administered monocytes obtained from donor mice of the same
genotype as the recipient mice. The size of the lesion was evaluated by T2w MRI at 24h and
behavioural tests were conducted at 1d, 4d and 8d post-ischemia. There were no differences
in behavioural performance in the Pole test or the Rotarod test in Ccr2"fLysMcre* mice
injected with either Ccr2*/* (n=17) or Ccr2”" (n=15) monocytes, as analyzed with two-way
ANOVA by treatment and time with a subject-matching design. Likewise, MRI infarct volume
(%) 24h post-ischemia showed no differences between groups. D) Gene expression 8 days
post-ischemia in the ipsilateral infarcted region of Ccr2™fLysMcre* mice that received
administration of either Ccr2®fLysMcre* monocytes (n=7) (treatment control) or Ccr2**

monocytes (n=7) shows no differences between group (Mann-Whitney test). Scale bar: 10 um.
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Supplementary Fig. S2. CCR2 and CX3CR1 expression in different cells subsets as assessed
with GFP and RFP fluorescence. Following Supplementary Fig 1, GFP and RFP fluorescence in
the ischemic brain tissue (4 days post-ischemia) is shown in the gates of: A) myeloid cells,
including microglia, F4/80 macrophages, neutrophils (Ly6G*), and monocytes (Ly6G™ Ly6C*); B)
lymphocytes, including B and T cells, NKs cells and y3-TCR cells. Microglia are GFP"; F4/80*
macrophages are RFP* GFP*; Ly6G* neutrophils are RFP~ GFP; and Ly6C* monocytes show
different degrees of RFP and GFP. Lymphocytes show major subsets of CCR2* cells and a few
GFP* cells.
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Supplementary S3. Infiltrating leukocytes 15 days post-ischemia. Subpopulations of
leukocytes infiltrating the ischemic brain tissue at day 15 in Ccr2™*Cx3cr1&™* mice (n=3). A
dense layer of very bright gfp* microglia (green) surrounds and clearly delimitates the ischemic
core, which is packed with high density of cells with rfp fluorescence (red), gfp'", and positive
for CD68 (blue). Microglial cells are located at the border of the lesion. They show large cell
bodies with short and thick ramifications. Infiltrating small, round, and very bright rfp*
leukocytes are prominent within the core of the lesion, at the interface between the infarcted
core and also within the peripheral microglial layer, and at the leptomeninges. Scale bar= 20

um.

155



Supplementary-S4

156



Supplementary Fig. S4. Subsets of infiltrating monocytes, but not microglia, express
Arginase-1. Expression of Arg-1 in the Cx3cr18®*Ccr2/* transgenic mice 4 days (A-1) and 15
days (J-K) post-ischemia. Microglial (CX3CR1", intense green fluorescence) cells do not express
Arg-1 (blue), neither in the control tissue (A) nor at the periphery of the lesion (D). In the
border (B) and core (C-1) of the lesion Arg-1* cells are detected in cells with rfp fluorescence
(arrowheads) whereas most gfp* cells do not express Arg-1 (arrows). At 15 days Arg-1* cells are

found in the core of the lesion in cells expressing rfp (red) (J-K). Scale bar: 20 um.
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Supplementary Fig. S5. Cre-recombination and CCR2 expression in different myeloid cells as
assessed in LysMcre:Rosa26-tdT mice. A) Gating strategy to assess the efficiency of LysMcre
recombination in monocytes (CD115*) and neutrophils (Ly6G*) of LysMcre:Rosa26-tdT mice in
blood, bone marrow (MB) and spleen. B) Quantification of LysMcre recombination in
monocytes and neutrophils in the above organs (n=5). C) In spite of very high LysMcre-
recombination in Ly6G* neutrophils, the expression of CCR2 in these cells is very low. In
contrast, CCR2 expression is high in monocytes. Colour code shows the value of MFI: mean

fluorescence intensity.
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Supplementary Fig. S6. Cell counts for infiltrating lymphoid cells in the brain tissue of mice
with CCR2-deficient monocytes one-day post-ischemia. Ischemia was induced in littermate
Ccr2"fLysMcre* mice (mice with CCR2-deficient monocytes, n=5) and Ccr2™fLysMcre- mice
(control genotype, n=4) and the contralateral (contra) and ipsilateral (ipsi, ischemic) cerebral
cortex was studied 1 day later by flow cytometry. Graphs show absolute cell numbers for the
different lymphoid cell populations. Lymphocytes infiltrate the ipsilateral brain hemisphere
after ischemia but we found no statistically significant differences between genotypes (Two-

