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INTRODUCCIO

El sistema nervids és un sistema de processament de la informacid amb dues funcions
fonamentals: la relacié amb el medi extern i el control de tots els organs de l'individu. Permet
rebre la informacio, ja sigui externa o interna, analitzar la situacio i elaborar una resposta.
També és el responsable de coordinar totes les funcions, conscients o inconscients, de
I'individu (Kandel et a/, 2000).

1. Composicio cel-lular del SNC

A part de les neurones, que representen el 10% de les cellules al SNC, el SNC esta

format per la glia que representa el 90% restant.

1.1. Neurones

La neurona és la unitat basica del cervell i la seva caracteristica diferencial és la capacitat
de generar potencials d'accid. Les neurones s'organitzen en xarxes (0 circuits) i es
comuniguen entre elles mitjancant les sinapsis. La senyalitzacié neuronal implica la propagacio
del potencial d'accid al llarg de l'axd fins al terminal presinaptic i lalliberacid dels
neurotransmissors que s'uneixen als receptors localitzats a la membrana de la neurona
postsinaptica, generant la despolaritzacid de la neurona que continua propagant el senyal
(Allen i Barres, 2009).

1.2. Cel-lules glials

El terme de cellula glial classicament es refereix a tres tipus de cellules. La primera
categoria inclou les cellules de Schawnn i els oligodendrocits, que s'encarreguen de produir la
mielina en el sistema nervids periferic i central, respectivament. Aquestes cel-lules envolten els
axons de les neurones amb una beina de mielina per aillar i facilitar la transmissio rapida i
eficient del'impuls nervids. La segona categoria esta formada pels astrocits, unes cellules de
morfologia estrellada que proporcionen suport a les neurones. El tercer tipus de cellula glial
és la microglia, que no té un origen neural sind que deriva del mesoderma, és originada pels
macrofags que envaeixen el cervell en estats molt primerencs del desenvolupament i
s'estableixen en el SNC. Les cel-lules ependimaries també estan incloses dins de la paraula glia,
ja que deriven de la glia radial i comparteixen algunes propietats amb els astrocits.
Recentment, s'ha descrit un nou tipus de cellula glial, caracteritzada per |'expressio del

proteoglica condroitin sulfat NG2, les cél-lules NG2 o polidendrocits.

1.2.1. Oligodendrocits

Els oligodendrocits envolten llargs segments dels axons amb una beina multi laminada

formada per I'extensio de la membrana cellular que s'ajunta amb la membrana de I'axo
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mitjancant unes juntes especials que defineixen els nodes de Ranvier entre els llargs segments
de mielina (Figura 1).

Oligodendrocyte
—— 2

'* 2 }7 \ 7 ,—"‘;:,4.7':7'::‘-

i =
= = x

¥

) / Astrocyte

Myelin sheath Internode

Node of Ranvier

FIGURA 1. Les prolongacions dels oligodendrocits envolten els axons per formar la beina de mielina. Les regions
mielinitzades dels axons (internodes) estan interrompudes per regions no mielinitzades (nodes de Ranvier). Les
prolongacions dels astrocits contacten amb els nodes (Extret de Jackman et a/, 2009).

Els oligodendrocits nomes son competents per iniciar el proces de mielinitzacié en un
periode de temps molt reduit (generalment 12-18h) durant el desenvolupament, ja que un
cop madurs son relativament incapacos de mielinitzar. EI procés d'embolcallament de
multiples axons per part d'un Unic oligodendrocit és altament regulat. Es seleccionen axons
amb un diametre superior als 0,2 um i encara que no es coneixen els mecanismes moleculars
de reconeixement, son diferents en el SNC i en el SNP. Per exemple, un senyal critic per la
mielinitzacio en el sistema nervids periferic és la interaccid de la neuregulin-1 (NRG1) neuronal
tipus Il amb els receptors glials ErbB, mentre que no és essencial per la mielinitzacid del SNC,
per aixO es consideren altres factors axonals alternatius. El factor de creixement semblant a la
insulina 1 (IGF-1) i el factor inhibidor de leucemia astroglial (LIF) estimulen la mielinitzacio. En
canvi, AKT, mTOR i la sobreexpressio d'NRG1 en les neurones produeixen la hipermielinitzacio
dels axons (Nave, 2010).

Es considerava que un senyal indispensable per l'inici de la mielinitzacié era |'activitat
electrica de les neurones, pero els oligodendrocits en cultiu poden envoltar axons que han
estat fixats previament (Rosenberg et a/, 2008) de manera que sembla ser que els
oligodendrocits mitjangant diferents senyals poden mielinitzar els axons per defecte quedant
restringits localment per altres canvis en els axons, com la disminucié de I'expressié de PSA-
NCAM i de LINGO-1, una proteina transmembrana amb repeticions de residus de leucina i un

domini dimmunoglobulina (Charles et a/, 2000).

Els oligodendrocits no nomeés envolten els axons per aillar-los electricament sind que a
més indueixen I'agrupament dels canals de sodi al llarg de I'axd, en els noduls de Ranvier. La
presencia de la beina de mielina també provoca un augment del diametre de l'axd
possiblement per I'acumulacio i fosforilacid local del neurofilament. A més, proporcionen

suport trofic a les neurones ja que sintetitzen el factor neurotrofic derivat de cel-lules glials
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(GDNF), el factor neurotrofic derivat del cervell (BDNF) i el factor de creixement derivat de la
insulina-1 (IGF-1) (Bradl i Lassmann, 2010).

122 Astrocits

Els astrocits son les cellules més nombroses i heterogenies del SNC. Els subtipus
d'astrocits es poden definir sequint parametres que es sobreposen com la localitzacid del cos
cellular, caracteristiques morfologiques, propietats electro fisiologiques i el perfil d'expressid
genic. Bioquimicament es defineixen per I'expressiod d'unes proteines especifiques com son el
filament intermedi GFAP, I'enzim glutamina sintetasa (GS), els transportadors EAA especifics
d'astrocits GLAST i GLT-1, la proteina d'unid al calci S100B, o AldhlLl (aldehid
deshidrogenasa familia 1, membre L1) (Kimelberg et a/, 2009)

Els astrocits madurs tenen una morfologia molt caracteristica. Des del seu soma
s'originen unes ramificacions primaries que gradualment es van dividint en ramificacions cada
cop més fines fins a donar lloc a una xarxa densa de terminals que estan intimament units
amb les sinapsis. Un Unic astrocit de ratol, depenent de la regi¢ cerebral, pot arribar a
ocupar una area d'entre 20.000 i 80.000 um?, envoltar nombrosos somes neuronals, associar-
se amb 300-600 dendrites i establir contacte amb unes 100.000 sinapsis individuals
aproximadament. En humans, aquestes xifres son molt mes elevades, ja que un Unic astrocit
ocupa un volum 30 vegades superior al que ocupa en els rosegadors i pot arribar a contactar
amb 2.000.000 de sinapsis (Oberheim et a/, 2006)

1.2.3. Microglia

La microglia representa el 5- 20% de les cel-lules en el SNC, de manera que és tan

nombrosa com les neurones.

Manté un fenotip quiescent en el SNC normal, continuament monitoritzant el seu
microambient a través de la pinocitosi i la interacci6 amb les neurones, expressant nivells
baixos de MHC classe 1 i II aixi com molecules co-estimuladores com CD86 i CD40. Quan es
produeix un dany en el SNC, la microglia es converteix en un fenotip activat amb una elevada
proliferacié, motilitat, activitat fagocitica i alliberaci® de citocines (IL-1, IL.-6, TNF-a, MCP-1,
RANTES) i especies d'oxigen reactives (Yang et a/, 2010) que recluten la microglia, activen els

astrocits i augmenten I'excitabilitat neuronal (Milligan i Walkins, 2009).

Com a cellules presentadores d'antigens tenen un paper similar als macrofags periferics,
i son components essencials tant de la immunitat innata com I'adaptativa; ja que durant
I'activacié augmenta I'expressio d'MHC i de molecules co-estimuladoresque contribueixen a la
resposta de les cellules T CD4 i CD8 (Olson i Miller, 2004).
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La microglia també presenta una fagocitosi transitoria durant I'ontogenia del SNC, ja
que a través del CR3 esta implicada en la fagocitosi de neurones apoptotiques i les seves

connexions que expressen les molecules del complement C1q i C3 (Stevens et a/, 2007).

Recentment també s'ha relacionat la microglia amb l'aparicié del dolor neuropatic
(Smith, 2010) aixi com que algunes proteines secretades per la microglia tenen funcions
especifiques en el cervell durant el desenvolupament i la plasticitat sinaptica (Bessis et a/,
2007).

1.24. Céllules ependimaries

Les cellules ependimaries deriven de la glia radial i comparteixen algunes
caracteristiques amb els astrocits com I'expressio de GFAP. Formen una capa epitelial que
revesteix la superficie dels ventricles cerebrals i presenten caracteristiques morfologiques
diferents als astrocits com la presencia de cilis. Actuen com a barrera entre el teixit cerebral i el
liquid cefaloraquidi (LCR), tenen un paper en la secrecio i el manteniment de I'equilibri del LCR

i en el metabolisme de les toxines (Wang i Bordey, 2008).

125 Céllules NG2

Recentment, s'ha identificat un nou tipus de cel-lula glial: les cel-lules NG2, també
conegudes com sinantocits o polidendrocits. Son identificables per I'expressié del proteoglica
condroitin sulfat NG2 i es troben tant el cervell en desenvolupament com en I'adult (Peters,
2004). Primer es van identificar com una cellula progenitora d'oligodendrocits (OPCs) perque
expressen diversos marcadors comuns, pero tenen unes caracteristiques diferencials que els
permeten classificar com a unes cellules de glia diferents. Presenten una morfologia i
distribucié similar als astrocits tant en la substancia grisa com en la blanca del SNC adult.
Tenen una morfologia estrellada amb nombroses prolongacions primaries que es van
bifurcant finsa formar una arboritzacié d'un diametre de 100um, estenent les seves
prolongacions fins els nodes de Ranvier i les sinapsis on interactuen amb les neurones.
Fisiologicament moltes NG2 expressen canals de voltatge de Na®, receptors AMPA
permeables al Ca’*, receptors de GABA i purinoreceptors. A I'hipocamp reben projeccions de
les neurones piramidals de CA3 i d'interneurones gabaergiques (Sakry et a/, 2011) el que
suggereix que podrien tenir un paper important d'integracio al cervell. A més, son cellules
progenitores altament plastiques que poden donar lloc a astrocits i fins i tot a neurones
(Nishiyama et a/, 2009; Heneka et a/, 2010) i com a resposta al dany augmenten la seva
proliferacié de manera que contribueixen a I'astrogliosi reactiva (Di Bello et a/, 1999; Levine et
al, 1994; McTigue et al, 2001)
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2. Desenvolupament dels astrocits

El sistema nervids és un dels organs que es diferencia abans a partir de I'estat
embrionari de blastula. En els humans, el tub neural primitiu es forma a partir de la quarta
setmana de gestacid i la neurogenesi comenca a partir de la cinquena setmana. El seu
desenvolupament és bastant llarg, es produeix al llarg de tota I'embriogenesi i no finalitza la
mielinitzacio fins etapes post-natals. A mesura que avanca el desenvolupament neural, el tub
neural experimenta una expansié diferencial i una regionalitzacié per formar regions rostro-
caudals identificables que formaran les futures subdivisions del cervell. La part anterior del tub
neural pateix una expansid dramatica on es poden distingir tres vesicules primaries: el cervell
anterior (prosencefal), el cervell mig (mesencefal) i el cervell posterior (romboencefal). El
creixement diferencial i la posterior segregacié produeix una subdivisié addicional del
prosencefal en telencefal i diencefal i el romboencefal en metencefal i mielencefal. La part
caudal del tub neural no pateix aquesta expansio, pero si que augmenta de mida de forma

parallela a I'embri¢ i es diferencia per donar lloc a la medulla espinal. (Liu i Rao, 2004).

Totes les neurones i la macroglia del sistema nervios deriven del neuroepiteli pseudo-
estratificat d'origen ectodermicque folra els ventricles cerebrals i el canal espinal en el
desenvolupament embrionari. En canvi, la microglia no té un origen neural, sind que deriva
del mesoderma, i és originada pels macrofags que envaeixen el cervell en estats molt

primerencs del desenvolupament i s'estableixen en el SNC (Figura 2).
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FIGURA 2. Relaci6 de la microglia amb les céllules hematopoétiques i les cél-lules del sistema nervids central. Estan

representades les cel-lules hematopoetiques i del sistema nervids central, i mitjancant fletxes s'indica les relacions
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del seu llinatge. La microglia son les Uniques cél-lules hematopoétiques que es troben al parenquima del SNC.
L'origen dels macrofags perivasculars, els macrofags del plexes coroidals i els macrofags de les meninges és
desconegut, encara que aqui s'indica que deriven de la cellula progenitora de mondcits i cellules dendritiques de
forma especulativa (Extret de Ransohoff i Cardona, 2010)

Una caracteristica fonamental del desenvolupament neural en els vertebrats és que els
diferents tipus cel-lulars son generats en un sequencia especifica, primer les neurones,

seqguides dels astrocits i els oligodendrocits.

Les cellules neuroepitelials inicialment es divideixen d'una manera simetrica, produint
una rapida expansid dels progenitors. El comencament de la neurogenesi esta marcat per
I'inici d'una manera asimetrica de divisio, on les cellules neuroepitelials produeixen una altra
cellula neuroepitelial i una neurona o un progenitor intermedi destinat a la neurogenesi. Les
cellules de la glia radial son les cel-lules progenitores primaries en les etapes embrionaries de
la neurogenesi, i al'igual que les cel-lules de les que deriven, folren els ventricles i el canal
espinal, mantenint la polaritat apical-basal. Els precursors d'oligodendrocits i les cel-lules
ependimaries també deriven de la glia radial pero els progenitors intermedis involucrats no

estan clars (Rowitch i Kriegstein, 2010) (Figura 3).