way ANOVA by genotype and brain region).
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Supplementary Fig. S7 Strategy for FACS cell sorting microglia and Ly6C" monocytes. A) We
used Cx3crlcreff™2:Rosa26-tdT mice that received tamoxifen during one week, followed by 3
weeks of washout prior to FACS cell sorting. B) Flow cytometry plots showing that all red
fluorescent (tdT) cells of the ischemic brain are CD11b%™CD45%™ microglial cells (99.1%). C)
Very few tdT* cells (<1%) are detected in the bone marrow, blood and spleen, and the gates for
monocytes (CD115%) and neutrophils (Ly6G*) show absence of tdT* cells. D) Sorting strategy
from the ischemic and control brain tissue for microglia (CD45%™ Cx3cr1-tdT* cells), and Ly6C"

monocytes (CX3CR1-tdT ee2tve CD45M CD11b" Ly6Greeative Ly6Chi).
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Discussio del primer article:

Els neutrofils formen part del sistema immunitari innat i participen rapidament en la defensa
no especifica davant la preséncia de patogens invasors. Després d’una infeccio, les cél-lules
danyades alliberen senyals que promouen I'atraccié de les cel-lules del sistema immunitari cap
al focus de la lesid i es desencadena una resposta inflamatoria mitjancada per cel-lules i factors
solubles per tal de controlar aquesta situacié. Els neutrofils participen directament en
I'alliberacié d’enzims proteolitics, en la produccié de ROS i en l'activacié del sistema del
complement per combatre la infeccid aixi com també en I'atraccid d’altres cel-lules del sistema
immunitari que desencadenaran una resposta de defensa especifica (Kolaczkowska and Kubes,
2013). Tot i que els neutrofils es consideren beneficiosos davant d’una situacié d’infeccio, una
activacio inadequada pot provocar un dany tissular secundari no desitjat (Nathan, 2006).

Durant molts anys el SNC dels mamifers s’havia considerat immunoprivilegiat degut a
I’abséncia de vasos limfatics cerebrals i per la preséncia de la BHE. En condicions fisiologiques
la BHE limita I'accés dels leucocits al parénquima cerebral. No obstant aixo, diferents
experiments han fet canviar aquest punt de vista i han revelat la preséencia de vasos limfatics
en la duramater i que existeix una interaccié activa entre el sistema nervids i el sistema
immunologic (Kamel and ladecola, 2012; Louveau et al., 2015; Ahn et al., 2019). Aquest fet es
s’ha demostrat després d’estudiar el SNC en condicions patologiques, com per exemple en
malalties autoimmunes on s’observa que els leucocits es poden adherir a les vénules post-
capil-lars activades i infiltrar cap al parénquima cerebral a través de la BHE (Engelhardt and
Ransohoff, 2005).

A diferéncia de les malalties autoimmunes, en la isquemia cerebral, la interrupcié del flux
sanguini impedeix que els leucocits assoleixin el territori isquémic a través de la circulacid,
exceptuant el cas en que existeixi una circulacié colateral o que es produeixi la reperfusié del
vas taponat.

En el present treball s’ha observat que després de després de I'oclusié permanent de I'artéria
cerebral mitja en ratolins es produeix un increment en el nombre de neutrofils en el territori
isquémic pero no en la regid contra lateral, en concordanca amb estudis previs (Garcia et al.,
1994; Chu et al., 2014). A més a més, el nostre estudi demostra que quan el flux sanguini
cerebral no es restableix els neutrofils extravasen a nivell de leptomeninges, a partir d’on
envaeixen els espais de Virchow-Robin dels vasos corticals. A través d’aquesta via els neutrofils
poden arribar fins al territori isquemic.

La meningitis bacteriana provoca una infiltraci6 massiva de neutrofils en les leptomeninges.
També, en condicions de vasculitis cerebral els neutrofils acaben infiltrant al parénquima
cerebral després d’haver-se acumulat en els espais perivasculars (Malipiero et al., 2007). Les
cél-lules afectades per la isquémia cerebral alliberen senyals de perill i quimiocines atraients de
leucocits (Moskowitz, Lo and ladecola, 2010; Chamorro et al., 2012). Es probable que els
mecanismes que controlen I'extravasacié i migracié dels neutrofils cap als espais de Virchow-
Robin en la isquémia cerebral siguin similars als que succeeixen en la meningitis bacteriana
pero de magnitud inferior donat que la isquémia provoca una inflamacid en condicions esterils.
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En condicions fisiologiques i gracies a I'activitat polsatil de les artéries (Hawkes et al., 2014) es
produeix el drenatge del liquid intersticial a través dels espais perivasculars de les arterioles
corticals cap a les leptomeninges i finalment cap a fora del cervell (Cserr, Harling-Berg and
Knopf, 1992; Carare et al., 2008). Després d’un ictus, el drenatge del liquid intersticial i la
capacitat polsatil de les artéries es veuen compromesos (Arbel-Ornath et al., 2013). Aquest fet
suggereix que durant la isquémia cerebral es produeix I'acumulacié en els espais perivasculars
de senyals capacos d’atreure neutrofils.

Quan la isquemia afecta l'escorca cerebral i I'estriat, s’ha observat que els neutrofils
s’acumulen en els espais perivasculars dels vasos corticals de la regid isquémica pero ho fan en
menor grau en els espais perivasculars dels vasos de les regions subcorticals no afectades. A
I’escorca cerebral les arterioles formen una xarxa d’anastomosis vascular complexa que
determina la circulacié colateral, que en canvi no s’observa a l'estriat. A més a més, I'anatomia
vascular dels vasos de I'estriat varia respecte a la dels vasos corticals (Pollock et al., 1997).
Aguests fets condicionen el procés de drenatge del liquid intersticial i també podrien afectar la
migracio dels neutrofils durant I’oclusié arterial.

En un estudi previ en un model d’isquéemia cerebral amb reperfusié es va observar que a
mesura que transcorria el temps després de la isquémia cerebral es produia I'acumulacié de
neutrofils en els espais perivasculars (Enzmann et al.,, 2013). En aquest estudi, pero, els
neutrofils quedaven confinats a I'espai perivascular, entre la lamina basal del parénquima
cerebral i la lamina basal vascular, i no infiltraven al paréenquima cerebral (Enzmann et al.,
2013). D’acord amb aquests resultats en isquémia/reperfusio, en la isquémia permanent en el
present treball també hem observat infiltrats de neutrofils a nivell de les leptomeninges i en
els espais de Virchow-Robin dels vasos perforants. En canvi, a diferéncia dels resultats de
Enzmann et al., 2013, el present treball ha identificat neutrofils extravasats en parénquima del
teixit cortical isquémic . Aquests resultats van en la mateixa direccid que els descrits en un
model d’isquémia cerebral permanent en rata (Chu et al., 2014). Podem suggerir, per tant, que
en funcié de la durada de I'episodi isquemic, els neutrofils poden extravasar cap al parénquima
cerebral. Tot i que no es coneix la via precisa d’arribada de neutrofils als espais de les
leptomeninges, hi ha basicament dues possibilitats. La primera és que extravasin a nivell dels
vasos de les leptomeninges. La segona possibilitats seria que els neutrofils migressin a través
de les connexions descrites recentment que comuniquen el moll de I'os del crani amb les
leptomeninges (Herisson et al., 2018). Des de les leptomeninges, els neutrofils poden viatjar
pels espais perivasculars atrets per quimiocines on participarien en la destruccié de la lamina
basal per accedir al parenquima cerebral (Otxoa-de-Amezaga, Gallizioli, et al., 2019).

Respecte a la capacitat d’infiltrar al parénquima cerebral, en el present treball s’ha suggerit
que els neutrofils poden activar-se en els espais perivasculars on resten atrapats i poden
accedir al parenquima cerebral isquémic després d’haver danyat les barreres parenquimals
tant a nivell de superficie pial, com de les lamines basals dels vasos sanguinis un cop iniciat el
procés de degranulacio i/o formacié de NETs. Encara que els mecanismes que desencadenen el
procés de NETosi no sdn del tot coneguts, els factors com la hipoxia, producciéo de ROS i
preséncia de citocines podrien estar-hi implicats (Fuchs, Brill and Wagner, 2012).
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També hem observat una major infiltracié de neutrofils en el model d’oclusié distal de I’ACM
en comparacié amb el model d’oclusié proximal de 'ACM. Tot i que aquesta observacid podria
suggerir que la cirurgia per si podria estar implicada en I'atraccié de neutrofils, en els animals
operats sense l'oclusié de l'artéria (sham) no s’ha observat aquesta infiltracidé. Aquests
resultats mostren que és la isquémia cerebral qui promou el reclutament de neutrofils.

Les diferencies en els models d’isquémia poden ajudar a explicar també les diferéncies pel que
fa a la infiltracié de neutrofils en els diferents models. Per una banda en I'oclusié proximal de
I’ACM provoca una afectacid de tot el territori de I’ACM a diferéncia del model d’oclusié distal
on només una regié de 'ACM i les seves col-laterals estan obstruides. Per tant, en el model
d’oclusié distal hi continua havent una proporcié de vasos colaterals que poden subministrar
neutrofils a la xarxa d’artéries pials properes a l'infart cortical. Una altra diferéncia important
entre aquests models experimentals és la pressid intracerebral que es pot desenvolupar
després de la isquemia degut a I'edema. En el model d’oclusié distal de I’ACM s’ha realitzat
una craniotomia parcial que pot ajudar a disminuir la pressié intracoronal a diferéncia del
model d’oclusié proximal de I’ACM. L'augment en de la pressiod intracoronal degut a 'edemaia
I’abséncia de la craniotomia pensem que podrien estar impedint el trafic de neutrofils en el
teixit isquémic cortical del model d’oclusié proximal.