La transici6 a la gliogenesi requereix el retorn a la divisio asimetrica dels progenitors. Els
mecanismes implicats en aquests canvis de comportament i desti dels progenitors no sén del
tot coneguts, pero es creu que estan implicades caracteristiques intrinseques dels progenitors

aixi com canvis en la senyalitzacié del seu ambient (Guillemot, 2007).
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FIGURA 3. Patré de gliogénesi a I'embrié i a les zones progenitores en I'adult. La progressio de 'embrio a I'adult es

mostra d'esquerra a dreta. Les fletxes negres indiquen auto-renovacié o diferenciacio d'un tipus cellular a un altre.
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Estan llistats els marcadors de la macroglia i dels seus precursors. A) Auto-renovacid de la linea de cellules
neuroepitelials del ventricles al llarg dels neuroeixos a les etapes del tancament del tub neural. Aquestes cél-lules
poden generar alguna neurona. Les cél-lules neuroepitelials es transformen en cellules de glia radial i comenca la
neurogenesi. B) La glia radialprodueix cellules progenitores intermedies i cellules precursores d'oligodendrocits
(OPCs) que donen lloc a neurones i oligodendrocits, respectivament. La glia radial també pot donar lloc a astrocits
produint progenitors intermedis que s'expandeixen en nombre abans de produir astrocits. Els astrocits
protoplasmics i els astrocits fibrosos poden sorgir de progenitors comuns o independents. La glia radial també
produeix cel-lules ependimaries. C) En adults, els oligodendrocits provenen de dues vies independents: les cel-lules
tipus B de la zona subventricular donen lloc a una cél-lula amplificadora de transit, anomenada cellula tipus C, que
pot produir tant OPCs com neurones. Les OPCs generades i les que ja residien a la substancia grisa produeixen
oligodendrocits. ALDH1L1, famflia aldehid deshidrogenasa 1 membre L1; APC, adenomatous polyposis coli; GFAP,
proteina acidica fibril-lar glial; MBP, proteina basica de mielina; PDGFR-a, receptor alfa del factor de creixement
derivat de plaquetes; PLP, proteina proteolipidica 1. Totes les cél-lules verdes sén progenitors intermedis, sent les
cellules tipus C un subconjunt d'aquestes, i totes les cellules blaves son cél-lules progenitores neurals (Extret de
Rowitch i Kriegstein, 2010).

2.1. De la neurogenesi a la gliogénesi

El potencial /n vivo de les cellules neuroepitelials i la glia radial esta restringit de forma
regional per l'accio de senyals organitzadores com sonic hegdehog (SHH), factors de
creixement de fibroblasts (FGF), WANT7s i proteines morfogeniques d'és (BMPs), que
proporcionen informacid posicional mitjancant gradients al llarg dels eixos dorsal-ventral,

anterior-posterior i medial-lateral.

La gliogenesi generalment segueix a la neurogenesi en el desenvolupament del SNC i
els mateixos progenitors donen lloc a diferents tipus cel-lulars, de manera que s'ha de produir

un canvi perque aquests progenitors generin tipus cel-lulars distints.

Els mecanismes que regulen la transicid entre la formacid de neurones i astrocits son
complexes i no estan molt ben entesos. Treballs recents suggereixen que aquest canvi és
produit tant per factors extrinsecs que promouen l'astrogenesi com intrinsecs que

disminueixen la neurogenesi a la vegada que promouen I'astrogenesi (Freeman, 2010).

«  Wnt Es necessari per a l'activacié de gens neurogénics (neurogenina 1 i neurogenina
2) que indueixen la diferenciacid neuronal i bloquegen l'activacié de gens glials.
Malgrat aixo, els lligands de Wnt es continuen expressant després de la transicio
neurona-glia, encara que ja no indueixen l'expressio de neurogenines a les NPCs a

causa de canvis a l'acetilacio i la metilacié dels seu promotor.

« Canvis a l'acetilaci¢ i la metilacié dels promotors neurogenina 1 i neurogenina 2. En
etapes inicials, es produeix una elevada acetilacio i una baixa metilacio que correspon
a una conformacié de la cromatina oberta que permet l'associaci6 amb la RNA

polimerasa 1, per tant, les neurogenines s'expressen i promouen la neurogenesi
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inhibint I'astrogenesi. En canvi, en etapes posteriors, es produeix una baixa acetilacio i
una elevada metilacié que correspon a una conformacié de la cromatina tancada, de
manera que no s'expressen neurogenina 1 ni neurogenina 2 i no s'inhibeix

I'astrogenesi (Hirabayashi et a/, 2009)

» (itocines: Com el factor neurotrofic ciliar (CNTF), el factor inhibidor de leucemia (LIF) i
la cardiotrofina-1 (CT-1) (Miller i Gauthier, 2007) activen la via JAK/STAT que uneix
CBP/p300 i es trasllada al nucli on promou la diferenciacid astroglial. Malgrat aixo,

aquesta activacio no és suficient si no esta activada la via de senyalitzacié de Notch.

» Notch: Aquesta via s'activa per Jagl i DII2 produit per les neurones neurogenina”.
Aquests lligands activen NFIA (factor nuclear augmentat IA), que inhibeix Dnmtl (DNA
(citosina-5-)metiltransferasa 1) provocant la desmetilacid dels llocs d'unié de STAT en

els promotors i I'activacié de I'expressio de GFAP i S100p.

*  BMPs: Tenen un paper dual ja que tant promouenla neurogenesi com la gliogenesi. La
presencia de BMP2 juntament amb citocines gliogeniquespromou la formacid d'un
complex SMAD-p300 proteina d'unié a CRE- STAT que activa I'expressié de gens
astroglials (Nakashima et a/, 2001).

Tots aquests factors regulen la capacitat de les NPCs per donar lloc als astrocits, pero

no la funcionalitat, el creixement i la diversificacio dels astrocits.

2.2. Diversitat astrogenica

Els astrocits son una poblacié morfologicament heterogénia. Els astrocits madurs en els
rosegadors es poden dividir en dos grups segons la seva morfologia i localitzacio: astrocits

fibrosos i protoplasmics.

Els astrocits protoplasmatics, que presenten una morfologia estrellada, es troben a la
substancia grisa i les seves prolongacions envolten les sinapsis i els vasos sanguinis; en canvi,
els astrocits fibrosos es troben a la substancia blanca, on contacten amb els nodes de Ranvier
i els vasos sanguinis. Alguns tipus d'astrocits morfologicament diferents van ser descrits amb
anterioritat i tenen noms especials com la glia de Mdller a la retina i la glha de Bergmann al
cerebel. També hi ha petites poblacions d'astrocits especialitzats localitzats en regions
especifiques del SNC com son els astrocits velats del cerebel i el bulb olfactori, els astrocits
interlaminarsal cortex dels grans primats, elstanicits presents en els organs periventriculars i la
hipofisi, els pituicits a la neurohipofisi i els astrocits perivasculars i marginals que es localitzen
molt a prop de la pia formant la glia limitant que ajuda a I'aillament del parenquima cerebral

del compartiment vascular i subaracnoideu (Verkhartsky i Butt, 2007). Estudis recents
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fisiologics i d'expressid genica mostren que els astrocits son una poblacio cel-lular diversa que
mostren diferents caracteristiques en diferents regions cerebrals i en les diferents etapes del
desenvolupament (Figura 4).

FIGURA 4. Reproduccié esquematica dels
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Ransom, 2005).

Aquesta diversitat pot ser a causa dels diferents origens d'aquestes cellules.
L'astrogliogenesi s'inicia tard en el desenvolupament embrionari i continua al llarg del periode

neonatal i postnatal, de manera que els astrocits de 'escorca provenen de 3 fonts diferents.

En primer lloc, de la glia radial resident a la zona ventricular (VZ) embrionaria, que
s'origina a partir de la transformacié de les cellules neuroepitelials de la VZ en progenitors
neurals per donar lloc tant a astrocits com a neurones (Kriegstein i Gotz, 2003; Pinto i Gotz,
2007; Rakic, 2003). Despres de la migracio neuronal al llarg de les seves prolongacions, la glia

radial les retracta i es transforma en astrocits estrellats en el periode perinatal.

Una altra font d'astrocits son els progenitors de la zona subventricular (SVZ) en animals
postnatals. Aquests progenitors, que presenten caracteristiques similars a la glia radial, migren
cap a l'escorca on poden esdevenir astrocits o oligodendrocits madurs. Aquests progenitors
es distingeixen per l'expressio del factor de transcripcid DIx-2 i que no expressen Zebrin II, un
marcador de la glia radial. Donen lloc a astrocits de la substancia grisa i blanca del telencefal
dorsal. En aquesta zona hi ha un altre grup de progenitors que expressa NG2, pero no els
marcadors dels altres progenitors, ni DIx-2 ni Zebrin 1I, que donen lloc a astrocits de I'escorca

dorsal, pero no a la substancia blanca, encara que majoritariament generen oligodendrocits.
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[ finalment, un petit grup de progenitors resideix a la zona marginalde l'escorca en
desenvolupament i sén diferents dels precursors de la zona ventricular i subventricular
(Hewett, 2009).

Aquests 3 llinatges astrocitaris diferenciats suggereixen que no tots els astrocits s'han
format de la mateixa manera, cosa que permet explicar la diversitat d'astrocits en una mateixa

area del cervell (Wang i Bordey, 2008).

2.2.2. Heterogeneitat fenotipica

Perdaquesta diversitat fenotipica també pot ser causada per factors ambientals.Els
astrocits son cel-lules molt plastiques i algunes de les seves caracteristiques fenotipiques les
adquireixen al llarg del desenvolupament normal. Els astrocits estan intimament relacionats
amb les neurones de manera que I'entorn neuronal defineix el fenotip astrocitic per facilitar i
optimitzar el processament de la informacio a nivell local. Aixo afecta als nivells d'expressio de
canals de K* i Ca**, receptors de neurotransmissors, transportadors, connexines,... la qual cosa

afecta la comunicacio i I'excitabilitat (Matyash i Kettenmann, 2010).

Un dels exemples més clarsés el que es produeix com a resposta a la inflamacio. En el
SNC normal, els astrocits son descrits com a cellules en un estat quiescent o en repos que
participen en la funcio cerebral normal; perd com a resposta a un dany es tornen reactius |
canvien la seva morfologia, la mida i el secretoma en un procés anomenat astrocitos/
anisomortica. Alguns autors suggereixen que existeix un fenotip intermedi en el qual els
astrocits estan activats i que s'anomena astrocitos/ isomorfica. Aquestes categories no son
excloents, sind que existeix una progressio gradual entre elles, la qual cosa doéna lloc a

fenotips intermedis (Sofroniew i Vinters, 2010) (Taula 1).

En I'astrocitosi isomorfica, també anomenada astrocitosi lleu o activacio astrocitaria, es
produeix un lleuger augment de I'expressio de GFAP, hi ha una certa proliferacio i la secrecio
de citocines antiinflamatories (John et a/, 2005; Meeuwsen et a/, 2003). De fet, el tractament
amb citocines pro-inflamatories es creu que provoca l'activacid dels astrocits (Herx i Yong,
2001; John et al, 2003).

En canvi, en I'astrocitosi anisomorfica, també anomenada astrocitosi severa o reactivitat
astrocitaria, es produeix un gran augment de l'expressio de GFAP, augmenten les taxes de
proliferacié i la secrecié de citocines pro-inflamatories com TNF-a i CXCL10 (Daginakatte et &/,
2008). Aquest fenotip generalment esta associat amb la formacié de la cicatriu glial, on els

astrocits delimiten I'area danyada ( Sofroniew i Vinters, 2010).
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" TauLA 1. Fenotips dels astrocits i
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Tots aquest fenotips son dificils de reproduir /n vitro, ja que els astrocits es troben en un
ambient molt diferent en el que es troben /n vivo. Les condicions artificials per al seu
creixement i manteniment els provoquen un major estat d'activacio de com es troben en el
teixit d'origen ja que perden la seva conformacid en 3D. De fet, ja durant el procés de
disseccid i dissociacid enzimatica del teixit els indueix un estat d'activacio. A més a més, el
medi de creixement conté diversos factors, procedents del serum, que poden induir certa
diferenciacid (Nash et a/, 2010).
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3. Funcions dels astrocits

Tradicionalment els astrocits es consideraven simples cellules de suport que
proporcionaven suport estructural i metabolic a les neurones. Els astrocits son el principal
element del sistema homeostatic ja que son els responsables del manteniment de la
concentracié ionica i de neurotransmissors a l'espai extracellular, 'homeostasi del pH, de
proporcionar suport metabolic i nutritiu a les neurones, la regulacid de la barrera hemato-
encefalica i la defensa del sistema nervios central. Recentment s'ha descrit que els astrocits a
més, expressen diferents cascades de senyalitzacio, estan dotats amb rutes de comunicacio
intercellular, les unions de tipus gap, i tenen la capacitat d'alliberar diferents tipus de
gliotransmissors a través de diferents vies de secrecid regulada. Aixo els permeten realitzar
una gran varietat de funcions complexes i indispensables com la diferenciacié neuronal, la
regulacié de la guia axonal, la formacio de sinapsis, la plasticitat cerebral, 'homeostasi i la
comunicacio (Seth i Koul, 2008) (Taula 2).

FUNCIONS DELS ASTROCITS

Desenvolupament  Els astrocits coma elements stern del SNC
Guia axonal
Regulacié de la sinaptogenesi
Estructural Els astrocits divideixen la substancia grisa en territoris independents i formen
la unitat neuro-vascular
Els astrocits formen anatdmicament sincicis separats i integren altres cel-lules
neuronals en aquests sincicis
Formen la interficie glial-vascular i regulen la formacid de la barrera hemato
encefalica
Metabolica Regulacio de la micro circulacio cerebral
Subministrar substrats energetics a les neurones a través de la llangadora
glucosa-lactat
Homeostatica Regulacié de la concentracid extracel-lular d'ions, en concret de la captacio i
redistribucié del K™ seguint les fluctuacions associades amb |'activitat neuronal
Regulacio del pH extracellular
Homeostasi dels neurotransmissors, especialment de glutamat
Homeostasi de I'aigua cerebral
Senyalitzacié Modulacio de la transmissio i la plasticitat sinaptica
Alliberacid de neurotransmissors

Senyalitzacio a llarga distancia dins del sincici

TAULA 2. Funcions de les cél-lules astroglials. (Extret de Verkhratsky i Parpura, 2010)
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3.1. Desenvolupament

3.1.1. Els astrocits com a elements stem

Durant molt de temps es creia que el SNC no tenia activitat neuroregeneradora.
Malgrat aixo, s'ha establert que en duesarees concretes del cervell adult es produeix la
neurogenesi: la zona subventricular dels ventricles laterals, inclosa la rostral migratory stream, i
la zona subgranulardel gir dentat de I'hipocamp (Doetsch, 2003; Gritti et a/, 2002) on
resideixen les cel-lules mare neuronals que s'assemblen a la glia radial o als tanicits i que tenen
I'habilitat de dividir-se i generar neurones granulars al gir dentat de I'hipocamp o migrar per
la rostral migratory stream cap al bulb olfactori on formen interneurones. Aquestes cel-lules
mare expressen tant marcadors tipics d'astrocits madurs com GFAP, S1008, GLAST, GLT1 o GS,
encara que no en realitzen les funcions tipiques, com marcadors de cel-lules immadures com

vimentina i nestina (Kriegstein i Alvarez-Buylla, 2009).