Finalment, hem identificat cel-lules polimorfonuclears amb marcadors especifics de neutrofils
(p.e. MPO i elastasa) en teixit post mortem de pacients d’ictus isquemic. Els neutrofils es
troben a les meninges proximals al nucli isquémic, aixi com també en els espais perivasculars i
ocasionalment extravasats en el parénquima cerebral afectat. Limitacions d’aquest estudi
inclouen que el nombre de pacients estudiat és petit, que hi ha heterogeneitat pel que fa a les
regions cerebrals afectades en els diferents pacients, aixi com la falta d’informacié de Ia
perfusid cerebral en el moment de la mort. No obstant aix0, els resultats obtinguts en I'ictus
en humans sén importants perqué donen validesa als resultats obtinguts en els models
experimentals .

Discussio del segon article:

Els macrofags associats a les interficies del cervell (Border-associated macrophages, BAMs) sén
una poblacié de macrofags residents que difereixen de la microglia i dels pericits. Es localitzen
a les leptomeninges, espais de Virchow-Robin i espais perivasculars dels vasos cerebrals pero
no es troben en el parénquima cerebral (Guillemin and Brew, 2004). Degut a la seva
localitzacié, aquestes cél-lules podrien jugar un paper de comunicacié entre el parénquima
cerebral i el sistema immunitari (Lassmann et al., 1993; Holder et al., 2014). No obstant aixo,
les funcions exactes d’aquestes cél-lules encara es desconeixen sobre tot en condicions
patologiques.

En el present treball s’ha posat de manifest la participacid dels BAMs en l'increment de la
permeabilitat vascular, el reclutament de granulocits i la seva contribucié en la disfuncié
neurologica en la fase aguda de l'ictus isquemic. A més a més, s’ha verificat que els BAMs
CD163* provinents del cervell de rata presenten uns trets fenotipics similars als BAMs de ratoli
(Korin et al., 2017; Mrdjen et al., 2018; Van Hove et al., 2019). L'expressié de la majoria dels
gens que caracteritzen fenotipicament aquestes cel-lules no varia significativament 16 hores
post-isquémia, a excepcido de I'augment de Cd38 i Cd44. Tot i que un treball precedent
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considerava que I'expressié de CD44 era un marcador de cél-lules infiltrants en el cervell (Korin
et al., 2017), en el present treball s’ha detectat que els BAMs CD163" obtinguts del cervell de
les rates control expressen Cd44, tal i com s’ha descrit en els BAMs del cervell de ratolins
control (Mrdjen et al., 2018). L'augment de I'expressié de Cd44 que observem en els BAMs
després de la isquemia, també s’havia observat en els BAMs de ratolins sotmesos a un model
d’encefalomielitis autoimmune (Mrdjen et al., 2018). A més, hem detectat que els macrofags
CD163* de rata expressen Siglecl (CD169) i uns nivells baixos d’Aifl (lba-1), en comparacid
amb les cel-lules microglials que no expressen Siglecl i que en canvi expressen nivells més
elevats d’Aif1l.

Els senyals de perill alliberats per les cél-lules que moren per necrosi en la isquémia cerebral
provoquen l'activacié de la microglia (ladecola and Anrather, 2011). A diferéncia de la
microglia, la resposta concreta dels BAMs en aquesta situacié patologica no esta ben
caracteritzada. En el present treball s’ha observat que els BAMs responen a les condicions
d’isquémia promovent canvis en el perfil d’expressioé genica que permeten la seva adaptacio a
les condicions d’hipoxia i adquireixin noves funcions cel-lulars implicades amb la interaccié
amb els components de la matriu extracel-lular i els vasos, promovent respostes inflamatories i
promovent la quimiotaxi de neutrofils. La ubicacié anatdomica d’aquestes cél-lules els confereix
la capacitat de participar en la xarxa de comunicacio entre I'entorn cerebral i la vasculatura. Tal
i com s’ha descrit en el primer treball presentat en la present tesis i més recentment en el
nostre grup (Otxoa-de-Amezaga, Gallizioli, et al.,, 2019), la isquémia cerebral indueix
I’extravasacié de neutrofils des dels vasos de les leptomeninges i aquests s’"acumulen en els
espais perivasculars de la regié cerebral afectada. El present treball mostra que els macrofags
CD163* atreuen els granulocits cap a les leptomeninges i als espais perivasculars en resposta a
la isquémia cerebral. Aquests resultats estan en consonancia amb un estudi que demostra que
la deplecié de macrofags perivasculars redueix la infiltracio de neutrofils cerebrals en un model
d’encefalitis promoguda per una infeccid viral (Steel et al., 2010). A més, també esta descrit
que els macrofags perivasculars participen en el reclutament de neutrofils durant la infeccié
bacteriana de la pell (Abtin et al., 2014).

L'analisi funcional dels gens més expressats en els BAMs CD163* després d'isquémia cerebral
respecte els respectius controls ha posat de manifest l'activacié6 de processos de
neovascularitzacié i de la via HIF-1. Aquest descobriment és coherent amb l'increment de
I'expressié del gen Vegfa regulat pel factor de transcripcidé HIF-1a, descrit com a potent factor
modulador de l'angiogénesi i regulador de l'estat redox cel-lular (Beck and Plate, 2009;
Evangelista et al., 2012). En el teixit cerebral huma post mortem de pacients que havien mort a
les 24 hores després d’haver patit un ictus s’"ha pogut detectar I'expressié de VEGF al voltant
d’alguns vasos cerebrals i en alguns macrofags perivasculars CD163*. Es per aquest motiu que
suggerim que les nostres troballes en models experimentals d’ictus podrien ser valides en
pacients amb ictus isquemics aguts.

La produccié aguda de VEGF esta associada amb un augment de la permeabilitat vascular
(Geiseler and Morland, 2018). En el present estudi, s’ha observat que la deplecié de BAMs
atenua I'expressid de Vegfa induida per la isquémia en l'escorca cerebral, aixi com també
disminueix la isoforma de la proteina segregada, VEGF164, en animals sense BAMs. A més a
més, hem trobat que I'extravasacié del blau d'Evans de vasos pials i corticals induida per la
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isquémia es veu reduida en els animals deplecionats de BAMs, mentre que aquests efectes no
son tant accentuats a les regions subcorticals. Aquest major efecte de la permeabilitat dels
vasos corticals podria ser degut a I’activitat dels macrofags subpials, de la mateixa manera com
succeeix en l'arteriosclerosi, on els macrofags CD163* mostren també un augment en
I'activacié d’HIFla i expressié de VEGF i promouen un increment en la permeabilitat vascular i
el reclutament de cél-lules inflamatories (Guo et al., 2018).

Els macrofags perivasculars estan implicats en el manteniment de la funcié de barrera vascular
a la periféria en condicions fisiologiques (Gupta et al., 2016; He et al., 2016). No obstant,
davant una situacié d’isquemia cerebral, es produeix un canvi en la funcié homeostatica dels
macrofags CD163* degut a la induccid de la via HIF i a la generaciéo de VEGF i mediadors
inflamatoris. Tot i que aquest efecte es produeixi en la fase més aguda de la isquémia cerebral,
no podem excloure que els macrofags perivasculars tinguin un paper vasculoprotector en les
fases més croniques després de la isquemia cerebral.

En el nostre estudi no hem observat diferencies en el volum d’infart 24 h post-isquémia en les
rates deplecionades de BAMs, tot i presentar un nombre reduit de granulocits en el cervell
isquémic. No obstant, el paper dels neutrofils en els diferents models d’isquémia no esta clar.
Mentre que alguns estudis mostren que la deplecié de neutrofils en rates redueix el volum
d’infart (Matsuo et al., 1994), aquest efecte no s’ha reproduit en un model greu d’isquémia i
reperfusid en rates (Harris et al., 2005). El nostre model d’isquémia i reperfusié també
produeix una lesié greu i és possible que la moderada reduccié en el nombre de granulocits
induida per la deplecid dels BAMs no sigui suficient per provocar diferéncies importants en la
mida de la lesié cerebral. En canvi, si que hem observat una millora de la funcié neurologica en
abséncia de BAMs que es podria atribuir al menor reclutament de granulocits i major
preservacio de la integritat vascular pial i cortical després de la isquémia.