312 Guia axonal

L'aparicié dels astrocits en el desenvolupament és posterior a la formacid de les
neurones en el SNC. Tot i aixO, els astrocits realitzen funcions importants durant el
desenvolupament de la substancia grisa i blanca. Els limits moleculars formats pels astrocits

participen en la guia de la migraci¢ d'axons en desenvolupament i d'alguns neuroblasts.

3.1.3. Regulacio de la sinaptogénesi

Els astrocits també sén elements clau en la sinaptogenesi, en la maduracié de les
sinapsis i en el seu manteniment. En condicions /n vitro, 'addicid d'astrocits en un cultiu de
neurones augmenta considerablement la formacid de sinapsis. Els astrocits produeixen i
secreten colesterol (Nieweg et a/, 2009), que és critic per a la formacio de sinapsis i secreten
diversos factors que es necessiten per la seva maduracid i manteniment. A més sintetitzen i
alliberen thrombospondines 1 i 2 que promouen la sinaptogenesi tant /n vitro com /n vivo
(Christopherson et a/, 2005) i que son critiques per a la plasticitat sinaptica després d'una lesio,
la remodelacio i la regeneracio. La thrombospondina és suficient per induir sinapsis que tenen
una ultraestructura presinaptica i postsinaptica normal aixi com el reclutament de proteines
presinaptiques i postsinaptiques com la sinapsina i el PSD-95, respectivament. Malgrat aixo,
aquestes sinapsis son postsinapticament silencioses perque no presenten cap sensibilitat al
glutamat. Els astrocits secreten una proteina, encara no identificada que indueix la resposta al
glutamat (AMPA). Tambe realitzen una funcid en leliminaci6 de sinapsis durant el

desenvolupament (pruning) ja que allibberen senyals que promouen l'expressio del
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complement C1g a les sinapsis per marcar-les perque siguin eliminades per la microglia
(Barres, 2008).

3.2.  Funcio estructural

Les cellules glials divideixen el parenquima cerebral en dominis morfologics
independents. A la substancia grisa els astrocits parcel-len els teixit segons els seus territoris
anatomics, les cel-lules de la microglia estan entreteixides en el circuit cerebral des dels seus
dominis defensius no cavalcats i els oligodendrocits formen els nodes de Ranvier en els axons

que envolten.

Les cellules glials son elements centrals en la microarquitectura cerebral. Els astrocits
divideixen el teixit en dominis estructurals independents i no cavalcats mitjancant un procés
anomenat t/ing (Bushong et a/, 2004) (Figura 5). En aquests dominis les membranes dels
astrocits cobreixen les sinapsis i estableixen contactes les membranes neuronals i els vasos

sanguinis.
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FIGURA 5. Microdominis anatomics formats per les cel-lules glials. (Extret de Verkhratsky, 2010)

Els dominis astroglials s'integren formant una xarxa cellular anomenada sincici
astrocitari mitjangant les unions tipus gap localitzades a les prolongacions periferiques on els
dominis estan en contacte. Aquestes unions formades per connexines (principalment Cx43 |
Cx30), els proporcionen un sistema de transferencia d'informacid entre els astrocits ja que
permeten la difusio intercellular de molecules com ions, IP5 i substrats metabolits. El sincici
esta format dins de les estructures anatomiques del cervell i contribueix a la seva organitzacio

jerarquica (Houades et a/, 2008).
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3.2.1. Formacio de la barrera hematoencefalica.

La barrera hematoencefalica (BHE) és una barrera de difusid que impedeix I'entrada al
parenquima cerebral de molecules segons la seva polaritat i la seva mida. Els principals
components cellulars de la BHE son les cellules endotelials dels capillars que formen unions
hermeétiques i estan envoltades per la lamina basal, els pericits perivasculars i els peus
astrocitaris. El paper dels pericits en la BHE no esta del tot estudiat i el paper dels astrocits es
considerava perque els astrOcits reactius tenen un paper clau en el tancament de la BHE
després d'una lesio (Bush et a/, 1999) i perque es creia que la BHE es formava en edats post
natals, coincidint amb la generacio dels astrocits. Estudis recents demostren que la BHE esta
totalment formada des que els vasos penetren el parenquima cerebral, aproximadament en
els dies de desenvolupament embrionari 11-12 en ratoli (Saunders et a/, 2008). Diferents vies
de senyalitzacid controlen diferents aspectes de la formacid de la barrera incloent la
senyalitzacid Wnt que es troba en les cellules mare neurals i dirigeix I'angiogenesi especifica
del SNC, la migracio de les cellules endotelials al cervell i I'expressid d'alguns transportadors.
En el desenvolupament post natal, quan les cellules mare ja han desaparegut, aquestes
funcions les adquireixen els astrocits, que s'encarreguen més de manteniment que de la
induccio de la formacio de la BHE (Abbot et a/, 2006).

3.3. Funcié metabolica

Els microdominis anatomics formats pels astrocits, els permet format la unitat
neurovascular que integra els circuits neuronals amb la circulacié sanguinia cerebral i el suport

metabolic.

3.3.1. Regulacio de la micro circulacio cerebral

Els astrocits envolten les sinapsis i per tant, poden ser estimulats per |'activitat neuronal,
a la vegada que els seus peus astrocitaris embolcallen els vasos sanguinis i poden enviar

senyals a les cel-lules de la musculatura llisa que determinen el diametre dels vasos.

L'alliberacid de glutamat per part de les neurones activa els receptors metabotropics de
glutamat (mGIuRs) dels astrocits, la qual cosa provoca un increment dels nivells de calci
intracel-lular que activen la fosfolipasa A. S'inicia aixf la produccié d'acid araquidonic a partir
dels fosfolipids de la membrana, que a la vegada déna lloc als vasodilatadors prostaglandina
E (PGe) i acid epoxieicosatrienoic o vasoconstrictor acid 20-hidroxi eicosatetraenoic (20-HETE)
(Attwell et al/, 2010). Treballs recents mostren que la competicid entre vasodilatadors i
vasoconstrictors depen de la pressio parcial d'oxigen (pO»), i predomina la vasodilatacio a pO,
baixes (Kleinfeld et a/, 2011).
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3.3.2. Suport metabolic a les neurones

La glucosa del flux sanguini, és el principal substrat per al cervell adult, i és captada
principalment pels astrocits a traves del transportador de glucosa GLUTL i també per les

neurones que expressen el GLUT3.

Tal i com esta formulat pel model de la llancadora de lactat astrocit-neurona (ANLS) els
astrocits responen a l'activacié glutamatergica augmentant la seva taxa d'us de la glucosa i
alliberant lactat a I'espai extracellular que pot ser usat per les neurones per cobrir les seves
necessitats energetiques. Aquest mecanisme molecular implica el funcionament sequencial
dels transportadors de glutamat especifics dels astrocits i I'ATPasa Na“/ K™, I'activacid de la
glicolisi en els astrocits i I'intercanvi mitjancant el transportador monocarboxilat del lactat a les

neurones (Magistretti, 2006) (Figura 6).

A les sinapsis glutamatergiques, el glutamat pot ser recaptat pels astrocits a través del
transportador de glutamat 1 (GLT1) o el de glutamat/aspartat (GLAST) que cotransporten
glutamat i sodi; de manera que la concentraci¢ intracellular de sodi augmenta i activa
I'ATPasa Na'/K a2 especifica de cellules glials. L'ATP consumit per I'ATPasa i la conversié del
glutamat a glutamina a través de la glutamina sintasa poden activar la glicolisi i la formacio de
lactat. Aquest lactat s'allibera pels astrocits a través d'un transportador mono carboxilat
especific MCT1 i les neurones el capten del medi extracel-lular a través del seu transportador
especific MCT2 on es convertira en piruvat que després entrara en el cicle dels acids

tricarboxilics.

L'Gs del lactat per les neurones pot tenir diferents proposits, com l'augment del
potencial redox en augmentar I'NADH i la generacid d’ATP que pot ser usat per sintetitzar
glutamat. La glutamina també pot ser captada per la neurona a través dels seus receptors
especifics i convertida en glutamat per la glutaminasa abans de ser acumulada a les vesicules
sinaptiques.

FIGURA 6. Els astrocits proporcionen suport

Neurons Astrocytes Capillary metabdlic a les neurones. La neurona pot captar

4

directament la glucosa, perO un augment de

I'activitat d'una neurona glutamatérgica provoca

una major captacié de glutamat de I'astrocit que

envolta la sinapsi. L'energia necessaria per la

captacio del glutamat prové del metabolisme de

la glucosa en metabolitzar-se a lactat, que
posteriorment és entregat a les neurones
(lancadora glucosa- lactat) (Extret de Giaume et
al, 2010).
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3.4. Funcidé homeostatica

Els astrocits son les principals cél-lules encarregades de la regulacié homeostatica de
I'espai extracel-lular. Diversos sistemes de transports'expressen a les membranes glials que
permeten el control de les concentracions d'ions, neurotransmissors, neuromoduladors,
metabolits i altres molecules actives a I'escletxa sinaptica necessaries per a la correcta

transmissio sinaptica.

3.4.1. Homeostasi djons

Esta acceptat que els astrocits controlen els nivells extracel-lulars de K™ i d'altres ions
encara gue no es coneix exactament a través de quin mecanisme. Es creu que estan implicats
canals rectificadors d'entrada (en angles, inward rectifier channels) i per difusié des de les
arees amb una concentracio elevada cap a altres regions amb concentracions baixes a nivell

d'una Unica cellula o dins del sincici (Kofuji i Newman, 2004).

3.4.2. Homeostasi de ['aigua

El transport d'ions, de K™ o Na*, requereix el moviment d'aigua. L'aigua entra i surt dels
astrocits a través de les aquaporines, principalment aquaporina 4 (AQP4), que estan

concentrades en les prolongacions perisinaptiques i perivasculars (Haneke et a/, 2010).

3.4.3. Homeostasi del pH

Les membranes dels astrocits tenen diferents tipus de mecanismes per treure H°,
incloent l'intercanviador de Na'/H’, transportadors de bicarbonat, transportadors mono-

carboxilics i I'ATPasa de protons de tipus vacuolar.

3.4.4. Homeostasi de neurotransmissors

Els astrocits son responsables del recanvi de diversos neurotransmissors. Expressen
transportadors pel glutamat, el GABA i la glicina que serveixen per retirar-los de |'espai
sinaptic. Els astrocits son especialment importants a les sinapsis glutamatergiques perque
proporcionen una font de glutamat, el retiren de l'escletxa sinaptica i mantenen la llancadora
glutamat-glutamina. Els astrocits expressen de forma especifica els transportadors de
glutamat GLAST (EAAT-1) i GLT1 (EAAT-2), que co-transporten el glutamat juntament amb
Na“, la qual cosa produeix un augment dels nivells de Na™ intracel-lulars que sén compensats
per la sortida de Na* mitjancant l'intercanviador Na*/Ca?*, que funciona de forma inversa. El
glutamat dins de I'astrocit és convertit en glutamina per I'enzim glutamina sintetasa especifica

dels astrocits i transportat a les neurones mitjancant la llancadora glutamat-glutamina per
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proporcionar una font de glutamat que pot ser acumulat de nou dins de les vesicules

sinaptiques (Sofroniew i Vinters, 2010).

3.4.5. Funcio antioxidant
L'estres oxidatiu és una de les causes de degeneracio neuronal. Els antioxidants de baix
pes molecular com l'acid ascorbic, el glutatié i I'a-tocoferol, juntament amb els enzims
antioxidants, formen les defenses cel-lulars contra I'estres oxidatiu. Els astrOcits presenten
elevades quantitats d'aquests antioxidants, aixi com també de superoxid dismutasa (SOD),
catalasa, glutatid reductasa i glutatidé peroxidasa. Aquesta elevada concentracid d'enzims

antioxidants pot protegir a les neurones del seu voltant en condicions d'estres oxidatiu.

Els astrocits també poden produir de forma induible I'nemo-oxigenasa que actua en el
metabolisme del grup hemo i és important en la prevenci¢ de I'Us del ferro per a la produccid
d'especies d'oxigen reactives (Kimelberg, 2010). A més, els astrocits participen en la captacio
d'alguns metalls pesats com el plom, ja que expressen proteines d'unié a metalls com les
metal-lotionines que els doten amb propietats neuroprotectores i neuroregeneratives després

del dany o exposicid a metalls pesants (Wang i Bordey, 2010).

3.5.  Funci6 de senyalitzacio

Durant decades, els astrocits van ser considerats participants passius en les sinapsis.
Actualment, diferents estudis suggereixen l'existencia d'una comunicacid bidireccional i
dinamica entre les neurones i les cellules de glia. La majoria de les sinapsis del SNC estan
formades per tres elements: el terminal neuronal presinaptic, la membrana neuronal
postsinaptica i la prolongacio de I'astrocit, una estructura que rep el nom de sinapsi tripartida
(Araque et al, 1999) (Figura 7).

Som Postayracic Secsty

FIGURA 7. Sinapsi tripartida. Les prolongacions dels astrocits estan intimament associades amb les sinapsis. A)
Microfotografia electronica que mostra una sinapsi tripartita a I'hipocamp. La prolongacid de l'astrocit (blau)

envolta l'area perisinaptica. L'axd de la neurona esta marcat de color verd, I'espina dendritica de color groc i la
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densitat post-sinaptica de color vermell i negre. B) Representaci® esquematica de la sinapsi tripartita (Extret de
Eroglu i Barres, 2010).

L'astrocit té un paper dual en aquesta sinapsi tripartida. Primer, perque els astrocits
tenen l'avantatge de que expressen receptors per neurotransmissors a la seva membrana
(potencialment poden expressar els receptors per tots el neurotransmissors, malgrat aixo
aquesta expressio esta altament controlada /n vivo i astrocits de diferents arees del cervell
estan dotats amb diferents tipus de receptors) i poden sentir |'alliberacié de neurotransmissors
en el terminal neuronal (Fellin et a/, 2004; Latour et a/, 2001; Pasti et a/, 1997); i en segon lloc,
modular la transmissio sinaptica (Fellin et a/, 2004, Henneberg et al/, 2010; Panatier et al,
2006; Perea i Araque, 2005) alliberant gliotransmissors (Halassa i Haydon, 2010; Volterra i
Meldonesi, 2005).