Una de les limitacions del nostre estudi ha estat que només vam estudiar la funcié dels BAMs
en les primeres hores després de la isquemia cerebral per evitar possibles factors de confusié
relacionats amb la infiltracié massiva de macrofags que es produeix durant els dies posteriors
de la lesié isquemica (Gelderblom et al., 2009; Chamorro et al., 2012). A més, I'estrategia de
deplecié de BAMs utilitzada en el present treball és transitoria ja que es podria produir una
repoblacié d’aquestes cel-lules a partir de macrofags periferics durant els dies posteriors. Es
per aquest motiu que es requereixen estudis a llarg termini amb diferents estratégies
experimentals per comprendre les conseqiiencies de 'activitat dels BAMs en I’evolucié de la
lesié cerebral i els processos de reparacid, particularment pel que fa a la remodelacié de la
matriu extracel-lular i vascular. Una altre limitacid del present treball és que no va ser possible
separar els macrofags perivasculars dels macrofags pials ja que la piamater es troba fortament
adherida a la superficie cortical i ambdues poblacions expressen CD163 en el cervell de rata.
Finalment, el nostre estudi experimental s’ha realitzat en rates masculines joves, mentre que
Iictus afecta principalment persones d’edat avang¢ada d’ambdds sexes. Els estudis realitzats en
animals envellits i en femelles son també necessaris per comprovar si els BAMs mostren una
resposta similar en aquestes condicions.
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Discussio del tercer article:

En aquest treball s’"ha posat de manifests que després de la isquémia cerebral es produeix la
infiltracié de diferents poblacions de leucocits CCR2*, que consten de monocits i limfocits. El
treball mostra que la infiltracié de monocits CCR2* en el teixit isquemic promou I'expressio de
citocines pro-inflamatories durant el primer dia després de la isquemia. Malgrat aquest efecte
en la fase aguda, els monocits CCR2* promouen la resolucié de la inflamacié i participen en la
recuperacid de la funcié neurologica durant els 15 dies seglients a la isquémia cerebral.
Aguestes Ultimes observacions van en la mateixa direccid tal i com es descriu en estudis previs
on s’utilitzen principalment estratégies farmacologiques per inhibir la funcié de CCR2 (Gliem et
al., 2012; Chu et al., 2015; Wattananit et al., 2016). En el present treball s’ha demostrat que
malgrat el fet que en la lesid isquémica es produeixi la infiltracié de diferents tipus cel-lulars
que expressen CCR2, els efectes observats son atribuibles als monodcits CCR2".

La inflamacid es considera una resposta perjudicial que agreuja el dany cerebral després d'un
ictus i es considera un bon objectiu per intervenir terapéuticament (ladecola and Anrather,
2011; Chamorro et al., 2016). Tot i aix0, aquesta inflamacid inicial, desencadena processos
posteriors implicats en la migracié cel-lular, proliferacid, reorganitzacié de la matriu
extracel-lular i remodelacio tissular (Eming, Martin and Tomic-Canic, 2014).

En el model experimental utilitzat en aquest estudi s’ha observat que durant les primeres 24
hores després de la isquemia cerebral cortical es produeix un increment en I'expressié de
citocines pro-inflamatories i una disminucié d’aquestes 4 dies després. També hem observat
gue els monocits que infiltren en el teixit isquémic contribueixen en la formacié d’'un ambient
pro-inflamatori inicial que al llarg del temps té efectes beneficiosos. De fet, en la mateixa
direccié dels nostres resultats, hi ha treballs que demostren que la injeccidé sistémica d’una
dosi baixa de LPS indueix una resposta protectora per part dels monocits Ly6C" en el cervell
després de la isquémia cerebral transitoria en ratoli (Garcia-Bonilla et al., 2018). En conjunt,
aquests resultats suggereixen la possibilitat de que un cert grau d’inflamacié aguda en el teixit
cerebral afectat podria ser necessaria per iniciar processos secundaris relacionats amb Ia
resolucid i regeneracid tissular.

Esta descrit que la inflamacié aguda difereix de la cronica pel fet que aquesta ultima s’associa a
un retard en la cicatritzacid tissular i un mal pronostic després de I’ ictus (Barrientos et al.,
2008; Drake et al., 2011). Nosaltres hem observat que els animals amb els monocits deficients
en CCR2 presenten una resposta inflamatoria atenuada en la fase aguda i un increment
retardat de I'expressio de citocines pro-inflamatories que podrien interferir amb la reparacio
tissular. De fet, en diferents treballs s’ha demostrat la implicacié dels macrofags en la resolucié
i regeneracio de diferents organs i teixits lesionats (Van Amerongen et al., 2007; Mantovani et
al., 2013).

En el model d’'isquémia cerebral permanent utilitzat en el present treball s’ha observat una
forta reduccié del subministrament sanguini en el cortex afectat. No obstant aixo, vuit dies
després de la isquémia cerebral s’ha detectat un increment de vasos sanguinis capacos de
rebre sang dins el territori del nucli isquémic on també s’hi localitzen els macrofags. La
reduccio en I'expressid de Vegfa i els seu receptor conjuntament amb la disminucié de vasos
presents en el teixit isquémic vuit dies després de la isquemia en els ratolins amb monacits
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deficients en CCR2 suggereix que els monocits CCR2* podrien participar en processos
d’angiogénesis, tal i com s’ha descrit en altres condicions (Shibuya, 2011; Eming, Martin and
Tomic-Canic, 2014).