3.5.1. Senyalitzacio dins del sincici astrocitari: fisiologia astrocitaria

Els astrocits son cel-lules excitables, encara que la seva excitabilitat no esta basada en
canvis de voltatge de la seva membrana sind en oscil-lacions en la concentracié intracellular

de calci.

Hi ha dos patrons diferencials d'oscillacions de calci: en situacions basals, quan no hi ha
cap estimul, es produeixen oscillacions de calci espontanies que generalment estan
restringides a un Unic astrocit i passen independentment de I'activitat neuronal (Aguado et a/,
2002). En canvi, com a resposta a un estimul, els astrocits presenten un oscil-lacié de calci
evocada que implica varies cellules glials i és generada pel glutamat alliberat a la sinapsi per
les neurones que activa els receptors de glutamat metabotropics (mGIUR1 i mGIuRS) i

transportadors presents a la membrana cellular dels astrocits (Fellin, 2009).

Per generar aquestes oscil-lacions les cel-lules de glia usen les reserves intracel-lulars de
calci, el reticle endoplasmatic (RE) i la mitocondria (Figura 8). Aquests organuls generen i
mantenen les concentracions intracellulars i permeten la propagacid de les ones de calci

intercel-lulars.

ElI RE és la principal font de calci intracel-lular ja que pot acumular grans quantitats (400-
800 umol/L) per accid de les ATPases de calci del reticle sarco(endo)plasmic, SERCAs. El calci
pot sortir del reticle a través dels receptors d'IP; (IPsR) i per l'activacid dels receptors de
rianodina/cafeina (RyR). Després de l'activacid dels receptors metabotropics, la fosfolipasa C
hidrolitza el lipid de membrana fosfatidilinositol 4,5-difosfat i genera diacilglicerol (DAG) i IPs,
que activa el receptor d'IP; i produeix la sortida de calci del reticle. L'obertura dels receptors
de rianodina esta regulada pels ions de calci citoplasmatics, de manera que variacions dels

nivells de calci indueixen la sortida de calci del reticle, procés que es coneix com alliberacio de
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calci induida per calci (anomenada CIRC, de I'angles calcium-induced calcium release). Els
receptors d'IPs estan controlats tant per I'IP; com el [Ca’"]. La sensibilitat al calci d’aquests
canals de calci intracellulars és el que fa que la membrana del RE sigui excitable. Una
alliberacié de calci induida per I'augment local d'IP; produeix el reclutament de canals veins,
que no només amplifiquen l'alliberacid de calci inicial, sind que a més, creen la propagacio

d'una ona d'alliberacid de calci a través de la membrana del RE.

Els diposits de calci sén reomplerts per les SERCAs amb el Ca’" del citosol, perd es
requereix I'entrada de calci extracellular a través del canals de calci store-gpened (SOC), en
particular aquells que contenen la proteina canonical type 1 transient receptor potential
(TRPCL), i també per altres receptors i canals permeables al calci, com els receptors

ionotropics i els canals dependents de voltatge.

Les mitocondries sén excellents fonts de calci quan es necessita un increment rapid de
la concentracié intracel-lular. Tenen mitochondrial C&* uniporter (MCU) que transporta el
calci a la matriu mitocondrial propulsat per un potencial de membrana negatiu (entre -140 i -
180 mV) a través de la membrana mitocondrial interna que es genera per la cadena de
transport electronic. Els MCU tenen una baixa afinitat pel calci, i només el transporten quan
[Ca’] al citosol supera els 0,5uM. Aixi les mitocondries estan situades molt a prop de
receptors d'IP; del RE de manera que estan exposades a concentracions de calci més elevades
que les que es troben a la major part del citosol (Reyes i Parpura, 2009).

FicUrRA 8. Fonts de calci dins l'astrocit. L'augment de

calci intracellular en els astrocits és principalment

mitochondrion

produit per la sortida de calci del reticle endoplasmatic
a través dels receptors d'IP; (IP3R) i per I'activacio dels
receptors de rianodina/cafeina  (RyR). L'ATPasa
especifica de Ca®" (SERCA) reomple aquests diposits,
perd requereix I'entrada de calci extracellular a través
del canals de calci store-opened (SOC), en particular
aquells que contenen la proteina canonical type 1
transient receptor potential (TRPC1) situats a la

membrana plasmatica. Les mitocondries també son

TRPC1 plasma membrane . . , .
Ca2+ importants fonts de calci. L'entrada de calci a la

mitocondria es realitza mitjancant el transportador
unijporter i la sortida per l'intercanviador Na'/ ca’ti pel porus transitori de permeabilitat mitocondrial
(MPTP) (Modificat de Parpura i Zorec, 2010).

Una propietat caracteristica dels astrocits en cultiu és que una elevacié de calci en una
Unica cellula es pot propagar a les veines format una ona de calci, mitjangant la difusié de

I'TP5 a traves de les unions gap i l'alliberacio d'ATP de I'astrocit que pot actuar d'una forma
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paracrina en els astrocits veins. Sorprenentment, aquestes ones de calci generalment no es
propaguen a altres astrocits /n vivo, la qual cosa prova que els astrocits poden respondre com

a cél-lules individuals.

3.5.2. Alliberacio de neurotransmissors

La senyalitzacié per calci té un paper fonamental en la comunicaci¢ bidireccional glia-
neurona perque és produida pels neurotransmissors alliberats per I'activitat sinaptica i a la
vegada provoca l'alliberacio de gliotransmissors per part dels astrocitscom el glutamat, la D-
serina, el GABA, el TNF-a, prostaglandines, el ANP, el BDNF, etc, que poden modular

I'activitat neuronal i la fisiologia sinaptica.

3.5.3. Modulacio de la transmissio i la plasticitat sinaptica

Els astrocits son els elements més dinamics de la sinapsi tripartida que poden mostrar
modificacions estructurals i funcionals al llarg del desenvolupament, com a resposta a un dany
neuronal i en diverses condicions fisiologiques. Els canvis estructurals poden tenir un gran
impacte en la funcio sinaptica perque poden influir en la recaptacié de neurotransmissors de
l'escletxa sinaptica i l'activacid de receptors extra-sinaptics. Per exemple, les espines
dendritiques que tenen contactes amb prolongacions dels astrocits sobreviuen meés i son

morfologicament més madures que les que no els tenen (Carmona et a/, 2009).

L'habilitat dels astrocits per modular I'excitabilitat neuronal i la transmissié sinaptica va
ser inicialment descrita en cultius cellulars i posteriorment el seu estudi ha estat ampliat en
talls cerebrals aguts. Els astrocits modulen la fisiologia neuronal alliberant diferents
neurotransmissors com per exemple el glutamat que provoca corrents lents d'entrada
(anomenades SICs, de I'angles siow inward currents) per 'estimulacié dels receptors d’'NMDA
post-sinaptics, augmenta la fortalesa sinaptica activant els receptors metabotropics que
incrementen la freqlencia de les corrents excitadores post-sinaptiques (EPSCs), I'ATP estimula
els receptors P2Y1 i la D-serina contribueix a I'activacio dels receptors NMDA. Tots aquests
mecanismes augmenten |'excitabilitat neuronal tot augmentant la probabilitat d'alliberacio de

neurotransmissors en les sinapsis (Perea i Araque, 2010).

La citocina TNF-q, alliberada tant pels astrocits com per la microglia, promou la insercié
dels receptors AMPA a la membrana de les neurones post-sinaptiques, cosa que augmenta

I'eficacia de la neurotransmissio (Beattie et a/, 2002; Stellwagen i Mallenka, 2006).

3.6. Resposta glial al dany

El comportament de les cellules glials canvia després de produir-se un dany. La

microglia és el primer tipus cel-lular en activar-se, migra rapidament cap al lloc on s'ha produit
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la lesio, on inicia encara meés la reaccid glial i es comunica amb el sistema immune. Les
cellules NG2" també reaccionen en etapes inicials augmentant la seva proliferacié, mentre
que els astrocits son les ultimes cel-lules en activar-se i pateixen canvis morfologics,

d'expressio genica i de funcionalitat, en un procés que rep el nom d’astrocitosi.

L'astrocitosi es produeix com a resposta a qualsevol dany neuronal, sigui
neurodegeneratiu, inflamatori, traumatic o per un infart cerebral. En aquests casos, els
astrocits esdevenen hipertrofics i augmenten I'expressio dels filaments intermedis GFAP i
vimentina, pero també expressen nestina i la proteina d'unié a lipids del cervell (BLBP) (Figura
9). A més, en danys més greus com un trauma sever, I'nipoxia o I'infart cerebral, una part dels

astrocits reactius també proliferen i augmenta el nombre d'astrocits que envolten la lesié.

3.6.1. Canvis morfologics i d’expressio de l'astrocitosi

Un dels models més usats per estudiar I'astrocitosi és la lesié amb una fulla de bisturi
(stab wound injury) a I'escorca dels ratolins realitzada de forma paral-lela a la linia mitja ja que
és un metode repetitiu i proporciona suficient material pel posterior estudi (Hampton et a/,
2004).

Injury Sor 2 " 1or FIGURA 9. Esquema dels canvis

- morfologics i d'expressié de I'astrocitosi
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proliferacid dels astrocits caracteritzat per I'expressio de Ki67 i la incorporacié de bromodesoxiuridina (BrdU).

al llarg del temps. Els astrocits

Expression level of specific markers

D'acord amb I'anterior, el nombre total d'astrocits (marcat pels nivells d’S100B) augmenta amb el temps. Quan la
proliferacié es para, les proteines especifiques de la glia immadura (DSD1, TNC, nestina i vimentina) disminueixen
perd es manté incrementat el nombre total de cél-lules GFAP™ (Extret de Robel et a/, 2011).

La funcié dels astrocits reactius és limitar el dany tissular mitjancant diferents
mecanismes: recaptant el glutamat potencialment excitotoxic, protegint de I'estres oxidatiu
per la via del glutati¢, alliberant adenosina, protegint de la toxicitat per NH,", degradant

peptids B amiloides, encapsulant infeccions i ajudant a segellar la BHE lesionada, reduint
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I'edema provocat per traumes, infarts o malalties obstructives i estabilitzant la concentracio
extracellular d'ions. Tot i aixi, pot ser perjudicial en altres casos. De fet, alguns tipus de lesions
poden provocar que els sistemes homeostatics funcionin d'una manera que exacerben el
dany. Un estrés sever en els astrocits pot provocar una perdua de I'homeostasi ionica que
condueix a una alliberacié massiva de glutamat, una perdua d'ions K", alliberacié de NO i
especies d'oxigen reactives, i d'altres agents que promouen la neurotoxicitat (Heneka et a/,
2010).

La cicatriu glial que inicialment és considerada beneficiosa perque limita la zona
lesionada amb una barrera fisica, després és considerada com un aspecte negatiu de
I'astrocitosi perque inhibeix la regeneracid dels axons per la secrecid de proteoglicans
condroitin sulfat (CSPGs) (Mingorance et a/, 2006) i altres molecules que n'inhibeixen el

creixement (Silver i Miller, 2004).

3.6.2. Factors d’activacio i vies implicades

L'astroglia és activada per diferents canvis que es produeixen en el parenquima cerebral
després de la lesid. Aquests canvis inclouen la produccid d'una gran varietat de molecules de
senyalitzacié, algunes derivades de |'extravasacid de plasma, capacos d'iniciar la reaccio

inflamatoria o modular-la al llarg del temps (Figura 10).

Es consideren factors que inicien I'activacié glial les purines i pirimidines alliberades per
la mort cel-lular i la transmissid excitotoxica, que activen tant els receptors ionotropics P,X com
els metabotropics P,Y, i les citocines pro inflamatories alliberades inicialment per les cellules
de la microglia i posteriorment també pels astrocits, com el TNF-a, la IL-1f i I'TFN-y. Aquests a
la vegada indueixen la formacid de mediadors secundaris que contribueixen a mantenir la
resposta astrocitica al llarg del temps i es detecten en patologies croniques,com metabolits de
I'acid araquidonic, oxid nitric i enzims incloent metal-loproteines de la matriu (MMPs). Tot i aixi,
altres citocines secretades tant per la microglia com l'astroglia, atenuen I'astrocitosi com la IL-
10, INFN-B i I'Epo.

Després de la lesio els astrocits també sobre expressen els factors de creixement com el
factor de creixement nervidos (NGF), el factor neurotrofic derivat dels cervell (BDNF), la
neurotrofina 3 (NT3), el factor neurotrofic ciliar (CNTF), el factor de creixement endotelial
vascular (VEGF), el factor de creixement epidermic (EGF), el factor de creixement de fibroblasts
basic (bFGF), el factor de creixement insulinic tipus 1 (IGF-1), el factor de creixement derivat
d'una linia de cellules glials (GDNF), per mantenir el suport trofic a les neurones que encara

estan intactes.
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Recentment, s'han implicat altres molecules en la reactivitat astroglial com la lipocalina 2
(Len2) que augmenta la sensibilitat a I'estimul citotoxic (Lee ef a/, 2009) i I'endotelina 1 (ET1)

un potent vasoconstrictor produit per les cellules endotelials i els astrocits (Tsang et a/, 2001).

Alguns dels canvis morfologics i funcionals dels astrocits reactius semblen regulats
només a nivell de citoplasma. En canvi, d'altres impliquen l'activacié de cascades de

senyalitzacié que provoguen una resposta nuclear que produeix canvis en I'expressio genica.

Tots aquests factors produeixen I'activacio de diferents vies intracel-lulars que controlen
les caracteristiques dels astrocits reactius. Mentre que alguns mitjancers intracel-lulars com les
GTPases Rho, JAK-STAT, Olig2 i MAPK/ERK, estan principalment implicats en el control de la
motilitat com la migraci¢ i la proliferacid, NFkB i NFAT semblen ser especifics de I'activitat
inflamatoria. A més, diferents vies convergeixen totalment o parcial o, fins i tot, tenen funcions

oposades en funcié del context cellular (Buffo et a/, 2010).
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FIGURA 10. Esquema on es mostren els factors que indueixen I'astrocitosi i les principals vies moleculars activades.
Els senyals que activen els astrocits sén alliberats principalment per la microglia activada, els leucocits infiltrats, les

neurones danyades i les cellules endotelials. Tanmateix, els astrocits modulen la seva propia resposta inflamatoria

(Extret de Buffo et a/, 2010).
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4. Secrecio

Les cellules eucariotes transporten el contingut de diferents organuls envoltats de
membrana a altres organuls i a altres cel-lules. Aquest transport implica la formacio d'una
vesicula a partir d'una membrana precursora, el transport d’aquesta fins a la seva destinacio i,
finalment, la fusié de la vesicula amb la membrana del compartiment final (Bonifacio, 2004). E
procés mitjancant el qual els organuls citoplasmatics es fusionen amb la membrana
plasmatica per alliberar el seu contingut, neurotransmissors, hormones o enzims, a l'espai
extracellular o incorporar receptors, transportadors, canals o molecules d’adhesio i fragments

de membrana a la membrana plasmatica, rep el nom d’ exocitosi/ (Jahn i Sudhof, 1999).

La via de secrecio constitutiva és present a tots els tipus cellulars i permet el recanvi de
la membrana i de components de la matriu extracellular. Les noves proteines sintetitzades
son empaquetades en vesicules de secrecid constitutiva, transportades a la membrana
cel-lular i secretades independentment de qualsevol estimul intra- o extracel-lular. Tanmateix,
algunes cel-lules, com les neurones i les cellules endocrines o exocrines, presenten també una
via de secrecid regulada en qué unes molecules determinades son concentrades |
condensades en granuls de secrecid que son emmagatzemats en el citoplasma esperant ser

secretats com a resposta a senyals especifics.

Les primeres etapes de la via de secrecid son comunes a totes les cel-lules eucariotes.
Tots els precursors de les proteines acabades de traduir son traslladats a l'interior del reticle
endoplasmatic on son plegats, se'n comprova la integritat i son sotmesos a diverses
modificacions post-traduccionals abans de ser carregats a les vesicules recobertes de COPII
per ser traslladats a I'aparell de Golgi on continua aquest proces de modificacio. La xarxa de
trans-Golgi (TGN) és I'iltima parada en el complex de Golgi i després de la TGN, les vies de
secrecio divergeixen i es diferencien. Diferents mecanismes de classificacio dirigeixen les
proteines als diferents compartiments: a diferents dominis de la membrana plasmatica (domini
apical i basolateral), a diferents tipus d’endosomes, a les cisternes de Golgi, a granuls secretors

i a altres compartiments especialitzats en cel-lules especialitzades (Stow, 2009).

A més del transport a través de la via de secrecio classica, també s’han descrit dos tipus
de transport de proteines solubles i de membrana no convencional a la membrana plasmatica
en cel-lules eucariotes. Per una banda, proteines que contenen el peptid senyal s'insereixen en
el RE, per0 arriben a la membrana cellular de forma independent de I'aparell de Golgi. Per
altra banda, proteines citoplasmatiques o nuclears que no tenen el peptid senyal s'ha descrit

que son alliberades per les cel-lules de forma independent del RE i de I'aparell de Golgi.
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Malgrat aixo, aquests dos processos estan restringits a estadis especifics del desenvolupament

i es desconeix la via de senyalitzacio que els activa (Nickel i Rabouille, 2010).

4.1. Tipus de vesicules de secrecio

Per tant, generalment, la secrecio en cel-lules animals es realitza mitjangant tres tipus de
vesicules de secrecio: la vesicula de secrecid constitutiva, que és comuna a tots els tipus
cellulars; els granuls de secrecio, que nomes es troben en cel-lules secretores especialitzades i
alliberen el contingut emmagatzemat depenent d'un estimul extern; i les vesicules sinaptiques
de les neurones i les microvesicules similars a les sinaptiques (SLMVs) en les cellules
neuroendocrines. També trobem un subtipus especial de granuls de secrecio, els organuls
relacionats amb els lisosomes (LRO) també anomenats /isosomes secretors en alguns tipus

cellulars (Figura 11).

FIGURA 11. Vies de secrecid6 en les cellules
eucariotes. Aguest esquema mostra les vies de
secrecid cellular incloent la via de secrecid
constitutiva (A) i la via de secrecio regulada (B-D). B)
Biogenesi de granuls de secrecid en les cellules
endocrines en la que es forma un granul immadur
(IG) a partir del TGN, que madura i déna lloc al
granul de secrecié (SG). C) Biogenesi de les

vesicules sinaptiques (SV) que implica la secrecio

constitutiva  seguida pel transport des de la

% membrana plasmatica a les SV o als endosomes

primerencs (EE) com a intermediaris. D) Biogenesi

dels organuls relacionats amb els lisosomes (LRO) que implica la secreci¢ constitutiva seguida de la internalitzacio
als EE o als cossos multivesiculars (MVBs) i I'entrega als organuls relacionats amb els lisosomes (LROs). La fusié de
SG, SV i LRO amb la membrana plasmatica (fletxes vermelles) és dependent d'estimul (Extret de Benado et a/,
2009).

4.1.1. Vesicules constitutives

Son  petites vesicules secretores formades a la TGN que sén continuament
transportades i fusionades amb la membrana plasmatica. Aquestes vesicules poden ser
transportades directament des de la TGN o passar a través de compartiments endosomals,
com els endosomes primerencs o tardans i compartiments de reciclatge, abans d'arribar a la
membrana plasmatica. Com que les proteines que contenen aquestes vesicules son
secretades continuament, la secrecid constitutiva és principalment regulada per la taxa
biosintetica de les proteines sintetitzades al reticle endoplasmatic (Ponnambalam i Baldwin,
2003)
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4.1.2. Granuls de secrecio

La formacio dels granuls de secrecié comenca a la TGN amb la formacié d'un granul
immadur (IG) que madura i genera el granul de secrecid. Aquest procés de maduracio

generalment consisteix en la fusié amb altres IG i I'eliminacié de les proteines mal classificades.

S'han proposat dos models que no sén mutuament exclusius i, que expliquen la
classificacio de les proteines dins dels granuls de secrecid. En el model de “classificacio per
entrada”, la classificacio de proteines es produeix a la TGN i només les proteines
seleccionades entraran dins dels IG. En canvi, en el model de “classificacid per retencid”, totes
les proteines que es sintetitzen a la TGN entraran als IG, per0 només aquelles proteines
destinades a la secrecio regulada quedaran retingudes al llarg de la maduracié del granul, i la
resta seran eliminades per gemmacio (Park i Loh, 2008). Aquests dos models s'explicaran amb

més detall en apartats posteriors.

4.1.3. Vesicules sindptiques o SLMVs

La formacio de les vesicules sinaptiques esta altament relacionada amb la via endocitica.
El transport de les proteines de membrana de les SVs i les SLMVs es pot produir a través de la
via de secreci6 constitutiva des de la TGN a la membrana plasmaticai d'aqui directament a les
SVs/SLMVs, o mitjancant un intermediari endosomal. La maduracié de les SVs és un procés
dinamic que implica diferents etapes d'exo/endocitosi per remodelar la membrana de la
vesicula. Durant l'endocitosi i la migracid cap als llocs d'alliberacio les vesicules son

reomplertes amb neurotransmissors.

En un terminal pre-sinaptic madur hi ha tres grups de vesicules: el grup preparat per ser
rapidament alliberat (RRP), un grup de reciclatge i un grup de reserva. Les vesicules RRP sén
alliberades rapidament quan es produeix I'estimulacio, mentre que les vesicules en reciclatge
son alliberades amb una estimulacid moderada i el grup de reserva actua com a magatzem |

només és alliberat si es produeix una estimulacié molt intensa (Bonanomi et a/, 2006).

4.1.4. Lisosomes secretors o LROs

Algunes cel-lules han modificat el compartiment lisosomal perque també funcioni com
un compartiment secretor, de manera que també s'usa per emmagatzemar proteines
secretores recent sintetitzades. Aquests organuls reben el nom de /isosomes secretors o
organuls relacionats amb els lisosomes. Els lisosomes secretors comparteixen caracteristiques
amb els lisosomes convencionals, com per exemple, el seu contingut acid i la presencia de
proteines de degradacio, pero es distingeixen per la seva capacitat de ser secretats de forma

regulada.
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Només unes poques cel-lules contenen aquests lisosomes secretors i la majoria d'elles
deriven del llinatge hematopoetic com els mastocits, les cel-lules T citotoxiques, els neutrofils,
els osteoclasts, les cellules presentadores d'antigens, les plaquetes i també els melanocits. Els
lisosomes secretors madurs, de la mateixa manera que els lisosomes convencionals reben
transport biosintetic i degradatiu. AixO inclou proteines que sdn necessaries per al correcte
funcionament del'organul (Blott i Griffiths, 2002).

4.2. Principis del transport vesicular

El transport vesicular és una activitat cellular fonamental ja que és responsabledel trafic
molecular entre els diferents compartiments envoltats de membrana. Per tant, |'especificitat
d'aquest trafic és clau per al correcte funcionament de la cellula. Aquesta especificitat es basa
en I'empaquetament selectiu de la carrega seleccionada en vesicules que reconeixen i es

fusionen només amb la membrana diana adequada.

Els mecanismes moleculars implicats en la regulacid de la secrecid sén similars en els

diferents tipus cel-lulars i hi estan implicades diferents families de proteines.

4.2.1. Molecules de recobriment

Les proteines de recobriment citosolic s'agrupen per induir la formacio de les vesicules
de transport i concentrar les proteines de carrega en aquestes vesicules. Aquesta concentracio
es produeix per la interaccid de les proteines de recobriment amb senyals especifiques

presents a la cua citoplasmatica de les proteines de carrega.

Les molecules de recobriment poden classificar-se en tres families principals: el complex
COP], responsable de la formacié de les vesicules per el transport retrograd; el complex COPI],
que mitjanca el transport anterograd; i el recobriment de clatrina, que té un paper principal

en la via endocitica (Dancourt i Barlowe, 2010).

4.2.2. Proteines adaptadores

Diferents complexes de proteines adaptadores (AP), que es diferencien segons el
reconeixement de la seva carrega i en la seva localitzacio subcel-lular, s'usen per al transport

vesicular i aporten especificitat en el seu contingut i desti.

La formacio de les vesicules recobertes esta mitjancada per proteines petites d'unié a
GTP. L'agrupament de les proteines de recobriment COPI i COPIl és produit per les petites
GTPases ARF1 i Sarl respectivament. L'assemblatge de les cobertes de clatrina és mitjancat

per una familia de proteines classificadores associades a la clatrina (CLASPs).
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A més, hi ha tres families addicionals de proteines adaptadores que comparteixen una
homologia limitada amb els complexes AP: les GGAs (Golgi-localized, y-ear-containing, ARF-
binding proteins), les stonins i una familia de proteines adaptadores que compren Dab 1/ 2,
ARH i numb. A més, hi ha dues classes addicionals de proteines adaptadores: les arrestines i

les epsines (Robinson, 2004).

4.2.3. Senyals de classificacio

Els adaptadors, les molecules relacionades amb els adaptadors i els complexes, mostren
diferents distribucions dins de la cellula i diferents preferencies de carrega. Aquestes
propietats els proporcionen el potencial de classificar diferents tipus de carrega en la via

endocitica o exocitica.

i.  Sequencies especifiques

El principi més ben entes i caracteritzat és el reconeixement de sequencies especifiques
de classificacio a la cua citosolica de carrega transmembrana per complexes adaptadors (AP) i
proteines de recobriment. A la TGN, les senyals de classificacid s'han identificat en proteines
dirigides a I'endosoma i en proteines dirigides a la membrana basolateral, basades en tirosina
amb la sequencia consens NPXY o YXX@ (on N és asparagina; P, prolina; X, qualsevol
aminoacid; Y, tirosina; i @, un aminoacid amb un residu hidrofobic voluminds a la cadena
lateral). La sequencia YXX@ també té un paper important en el transport retrograd de la

membrana plasmatica a Golgi.

També les seqlencies basades en dos residus de leucina, amb les sequencies consens
[DEIXXXL[L]] o DXXLL, on en alguns casos una leucina és reemplacada per un residu
hidrofobic gran com una isoleucina o una metionina, realitzen un gran nombre de funcions

que controlen el trafic de proteines tant en la via endocitica com en I'exocitica.

ii.  Modificacions post-traduccionals

Malgrat que les sequencies especifiques de classificacio tenen un paper fonamental en
el direccionament i trafic de proteines cap a la seva localitzaci¢ final, modificacions post-

traduccionals de la proteina poden afectar la seva classificacio.

La fosforilacié de proteines de membrana pot influenciar el trafic en la TGN, tant
modulant I'activitat d'un senyal de classificacid com generant-ne de nous. La fosforilacio
regula la interaccié proteina-proteina, i en aquest cas modula directament la formacié d'una

vesicula recoberta de clatrina.

La N-glicosilacié és important per al plegament i funcionalitat d'algunes proteines, pero

a més contribueix a la classificacio al llarg del sistema endocitic. S'ha demostrat que juntament
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amb el domini citoplasmatic de Sinaptotagmina 1, dirigeix les proteines a les vesicules

sinaptiques i el TNF-a als granuls de secrecio en els mastocits.

La O-glicosilacié es important per a l'estabilitat de les glicoproteines i és vital per la
interaccié glicoproteina-proteina; a més, modula l'activitat especifica d'aquestes proteines.
Proteines citoplasmatiques i nuclears poden ser O-glicosilades de forma reversible. La O-
glicosilacié també és un senyal de classificacié determinant per al direccionament cap a la
membrana plasmatica, pero també per a la internalitzacié de proteines des de la superficie

cel-lular.

La poliubiquitinacié de les proteines és un senyal de classificacid cap a la degradacio als
proteasomes, perd també és un senyal d'internalitzacio, un senyal de classificacid que dirigeix
les proteines directament des de la TGN als endosomes i un senyal per a la invaginacio dins

de les vesicules luminals dels cossos multivesiculars (De Matteis i Luini, 2008).

El radical manosa-6-fosfat identifica les proteines solubles lisosomals que no tenen
peptids senyals en la seva sequencia, perd son modificades durant la seva biosintesi. Aquest
radical és reconegut pels receptors de manosa-6-fosfat (MPR), uns receptors trans-membrana
que fan un cicle entre la TGN i els endosomes tardans transportant proteines solubles als

lisosomes.

El processament proteolitic de precursors d’hormones peptidiques és necessari per les
hormones i neuropeptids que son sintetitzats com a precursorspolipeptidics inactius que han
de ser endoproteolitzats per ser biologicament actius. En cellules neuroendocrines aquest
processament és realitzat per dos tipus de proteases: les convertases PC1/3 i PC2, que
processen una gran varietat de prohormones i proneuropeptids, i la catepsina Lque talla la
proencefalina i altres neuropeptids (Hook et a/, 2008). La furina, una convertasa expressada
de forma ubiqita, és la principal responsable del processament de les proteines secretades
de forma constitutiva (Seidah, 2011).

iii.  Direccionament de peptids als granuls densos

Existeix un mecanisme que separa les proteines que formaran els granuls densos
d'aquelles que son secretades de forma constitutiva. La classificacio de les proteines en els
granuls densos és un requisit previ per a certs passos de processament post-transcripcional en
I'activacid d'hormones i proteases; per tant, existeix un mecanisme que assegura el correcte
direccionament dels precursors de la proteina i dels seus enzims processadors en el mateix
organul. S'han proposat dos models que expliquen la classificacid de les proteines dins dels
granuls de secrecio: “classificacio per entrada” (Blazquez i Shennan, 2000) i “classificacio per
retencid” (Dikeakos i Reudelhuber, 2007).