Altres cel-lules importants en I'angiogénesi sén els pericits que també estan involucrats en
funcions de reparacié tissular (Bergers and Song, 2005) promovent la diferenciacié de
precursors d’oligodendrocits i afavorint la re-mielinitzacié (De La Fuente et al., 2017). Diferents
treballs demostren que els macrofags promouen la diferenciacié dels pericits a miofibroblasts
que produeixen col-lagen i que estarien implicats en la revascularitzacié dels teixits i la curacié
de ferides (Minutti et al., 2019). Els pericits expressen uns nivells baixos de a-SMA (Skalli et al.,
1989; Alarcon-Martinez et al., 2018; Smyth et al., 2018) i la induccié de a-SMA en els pericits
s’utilitza com a marcador de la transicid a miofibroblasts (Minutti et al., 2019). En el present
treball s’ha observat que la isquemia cerebral provoca una disminucié de I'expressié del ARNm
del Pdgfb i del Pdgfbr, i un increment en I'expressié d’Acta mitjangada en part pels monocits
CCR2". Per tant, és possible que els monocits CCR2* infiltrats en el cervell isquémic afavorissin
I’'angiogenesi gracies a la produccié de Vegf i la diferenciacié dels pericits a fibroblasts pro-
angiogenics.

A més a més, en el present treball s’ha observat que les cél-lules Ly6C" obtingudes del cervell
isquémic expressen ll1b, Argl, Chil3, Vegfa i VEGFR1 (FItl). Tot i aix0, és possible que les
mateixes cel-lules no expressin a I'hora tots aquests gens sind que hi hagi diferents
subpoblacions de monocits CCR2*. S’ha descrit que els monocits expressen Fltl i que
I’expressié d'aquest receptor esta regulada durant la diferenciacié a macrofags (Sawano et al.,
2001). També s’ha descrit que hi ha una subpoblacié de monocits CCR2* que expressen uns
nivells elevats de VEGF-A (Willenborg et al., 2012). Aquestes cél-lules juguen un paper crucial
en l'angiogénesi. Per tant, els resultats del present estudi sdn compatibles amb la possibilitat
de que algun subgrup de monocits CCR2* que infiltren en el parénquima cerebral estigui
involucrat en funcions d’angiogenesi i reparacio tissular.

En el teixit isquémic s’ha detectat subpoblacions de monocits CCR2*CX3CR1* que podrien
correspondre a monocits “intermedis”. Diferents treballs suggereixen un canvi fenotipic dels
mondcits  pro-inflamatoris CCR2MCX3CR1¥ a wun fenotip no-classic o alternatiu
(CCR2'°“CX3CR1") en un teixit lesionat (Dal-Secco et al., 2015). Nosaltres hem observat que en
la fase aguda de la isquémia, els monocits Ly6CM"CCR2*CX3CR1'°"" que infiltren en les primeres
hores esdevenen Ly6C"° amb diferents graus d’expressié de CCR2 i CX3CR1 en fases més
tardanes. A més a més, hem observat que a diferéncia de la microglia, els macrofags
expressen Argl i Chil3 que son marcadors de macrofags activats alternativament que estan
involucrats en la resolucio de les lesions (Loke et al., 2002).

Malgrat les fortes evidéncies de les funcions pro-reparadores dels monocits CCR2* no hem
pogut restablir les alteracions descrites en els ratolins amb monocits deficients en CCR2
mitjancant I'administracié6 de monocits CCR2* provinents de la medul-la 0ssia de ratolins
donants. Existeixen diferents factors que podrien ajudar a explicar aquests resultats. Per una
banda, el fet d’administrar una sola vegada els monocits podria ser insuficient per restablir la
seva funcid ja que no ha estat possible detectar un increment dels gens inflamatoris després
de I'administracié dels monocits CCR2* en la fase aguda de la isquémia. Per altra banda, el fet
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d’haver observat una heterogeneitat fenotipica en les poblacions de monocits CCR2* podria fer
pensar que en les poblacions de monocits immadurs provinents de la medul-la dssia (Miré-Mur
et al., 2016) no hi ha les poblacions de monocits amb aquesta capacitat pro-regenerativa. Per
tant, suggerim que els monocits immadurs de medul-la podrien requerir algun procés de
maduracié en circulaci6 o bé que les monocits amb aquesta capacitat reparadora poden
provenir d’altres reservoris. Es per aquest motiu que creiem que descobrir I'heterogeneitat
fenotipica de les poblacions de monocits CCR2* que infiltren al teixit cerebral isquémic pot
obrir noves vies per dissenyar terapies basades amb monocits per promoure la recuperacio
funcional després d’un ictus isquemic.