INTRODUCCIO

Els mecanismes de classificacio per entrada es divideixen en diferents subcategories. Un
mecanisme implica inicialment I'agregacié de les proteines de carrega com els precursors de
les hormones peptidiques i les granines de forma depenent de pH (6.0- 6.5) i de cations
divalents. Aquest procés d'agregacio exclou les proteines secretades de forma constitutiva.
Després, els agregats s'uneixen a la membrana de la TGN, en alguns casos a través d'un
receptor, com per exemple, carboxipeptidasa E (CPE) que esta descrit que dirigeix la pro-
opiomelanocortina i el pro-BDNF de la TGN als granuls densos de cel-lules de la hipofisi i
neurones hipocampals. La secretogranina I (Sglll), una proteina que s'associa als
microdominis de membrana rics en colesterol i esfingolipids, ala TGN dirigeix la cromogranina

A (CgA) als granuls de secrecio (Hosaka et a/, 2005) (Figura 12).

Les granines son una familia de proteines acidiques que inclou chromogranina A (CgA),
chromogranina B (CgB o Sgl), secretogranina II (Sgll o CgC), Sqlll (o 1B1075), SglV (o HISL-19),
SgV (o 7B2), SgVI (o NESP55) i SgVII (o VGF). Se'ls han atribuit diferents funcions tant en la
formacié dels granuls densos com en els mecanismes de classificacid que succeeixen en
aquests granuls. Aquestes proteines formen agregats en l'entorn lleugerament acid dels
granuls electrodensos (pH 5,5) i en presencia de calci, la qual cosa suggereix que la seva
agregacio serveix per evitar la sortida de les granines i d'altres proteines dels granuls madurs
(Borges et al, 2010). Les granines també poden unir calci amb alta capacitat i amb baixa
afinitat, per aixo alguns autors consideren que els granuls de secrecid poden actuar com a
reservoris de calci, ja que contenen la major concentracio de calci de l'interior de la cel-lula,
aproximadament 40 mM. A més, els granuls de secrecio també contenen els receptors de IP;
a la seva membrana (Yoo et a/, 2010). Les granines, a més, es consideren pro-hormones ja
que donen lloc a peptids bio-actius i s'usen com a marcadors d'alguns tipus de tumors i com
un signe de malignitat. Recentment, s'ha proposat que les granines estan directament
implicades en el desenvolupament d'algunes malalties neurologiques com I'esquizofrenia i
I'epilepsia, i en malalties neurodegeneratives com el Parkinson i |'Alzheimer (Borges et al,
2010).

CgA és un regulador principal en la formacié de granuls de secrecié (Taupenot et al,
2005), pero també altres proteines son importants com secretogranina II'i CgB, ja que la seva
expressio és suficient per induir a la formacié de vesicules fins i tot en cel-lules que no

presenten una via de secrecio regulada (Beuret et a/, 2004).
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granuls densos en cél-lules (neuro)endocrines.

La cromogranina A (CgA) i altres pro-hormones

que es sintetitzen en el reticle endoplasmatic

rugos, son transportades a l'aparell de Golgi,
agregades i classificades en granuls que
contenen microdominis de membrana rics en
colesterol en la xarxa de trans- Golgi a través de

receptors, com Sglll i CPE. Els agregats de CgA i

les prohormones indueixen la formacid de

granuls densos a partir de les membranes de la

@ Cholestorol-rich

TGN per la via de la secrecié regulada. La CgA i

Sqll CPE

= les prohormones sén processades a l'interior

dels granuls per proteases per donar lloc a
peptids actius. L'estimulacié amb secretagogs

provoca l'exocitosi i la secrecié d’hormones. En

canvi, les vesicules de la via d'alliberacid

constitutiva present a totes les cellules alliberen
el seu contingut sense estimulacié préevia (Extret
de Koshimizu et a/, 2010).

Endoplasmic
Reticulum

Un altre mecanisme de classificacid per entrada és usat per diferents enzims que
processen prohormones, cosa que implica la insercio directa del domini C-terminal de I'enzim
en els /jpid rafts de la membrana de la TGN, com és el cas de CPE, les prohormones

convertases 1/3 1 2 (PC1/3, PC2) i la PAM (peptidyl-a-amidating monooxigenase).

El mecanisme de classificacio per retencio va ser descrit per primera vegada en les
cellules B pancreatiques, on moltes proteines que eren presents en els granuls immadurs,
eren eliminades per gemmacio dels granuls immadurs formant vesicules constitutives, mentre

que la insulina quedava retinguda en el granul de secrecio.

D’aquesta manera diverses senyals de classificacié poden complementar funcionalment
a les altres. Existeixen diversos mecanismes de classificacio, cadascun dels quals contribueix a
I'eficiencia de la classificacio de la proteina o a la retencid en els granuls. El tipus cellular i la
naturalesa i/o el nombre de dominis de classificaci6 de la proteina de carrega son
determinants per activar un o altre mecanisme. La multimeritzacio i I'agregacié poden afegir
sinergia entre els mecanismes usat per les altres proteines de carrega del granul (Dideakos i
Reudelhuber, 2007).
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FIGURA 13. Mecanismes de classificacié als granuls densos. A) Classificacid per entrada: 1) Agregacié de proteines a
pH baix i elevada concentracio de calci; 2) els agregats proteics i algunes proteines s'uneixen directament als /jpid
rafts de la membrana; 3) els agregats o algunes proteines s'uneixen a receptors que estan ancorats a la membrana.
B) Classificacid per retencid, en aquest model tant les proteines de secrecié regulada com de secrecié constitutiva
formen part del granul immadur. Durant el procés de maduracié, les proteines de secrecid regulada i els seus
agregats queden retinguts dins del granul per unié a un receptor, mentre que la resta de proteines séon eliminades
del granul per un procés de gemmacidé per un mecanisme depenent d’AP-1/GGA/clatrina en que es formen

vesicules de secrecid constitutiva (Extret de Park i Loh, 2008).

iv.  Direccionament de péeptids als lisosomes

Algunes proteines de la membrana lisosomal com CD63, LAMP-1 i LAMP-2, tenen un

motiu basat en tirosines que pot ser reconegut pel complex adaptador AP1, AP2 i AP3.

Les proteines solubles lisosomals no tenen peptids senyals en la seva sequencia, pero
son modificades durant la seva biosintesi per I'adici® del radical manosa-6-fosfat, que és
reconegut pels receptors de manosa-6-fosfat (MPR). Aquests receptors trans-membrana fan

un cicle entre la TGN i els endosomes tardans transportant proteines solubles als lisosomes.

A més d'aquests senyals ben caracteritzats, algunes proteines arriben als lisosomes
secretors per altres vies que son especifiques per les cel-lules que contenen aquests organuls.
Aquestes senyals de classificacid no impliquen I'addicié d’'un carbohidrat, pero si un motiu en
la sequencia polipeptidica a I'extrem carboxi-terminal de la proteina, per exemple un domini
ric en prolines (PRD) en la cua citosolica de FasL en les cel-lules T i en les natural killer (Blott et
al, 2001); o en els melanosomes, el classic senyal basat en di-leucina, que s'ha proposat que
interacciona amb I'AP3 o la sequencia (Ser- Val- Val) que s’ha descrit que interacciona de

forma transitoria amb proteines que contenen el domini PDZ.
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4.3. Transport a la membrana plasmatica

Després del procés de senyalitzacid que dona lloc a I'exocitosi, es produeixen dos
processos. El primer és el transport depenent de microtibuls de granul de secrecio cap a la
membrana plasmatica; i el segon, és el docking i la fusi6 amb la membrana plasmatica
alliberant el seu contingut a l'exterior. Mentre que les proteines SNAREs s'han relacionat amb
el docking i la fusio, les Rab GTPases s'han descrit com a reguladors importants del procés

d‘exocitosi.

4.3.1. Proteines de transport

Les vesicules, un cop formades a la TGN, son transportades als llocs de secrecié de la
membrana plasmatica mitjangant un sistema de transport basat en microtubuls que requereix
la presencia d'adaptadors, com la dinactina o la proteina-1 associada a hungtintina, per
facilitar la subjecci¢ de la vesicula als microtubuls. Generalment, tots els tipus de vesicula usen
les mateixes proteines motores, la cinesina per al transport anterograd i la dineina per al
transport retrograd. Estudis recents indiquen que la cua citosolica de CPE, present en els
granuls de secrecio, pot interaccionar directament amb la dinactina (Park et a/, 2008) que

recluta les proteines motores cinesina-2 i -3 (KIF3 i KIF1A).

Al final del transport basat en microtubuls, les vesicules son transferides a l'esquelet
d'actina proxim a la membrana plasmatica. S'ha proposat que miosina V és la responsable de
transferir les vesicules dels microtubuls a I'actina interaccionant directament amb les proteines
motores (Park i Loh, 2008).

4.3.2. Rab GTPases

Formen la familia més gran de GTPases, en humans se n'han identificat més de 60, i
tenen com a funcié actuar com a interruptors moleculars ja que alternen dos estats
conformacionals: el GTP actiu i el GDP inactiu. Estan associades de forma reversible amb les
membranes a través de grups hidrofobics geranilgeranil que estan ancorats a un o dos
residus de cisteina carboxiterminals i aixo els permet realitzar la seva funcio de regular el trafic

de membranes.

Les Rab GTPases controlen la dinamica intracel-lular de les vesicules, des de la formacio
de la vesicula ja que capten receptors per a la nova vesicula i en modifiquen la composicié de
la coberta, fins aparticipar en el tethering de les vesicules interaccionant amb els factors de
lligacid que a la vegada interaccionen amb les SNAREs i els seus reguladors per activar la
formacié del complex SNARE, que produeix la fusi® de membranes. Respecte al seu paper

com a moduladors del transport, les proteines Rab s'uneixen a les proteines motores com les
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miosines, les cinesines i les dineines, on actuen com a unié entre les proteines de carrega i el

citoesquelet.

Després de la fusié de membranes i I'exocitosi, la Rab GTPasa es converteix en la forma
inactiva unida a GDP a través de la hidrolisi del GTP que és estimulada per la proteina
activadora GTPasa (GAP)(Stenmark, 2009).

4.3.3. Proteines SNAREs

Les vesicules un cop situades a prop de la membrana diana, s'han d'acoblar amb la
membrana amb un complex format principalment per les proteines muncl8 i sintaxines,
encara que altres proteines també intervenen en la regulacid d'aquest procés com uncl3,
CAPS, RIM2a i Rab3 (Verhage i Sorensen, 2008).

Un cop acoblades, les vesicules s'han de fusionar amb la membrana, un procés realitzat
per les proteines de la familia SNARE  (soluble-N-ethyimaleimide-sensitive-tactor accessory-
protein [SNAP] receptor). Les proteines SNARE es troben en totes les cel-lules eucariotes, amb
els seus membres distribuits per totes les membranes i implicats a cada pas de la fusio de
membranes del trafic intracel-lular. Es coneixen 38 membres de la familia de les proteines
SNARE (Taula 3). Cada cellula expressa diferents combinacions que son selectivament
distribuides en organuls i dominis de membrana. L'aparellament selectiu de les proteines
SNARE restringeix el trafic i la fusi® de membranes entre els organuls o amb la membrana

plasmatica (Jahn i Scheller, 2006).

MEMBRES DE LA FAMILIA SNARE ACTUALMENT IDENTIFICATS

Qa. Sintaxina 1 (Stx1), Stx2, Stx3, Stx4, Stx5, Stx7/, Stx11, Stx13, Stx16, Stx17 i Stx18.

Qb. GS27 (SNARE de I'aparell de Golgi de 27 kDa), GS28, Vtila (interaccio de la vesicula de
transport amb I'hnomoleg de la t-SNARE 1a) i Vtilb.

Qc. Stx6, Stx8 1 Stx10, GS15, BET1 i SLT1 (SNARE-like tail-anchored protein)

Qb,c. SNAP23, SNAP25, SNAP29 i SNAP47.

R. VAMPL (proteina associada a la membrana de la vesicula), VAMP2, VAMP3, VAMP4,
VAMPS, VAMP7, VAMPS, ERS24 (SEC22b) i YKT6.

Sense classificacio. D12, SEC20, SEC22a i SEC22c.

TauLA 3. Classificacié dels membres de la familia SNARE.

La hipotesi SNARE manté que la proteina SNARE de la membrana donant s'uneix a la
proteina SNARE de la membrana diana en una unio (frans-SNARE complex) que de forma

transitoria uneix les dues membranes (Rothman, 1994). Els membres de la familia SNARE es
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caracteritzen per la presencia del domini conservat SNARE motif;, que mitjanca la interaccio
entre les proteines SNARE. La majoria son proteines transmembrana amb un domini
hidrofobic caboxi-terminal. Originalment es classificaven en v- (associades a la vesicula) o t-
(associades a la membrana) SNARE, en funci¢ de la seva localitzacio. Malgrat aix0, actualment
ha canviat la terminologia i es classifiquen en R-SNAREs (generalment presents a la vesicula) i
Q-SNAREs (generalment presents a la membrana), segons si el residu funcional del SNARE

motifés una arginina (R) o glutamina (Q) (Fasshauser et a/, 1998).

Les R-SNARE (com les VAMPs) tenen un unic domini transmembrana que aporta un
anic SNARE motif per a la formacio del complex trans-SNARE. Les Q-SNAREs es
subclassifiquen en Qa-, Qb-, Qc i Qb,c- segons la posicid del SNARE motif en el complex
SNARE agrupat. Les Q-SNARE funcionen com un complex que esta format per 2 o 3 proteines
que proporcionen 3 SNARE motifs al complex trans-SNARE. La majoria de les Q-SNAREs
tenen un Unic SNARE motit, pero les Qb,c (SNAP23, SNAP25, SNAP29 i SNAP47), que son

proteines que no tenen el domini transmembrana, contenen dos SNARE motifs.