Discussio global:

En la present tesi s’Tha mostrat que durant la progressié d’una lesié isquémica en el cervell es
veuen implicades una gran varietat de tipus cel-lulars amb funcions diferents.

En primer lloc s’ha demostrat que els neutrofils tenen la capacitat d’activar-se en els espais
perivasculars on resten atrapats i poden accedir al parénquima cerebral isquemic,
possiblement després d’haver danyat les barreres parenquimals tant a nivell de superficie pial
com les lamines basals dels vasos sanguinis un cop iniciat el procés de degranulacié i/o
formacié de NETs. Tenint en compte aquesta via d’infiltraciéd de neutrofils al parenquima
cerebral i considerant el fet que diferents treballs suggereixen un paper deleteri dels neutrofils
en el teixit isquémic, aquests resultats poden ajudar a tenir en compte noves estratégies
terapeutiques en I’ ictus isquémic ja que els nostres resultats suggereixen que aquesta via
d’infiltracié de neutrofils també té lloc en pacients d’ictus.

El seglient pas en el desenvolupament d’aquesta tesi va ser estudiar els macrofags
perivasculars donat que la ubicacié d’aquestes cel-lules les feia candidates a intervenir en la
infiltracid de neutrofils als espais perivasculars. Hem trobat que els macrofags perivasculars
alliberen factors quimioatreients de neutrofils després de la isquémia i estan implicats en la
infiltracid de neutrofils al cervell isquemic.

També hem identificat un paper dels macrofags perivasculars en la produccié de VEGFA i
trencament de la BHE en la fase aguda de I'ictus. No obstant aix0, els macrofags perivasculars
podrien tenir altres efectes a més llarg termini, considerant la importancia que té el VEGFA en
processos d’angiogenesi. Per limitacions de la técnica emprada en aquest estudi per
deplecionar els macrofags perivasculars, no es va poder fer estudis a llarg termini perque es
produia una repoblacid espontania de les cél-lules. Com que el nostre estudi es limita a la fase
aguda de l'ictus, seria oportu dissenyar una estratégia per estudiar I'efecte de la delecid
cronica d’aquests BAMs en la lesié isquemica per tal de conéixer la seva funcié en diferents
moments de la patologia i la seva possible contribucié a processos d’angiogénesi.

El que si que hem pogut demostrar és la contribucid dels macrofags infiltrants CCR2* en
processos d’angiogénesi i reparacid tissular, mitjancats, al menys en part, per la produccié de
VEGF. Aixi, I'estudi de la funcié dels monocits CCR2* en la isquemia cerebral ha demostrat que
aquestes cel-lules participen en la resposta inflamatoria aguda, pero també tenen la capacitat
de promoure la reparacio tissular, la formacié de nous vasos i millorar la funcié neurologica
dels animals. El nostre estudi suggereix que aquestes funcions podrien venir determinades per
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subpoblacions especifiques de monocits CCR2* donada la heterogeneitat fenotipica i
possiblement funcional dins d’aquest grups de monocits CCR2*. Aquests resultats suggereixen
qgue la utilitzacié de poblacions concretes de monocits podrien ser una bona terapia cel-lular
per promoure la recuperacié funcional després de I'ictus.

Globalment els resultats d’aquesta tesis permeten posar de manifest que al llarg de la
progressié d’una lesid isquémica la interaccid de diferents cél-lules del sistema immune amb
les diferents cel-lules del cervell és molt important per tal d’orquestrar la resposta immune i
promoure una reparacio tissular.
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Globalment aquesta tesi demostra :

1. En laisquemia permanent, els neutrofils extravasen des de les leptomeninges, migren
pels espais perivasculars i infiltren al teixit cortical isquémic.

2. Els macrofags perivasculars participen en I'atraccié de neutrofils cap al focus de la lesio
isquémica a les 24h de reperfusid.

3. Els macrofags perivasculars generen VEGFa i promouen el trencament de la BHE en la
fase aguda de la isquemia.

4. Diferents poblacions de monocits i limfocits CCR2+ infiltren al parénquima cerebral
isquémic.

5. Els monocits CCR2+ tenen un efecte pro-inflamatori en les primeres hores post-
isquemia, pero al cap d’una setmana promouen I'angiogenesi, afavoreixen la resolucio
de la inflamacié i frenen el deteriorament neurologic.

6. La poblacid6 de monocits CCR2+ és heterogénia i conté subgrups de cél-lules amb
funcions reparadores. Aquestes no estan representades en els monocits immadurs del
moll de Ios.

7. La identificacié funcional de la diversitat fenotipica dins de la poblacié de monocits
CCR2+ pot ser important per poder dissenyar terapies cel-lulars basades en monaocits.
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