La interaccié d'R- i Q-SNAREs en el complex trans-SNARE transitori, que esta format
per la unié de les helix alfa dels dominis citoplasmatics de les SNAREs, serveix per ajuntar les
membranes ja que genera la forca necessaria per fusionar les bicapes lipidiques (Figura 14).
Un cop s'ha produit la fusio, la membrana de la vesicula esta en continu amb la membrana
diana, i forma de forma transitoria el complex cis-SNARE. Després de la fusid s’han de
desacoblar rapidament, perquée els components puguin ser reciclats per altres fusions de
membrana. El desacoblament del complex cis-SNARE és mitjancat per un complex soluble

que conte I'ATPasa NSF (N-ethylmaleimide- sensitive factor) i a-SNAP (Malsam et al/, 2008).

Secretory granule ===  VAMPZ (R-SNARE)

E—".-’ STX4 (Oa-SNARE)

Mast cell % SNAF23 (Ob,c-SNARE)

FIGURA 14. Exemple funcional de la fusié de granuls mitjiancada per proteines SNARE. Aquesta figura mostra un
exemple de la fusid d'un granul en un mastocit. El mecanisme de fusid és igual en totes les cellules, perd les
proteines SNAREs que intervenen son diferents. En aquest exemple, el complex Q-SNARE de la membrana
plasmatica (format per la Qb,c- SNARE SNAP23 i la Qa- SNARE Stx4) forma el complex trans-SNARE amb la R-
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SNARE VAMP2 del granul. EI complex trans-SNARE dirigeix la fusi® entre les dues membranes i la secrecié del
contingut del granul. El complex post-fusio, abans del desacoblament, es coneix com a complex cis-SNARE (Extret
de Stow et a/, 2006).

Els membres de la familia Secl/Muncl8 s'uneixen directament als dominis amino-
terminals de les sintaxines i estan posicionats de manera que poden regular (de forma positiva
0 negativa) la capacitat d'aquestes Q-SNARE per formar el complex trans-SNARE. Aquestes
proteines també poden tenir altres funcions com regular l'estabilitat i el recanvi de les
proteines SNARE. A la majoria de cellules de mamifers, aquestes proteines estan associades a
la membrana plasmatica, a I'aparell de Golgi i als endosomes per regular I'activitat de les
SNAREs en aquestes localitzacions. A més, també |'organitzacié espacial de les SNAREs i de
les Sec/Munc-like controla la seva funcio. Els dominis de membrana rics en colesterol regulen
la interaccio de les proteines Q-SNAREs, separant-les de les proteines Sec/Munc-like. Altres
proteines que s'uneixen a les proteines SNARE poden actuar com a moduladors de la seva
funcid, com Muncl3, el seu homoleg en cel-lules endocrines CAPS (calcium-activated protein
for secretion) i la proteina RIM que afavoreixen la formacio del complex SNARE. Les proteines
que regulen la secrecio varien segons el tipus cel-lular, com per exemple la sinaptotagmina 1

(un sensor de calci) i la tomosina (també coneguda com a Stxbp5) en cel-lules neuronals.
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5. Secrecio en els astrocits

L'existencia d'un sistema de comunicacié basat en l'alliberacid de mitjancers quimics
entre els astrocits i altres cel-lules neuronals va ser hipotetitzat a finals dels anys 80 per
I'observacid que les cel-lules glials contenien, sintetitzaven i alliberaven gran varietat de

substancies.

Actualment esta acceptat que els astrocits son cellules secretores que alliberen diferents
transmissors quimics com: aminoacids excitadors i inhibidors (glutamat, aspartat, D-serina,
acid homocisteic, acid quinolinic, GABA, glicina, taurina, etc); altres neurotransmissors classics
(acetilcolina, noradrenalina, dopamina, serotonina, histamina, etc); ATP i nucleotids i
nucleodsids relacionats (nucleotids de purina, ATP, GTP, i els seus derivats di- i mono-fosfat,
adenosina, guanosina, UTP); eicosanoids i altres mitjancers lipidics (productes de la
ciclooxigenasa (COX), prostaglandines (PGs), productes de la lipooxigenasa (LOX), productes
de la epooxigenasa (EPOX)); neuropeptids (proencefalina, angiotensinogen, endotelines);
neurotrofines (factor de creixement neural (NGF), neurotrofina- 3, factor neurotrofic derivat
del cervell (BDNF)); citocines (interleucines (IL), interferons (IFN), factors de necrosi tumoral

(TNF)) i factors de creixement i quimiocines.

Diversos estudis han intentat descriure el “secretoma” d'aquestes cel-lules mitjancant
diferents aproximacions experimentals, tant en condicions basals (Dowell et a/, 2009; Greco et
al, 2010) com en resposta al tractament amb citocines inflamatories (Keene et a/, 2009) o a
I'estimulacié colinergica (Moore et a/, 2008). En I'estudi més recent, es van identificar més de
mig miler de proteines, de les quals un 20% tenien el peptid senyal a I'extrem N-terminal i

estaven enriquides més de 1,5 vegades en el medi dels astrocits.

5.1. Mecanismes de secrecio en astrocits

Els mecanismes moleculars responsables de I'alliberacié dels gliotransmissors encara no
estan del tot clars. La majoria d'evidencies indiquen que l'alliberacié de gliotransmissors es
produeix per un mecanisme depenent de calci i de proteines SNARE a través de I'exocitosi de

vesicules i lisosomes (Perea i Araque, 2010).

Durant els Ultims anys, els estudis s'han centrat en descriure els mecanismes
d‘alliberacié d'aminoacids per part dels astrocits, sobretot pel glutamat, pel qual s'han descrit
fins a 6 mecanismes diferents d'alliberacié (Malarkey i Parpura, 2008). Tots aquests no sén

mutuament exclusius i poden coexistir (Perea i Araque, 2010).
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5.1.1. Secrecié no exocitica en astrocits

Malgrat que s'han descrit diferents mecanismes per l'alliberacié de glutamat tant a
través de canals, com l'obertura dels canals ionics induits per volum, la secrecid per
connexons i hemicanals o mitjangcant receptors purinergics ionotropics; com a través de
transportadors com el funcionament invers dels transportadors de glutamat o I'intercanviador
de cistina-glutamat. Encara falta determinar si aquests mecanismes succeeixen en condicions
fisiologiques o només en determinades condicions patologiques com en l'infart o la isquemia
o requereixen condicions especials com l'inflament de les cellules o baixes concentracions

extracel-lulars de calci (Figura 15).

i.  Canals anionics depenent de volum (Swelling-activated anion

channels)

El treball pioner del grup de Kimelberg va establir que quan els astrocits en cultiu
s'inflen, simulant un edema cerebral, alliberen glutamat, aspartat i taurina a través dels canals
anionics reqgulats per volum (VRAC) (Kimelberg et a/, 1990), pero no sha demostrat
Ialliberacid de glutamat a través d’aquests canals en condicions no patologiques. Tanmateix,
algunes substancies com I'ATP o I'Oxid nitric poden actuar sobre els VRACs amplificant
I'alliberacié d’aminoacids en una lleugera hipo-osmolaritat que pot ser que succeeixi in vivo.
L'ATP mitjancant la unié a receptors pot augmentar els nivells de calci intracel-lular provocant
un lleuger inflament transitori de la cel-lula seguida de I'alliberaci® de glutamat pels VRACs
(Takano et al, 2005).

ii.  Funcionament invers dels transportadors de glutamat

Els transportadors de glutamat son una familia de proteines situades a la membrana
plasmatica dels astrocits i de les neurones que tenen la funcié especifica de retirar el glutamat
de l'espai extracel-lular. Per cada cicle de transport, juntament amb una molecula de glutamat,
co-transporta 3 Na" i 1 H"i treu 1 K. Encara que no sembla que succeeixi en la funcio
cerebral normal, en condicions patologiques com en la isquemia on hi ha uns nivells
extracellulars de K" elevats, aquests transportadors poden funcionar de forma inversa i
alliberar glutamat (Szatkowsky et a/, 1990). Aquest transport invers del glutamat acaba
provocant la mort dels astrocits, no per l'augment dels nivells de glutamat a l'espai
extracel-lular, sin® per la deplecid del glutatid citoplasmatic causat per la disminucid dels

glutamat a I'interior de la cel-lula que provoca un augment de I'estres oxidatiu.
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iii.  Intercanviadors de cistina- glutamat

Sén uns transportadors d’aminoacids independents de Na® i dependents de CI” que
intercanvien la cistina extracel-lular amb el glutamat intracel-lular amb una estequiometria 1:1
(Banai, 1986; Reichelt et a/, 1997). Aquest transportador és el responsable de I'acumulacié de
la cistina necessaria per la sintesi de glutati, un dels principals antioxidants endogens, i a més,
proporciona una via d'alliberacid de glutamat (War et a/, 1999). Aquesta alliberacié de
glutamat esta relacionada amb la modulacid de la transmissio sinaptica i I'expressio del

comportament animal relacionat amb I'addiccié (Parpura i Zorec, 2010).

iv.  Hemicanals gap junctions

Les unions tipus gap son porus formats per la unié de dos connexons (hemicanals)
situats de forma juxtaposada en les membranes de dues cel-lules adjacents que connecten el
seu citoplasma i permeten el pas de molecules de fins a 1 kDa. Els connexons desaparellats
poden actuar com a hemicanals funcionals permetent la difusi6 de molecules des del
citoplasma cap a l'espai extracel-lular. Els hemicanals formats per conexines (Cx43 en astrocits)
poden alliberar glutamat a I'espai extracel-lular quan hi ha una baixa concentracié de cations
divalents a l'espai extracel-lular, pero falta determinar si aixd també succeeix en condicions
fisiologiques. En canvi, les panexines son insensibles a les concentracions extracellulars de
calci i poden alliberar glutamat si es produeix un augment de calci intracel-lular a nivells que

es solen observar en els astrocits (Ye et a/, 2003).

v. Receptors P2X;

Els receptors P2X sén uns canals de membrana plasmatica que s'activen per la uniod
amb I'ATP i son permeables a cations mono i divalents. Es coneixen 7 tipus de subunitats del
receptor P2X que es poden agrupar per formar canals homomeris o heteromerics. En moltes
cellules, si hi ha una estimulacié mantinguda, el porus aquos es dilata fins a permetre el pas
de molecules grans independentment de la seva carrega. Quan I'ATP activa el receptor P2X5,
s'obre un porus que és permeable a 'ATP i al glutamat. L'activacié d'aquest canal en astrocits
en cultiu i /n vivo proporciona una ruta no exocitica per l'alliberacié d'ATP, glutamat i
probablement D-serina (Duan et a/, 2003). En condicions patologiques on es produeix una
activacio prolongada dels canals P2X; pot conduir a I'alliberacié de proteines citosoliques i a la

mort cel-lular.



INTRODUCCIO

b Mon-exocytatic
release
ATP
PX W AL
P2X, Hemichannels ﬁ@ % Tiﬂ
Glu Glu
Glu Glu ATP ATP
ATP ATP D-ser D-ser
D-ser D-ser Astrocyte
[Ca**T], —— Swelling Astrocyte

FIGURA 15. Mecanismes d’exocitosi de neurotransmissors no exocitica i hibrida. A) L'alliberacid no- exocitica de
transmissors es pot produir per funcionament revers dels transportadors de membrana de glutamat (EAAT) o per
sortida a través dels canals anionics reguladors de volum (VRACs), pels canals dels receptor purinergic P2X7 activats
per ATP o pels hemicanals formats per connexines o panexines (aquests 3 Ultims casos sén tant per glutamat com
per ATP i D-serina). B) EI mecanisme d'alliberacié hibrid es produeix quan I'ATP alliberat per exocitosi activa els
receptors P2Y i P2X7; aix0 permet la sortida no- exocitica de transmissors a traves del receptor P2X; i els VRACs. Els
VRACs s'activen per I'augment de la turgencia cellular produida per I'augment de la concentracié intracel-lular de
calci generada pels receptors P2Y i P2X; (Extret de Hamilton i Attwell, 2010).

En conclusio, algunes evidencies suggereixen que part de la gliotransmissio es produeix
a través de canals i transportadors, malgrat aixo alguns d'aquests processos han de ser aclarits.
A mes, s’ha de determinar si aquests mecanismes succeeixen en condicions fisiologiques i
com son de rellevants, ja que es desconeixen els mecanismes de la seva especificitat i

regulacio.

5.1.2. Exocitosi en astrocits

Com ja hem dit anteriorment, dins dels gliotransmissors, el glutamat és el més estudiat.
L'any 1994 en un treball de Parpura i collaboradors (Parpura et a/, 1994) es va descriure per
primera vegada un mecanisme depenent de calci per I'alliberacié de glutamat en astrocits en
cultiu. Aquesta rapida alliberacio de glutamat era mitjancada per l'activacié de receptors per

lligands endogens i depenia dels nivells de calci intracel-lular.

L'augment dels nivells de calci intracellular és necessari i suficient per provocar
I'alliberacid de glutamat dels astrocits. El tractament amb ionomicina, en presencia de calci
extracellular lliure, estimula l'alliberacié de glutamat. En canvi, aquesta estimulacid no es
produeix si hi ha uns nivells extracel-lulars baixos de calci, si el calci citoplasmatic esta quelat
amb el BAPTA (Z,2-bis(o-aminophenoxy)-ethane-N,N,N,N’- tetraacetic acid) o si s'han reduit
els diposits interns de calci pel tractament amb tapsigargina. De manera que el calci prové de
dues fonts diferents, principalment dels diposits de calci intracellulars, pero també de

I'entrada del calci extracel-lular.
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En estudis posteriors s'ha descrit que aquesta alliberacid és sensible a inhibidors de
I'exocitosi neuronal com les toxines clostridials (la neurotoxina tetanica (TeNT) i els set tipus
de neurotoxines botuliniques (BoNT A-G)) (Jourdain et al/, 2007; Perea i Araque, 2007), per
tant, els astrocits expressen les proteines SNAREs que son la diana d'aquestes toxines
(Montana et a/, 2006). Aquesta alliberacié també és sensible a la bafilomicina A1 (Baf A1) un
bloguejant de la H*-ATPasa vesicular que produeix l'alcalinitzacié del lumen vesicular evitant
el gradient de protons necessari perque els transportadors de glutamat (VGLUTSs)

I'introdueixin dins de les vesicules.

Aquestes vesicules son transportades al llarg del citoesquelet. Aquest transport és
modulat per la dinamica dels diferents filaments, les diferents proteines motores i és controlat
per diferents molecules de senyalitzacio. A més dels microtdbuls i els filaments d'actina, els
astrocits tambe expressen filaments intermedis: GFAP, vimentina, nestina i sinemina, aquests
dos Ultims només s'expressen en astrocits reactius. Pel transport rapid a llarga distancia s'usen
preferentment els microtlibuls, encara que la resta de filaments també tenen un paper
fonamental (Potokar et a/, 2011).

Tots aquests estudis suggereixen l'existencia d'una alliberacid vesicular regulada per
calci en astrocits, no només pel glutamat (Bezzi et a/, 2004) sind també per altres
neurotransmissors com la D-serina (Mothet, 2005; Martineau et a/, 2008), 'ATP (Coco et 4/,
2003; Pangrsic et al, 2007), i peptids com el ANP (Krzan et a/, 2003), el BDNF (Bergami et a,
2008; Jean et al, 2008) i el neuropeptid Y (NPY) (Ramamoorthy i Whim, 2008), i que poden

ser alliberats mitjancant una exocitosi requlada depenent de calci.

Malgrat totes aquestes evidencies, les dades disponibles no proporcionen una
descripcié completa dels processos d'exocitosi en astrocits. Per aix0O, I'existencia d'una via

d'exocitosi regulada en aquestes cel-lules encara s'esta debatint.

A meés, s'ha descrit certa heterogeneitat en les vies de secrecid dels astrocits ja que
s'han proposat diferents organuls com els responsables de I'exocitosi dels gliotransmissors. En
astrocits es troben dos tipus de vesicules secretores: les vesicules petites similars a les
sinaptiques (synaptic- like microvesicle . SLMVs) i granuls densos (large dense-core vesicles.
LDCV). Sempre s'ha pensat que les SLMVs emmagatzemaven molecules petites i s'alliberaven
de forma regulada, participant en la comunicacid glia-neurona. Malgrat aixo, els LDCV
contenen una gran varietat tant de molecules petites com grans que tenen importancia en la
comunicacio cel-lula- céllula (Hur et a/, 2010). A més, en els astrocits també trobem lisosomes
secretors. La majoria dels estudis no distingien entre les diferents poblacions d‘organuls
secretors, per tant, la descripcié de la secrecid en aquestes cellules potser que no sigui molt

acurada hi hagi una barreja de la contribucié dels diferents organuls.
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i.  Microvesicules similars a les sinaptiques (SLMVs)

Esta ben establert per microscopia electronica que en les prolongacions dels astrocits es
troben petites vesicules (d'uns 30 nm de diametre) rodones i clares que recorden a les
vesicules sinaptiques dels terminals nerviosos i a les vesicules petites de les cellules
neuroendocrines (Bezzi et a/, 2004). Es per aixd que reben el nom de microvesicules similars a
les sinaptiques (synaptic-like microvesicle. SLMVs). Aquestes microvesicules no estan
concentrades com les vesicules sinaptiques en les neurones, sind que formen petits grups
localitzats a 100 nm de la membrana plasmatica per proporcionar una exocitosi rapida.
Aquests grups es localitzen en la membrana els astrocits propera als terminals pre-sinaptics

que expressen els receptors de glutamat tipus NMDA (Jourdain et a/, 2007) (Figura 16).

FIGURA 16. Les SLMVs es situen en els terminals
dels astrocits proxims a les membranes neuronals
que contenen receptors NMDA. Doble marcatge
amb particules d'or per VGLUT1 (particules d'or
petites) i pels receptors NMDA (particules d'or
grans). La membrana plasmatica dels astrocits és
molt propera als receptors NMDA localitzats a la
densitat post-sinaptica de 2 sinapsis formades per
un terminal que conté VGLUTL (ter) i la membrana
de la dendrita. A linsert veiem amb més
magnificacié la petita distancia entre les vesicules
de lastrocit VGLUT1 positives i els receptors
NMDA extrasinaptics de la dendrita. Escala: 100

nm i 50 nm a l'insert (Extret de Bezzi et a/, 2004)

Aquestes vesicules contenen totes les proteines necessaries per introduir el glutamat en
el seu interior. Els astrocits expressen I'ATPasa vacuolar H* (V-ATPasa) que introdueix protons
a dins del lumen vesicular per generar el gradient necessari de la concentracié de protons per
introduir el glutamat. També expressen les tres isoformes conegudes dels transportadors de
glutamat VGLUTs: 1, 2 i 3, que usen el gradient de protons creat per la V-ATPasa per

concentrar el glutamat dins de les vesicules (Bezzi et a/, 2004).

La D-serina, un potent co-agonista del glutamat en els receptors NMDA que s'uneix al
lloc d'unié a la glicina, s'ha descrit que co-localitza amb marcadors de les SLMVs, i podria, per
tant, ser alliberat per les mateixes vesicules responsables de I'alliberacio de glutamat, produint
una activacio realment efectiva dels NMDARs (Martineau et a/, 2008). Esta descrit que la D-
serina s'emmagatzema a les vesicules després de la seva formacié a I'aparell de Golgi; malgrat
aixo, es desconeix la identitat del transportador vesicular de la D-serina (Parpura i Zorec,
2010).
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En l'exocitosi d'aquestes vesicules coexisteix la fusid completa de la vesicula, en que
s'allibera tot el contingut a I'espai extracellular i la fusio tipus kiss and run. Aquest Ultim tipus
de fusio, els astrocits la presenten exclusivament en resposta a I'estimulacio fisiologica; a cada
exocitosi només s'allibera una fraccié del contingut total de la vesicula (<10%), permetent
diversos cicles d'exocitosi sense recarregar la vesicula; cada cicle d'exocitosi només és una
alliberacio, no multiples com en les cellules cromafins; i la latencia de I'endocitosi induida per
I'estimul és 4 vegades més lenta en els astrocits que en les cellules cromafins (Chen et al,
2006).

ii.  Granuls densos (LDCV)

Contrariament als aminoacids i a I'ATP, que son introduits a les vesicules per
transportadors de membrana, els gliotransmissors entren a les vesicules a través de la via de
la secreci¢ regulada. Els pro-peptids es sintetitzen al reticle endoplasmatic (ER), passen a
I'aparell de golgi des d'on es formen les vesicules on son concentrats i classificats en organuls,
on son processats abans de ser alliberats (Parpura i Zorec, 2010). Aquestes vesicules que
transporten transmissors peptidics tenen una aparenga morfologica diferent al microscopi
electronic: granuls densos (/arge dense-core vesicles. LDCV), que sén menys abundants que
les SLMVs ( hi ha generalment 0-4 granuls densos cada 6 pum’ d'astrocits) i que es troben
majoritariament al voltant de I'aparell de Golgi i també en les prolongacions. Aquests granuls
tenen un diametre de 300- 400 nm, encara que no és estrany trobar-ne de diametre superior
a 400 nm. A més, és freqlent trobar granuls que no tenen l'interior tan electrodens o que hi
ha unes parts de l'interior del granul que son menys electrodenses que altres, aixo és degut a
que recentment han endocitat una vesicula o que esta en procés de maduracid (Hur et al,
2010).

Les cromoganines i les secretogranines son marcadors proteics que identifiquen els granuls
de secrecid. En els astrocits, la cromogranina A i B i la secretogranina II es localitzen
exclusivament en els LDCV (Figura 17). A més, aquestes proteines tenen una alta capacitat i
una baixa afinitat per emmagatzemar el calci, unint 30- 93 mols de calci/ mols de proteina
amb una constant de dissociacio (Kd) de 1.5-4.0 mM, permetent als granuls emmagatzemar
fins @ 40 mM de calci, la concentracié de calci més gran en qualsevol organul subcellular.
Aquestes proteines també son alliberades juntament amb el contingut dels granuls en

resposta a un estimul que augmenti les concentracions intracel-lulars de calci (Hur et a/, 2010).
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FIGURA 17. Microscopia electronica on es mostra la localitzacié de CGB i SgIl en vesicules similars als granuls de
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secrecié (granuls densos) en astrocits en teixit. Els astrocits en teixit cerebral huma van ser marcats amb anticossos
contra CGB (A) i contra SglI (B). Les particules d'or (indicades per fletxes) es localitzaven principalment en vesicules
similars als granuls de secrecio (SG) i parcilament al reticle endoplasmatic (er), perd no a la mitocondria (M). Escala:
200 nm (Extret de Hur et a/, 2010).

Diversos estudis suggereixen que I'ATP tambeé s'allibera juntament amb els peptids dels
granuls densos (Coco et al/, 2003; Pangrsic et al, 2007). La proteina responsable de
I'acumulacid d'ATP s'ha identificat recentment com SLC17A9 i s'ha localitzat en astrocits

(revisat a Parpura i Zorec, 2010)

Les vesicules secretores també poden transportar proteines associades a la membrana.
El transport de proteines de senyalitzacio, receptors i transportadors a la membrana
plasmatica és d'especial interes per les interaccions dels astrocits amb altres tipus cel-lulars,
com per exemple, la insercio a la membrana del transportador d'aminoacids excitadors EAAT2
0 GLT-1 (Stenovec et a/, 2008) i el receptor de cannabinoids associat a proteina G 1 (CB1R)
(Osborne et al, 2009)

iii.  Lisosomes

En determinades condicions experimentals, es pot detectar |'exocitosi de ['ATP
emmagatzemat als lisosomes, ja que col-localitza amb diferents marcadors de lisosomes com
son LAMP-1 i el CD63 (Zhang et al, 2007). Dos estudis més confirmen que en els astrocits
organuls semblants als lisosomes poden actuar com a vesicules de secrecio i alliberar de

forma depenent de calci (Jaiswal et a/, 2007; Li et a/, 2008).

L'ATP i el glutamat indueixen una fusié tipus Kiss and run dels lisosomes ja que
produeixen un augment dels nivells de calci citoplasmatic. A més a més, els lisosomes es
poden fusionar amb la membrana plasmatica per a reparar-la o com a resposta a una lesio
de la membrana, alliberant no només ATP sind també enzims lisosomals i altres molecules de

senyalitzacié que poden participar a la senyalitzacio intracellular. De manera que I'exocitosi
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regulada dels lisosomes pot tenir una funcié important en la comunicacié cel-lula- cel-lula tant

en condicions fisiologiques com patologiques.

El mecanisme mitjancant el qual es produeix |'acumulacio de I'ATP dins del lisosoma no
és del tot clar. Com I'ATP esta carregat negativament, I'activitat de la bomba de protons
manté el potencial de membrana necessari perque el transportador de nucleotids introdueix
I'ATP. També els transportadors ABC (A7P-binding cassette) i les proteines multiresistents a
drogues (multidrug resistant proteins) que poden introduir ATP, estan presents a la

membrana dels lisosomes.

A més, s'ha descrit que compartiments membranosos dels astrocits marcats amb
marcadors de endosomes tardans i lisosomes presenten el transportador d'aspartat sialina,

suggerint que aquestes organuls poden exocitar aspartat (Li et a/, 2008).
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En els dltims anys, diversos treballs han demostrat que els astrocits participen
activament en el desenvolupament i plasticitat del SNC, aixi com en la modulacid de la
neurotransmissio (Araque et a/, 2001; Auld i Robitaille, 2003; Slezak i Pfrieger, 2003;
Christopherson et a/, 2005).

Caracteristicament, la majoria de les accions descrites dels astrocits sobre la fisiologia i
la patologia neuronal son mitjancades per secrecié vesicular (Araque et a/, 2001). Recentment,

s'ha donat una especial rellevancia a la secrecié glial requlada pel calci.

Objectiu general:
Estudiar els components moleculars i els mecanismes implicats en les vies de secrecio

de cel-lules astroglials.

Objectius concrets:

1 Obtencio d'un fenotip astroglial diferenciat en cultiu competent per a

realitzar estudis de secrecio regulada de peptids.

2. Analitzar proteines exocitiques astroglials, la regulacid de la seva

expressio i la seva implicacio en la secrecio regulada.

3. Identificacié i analisi de nous components moleculars de la via de

secrecio regulada de peptids en astrocits.
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La senyalitzacié per AMP ciclic reprimeix I'activacié i promou la maduracié en els

astrocits

Sonia Paco’, Manuela Hummel?, Virginia Pla’, Lauro Sumoy?, Fernando Aguado’

! Department of Cell Biology, University of Barcelona, Barcelona E-08028, Spain. “Centre for Genomic Regulation,

Barcelona E-08003, Spain, *Institute for Predictive and Personalized Medicine of Cancer, Badalona E-08916, Spain
En preparacio

Resum

La senyalitzacio per AMPc produeix canvis dramatics a la morfologia i a la fisiologia dels
astrocits. Malgrat aixo, la seva implicacié en I'adquisicid del fenotip i els mecanismes

transcripcionals implicats no es coneixen.

En aquest treball analitzem el transcriptoma global d'astrocits en cultiu tractats amb
analegs del AMPc. Un gran volum de transcrits, que corresponen a 6296 gens anotats, van ser
regulats de forma diferencial per la via del AMPc. Els analegs del AMPc augmenten I'expressio
dels gens involucrats tradicionalment en les funcions dels astrocits madurs, com son el control
homeostatic, el suport metabolic i estructural a les neurones, I'activitat antioxidant i la
comunicacié; mentre que disminuia considerablement I'espressié de transcrits relacionats amb
la proliferacié i la immaduresa. A més a més, els gens tipicament activats en els astrocits
reactius com els mediadors de la resposta immunologica i els components de la cicatriu, estan
reprimits pel AMPc. Els analisis d’enriquiment de grups genics (GSEA) i I'avaluacio /n situ de
I'expressio genica dels astrocits en diferents estats mostra que la senyalitzacid per AMPc

confereix un perfil transcripcional madur i semblant a /n vivo als astrocits en cultiu.

Aquests resultats mostren que la senyalitzacié per AMPc és una via clau per restringir

les caracteristiques d'immaduresa i activacio astroglial promovent la seva maduracio.
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CYCLC AMP SIGNALING REPRESSES ACTIVATION AND PROMOTES
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ABSTRACT

cAMP signaling produces dramatic changes in astrocyte morphology and physiology.
However, its involvement in phenotype acquisition and the transcriptionally mediated
mechanisms of action are largely unknown. Here we analyzed the global transcriptome of
cultured astroglial cells incubated with activators of cAMP pathways. A bulk of astroglial
transcripts, 6,296 annotated genes, were differentially regulated by cAMP signaling. cAMP
analogs strongly upregulated genes involved in typical functions of mature astrocytes, such as
homeostatic control, metabolic and structural support to neurons, antioxidant defense and
communication, whereas they downregulated a considerable number of proliferating and
immaturity-related transcripts. Moreover, genes typically activated in reactive cells, such as
immunological mediators and scar components, were repressed by cAMP. Gene Set
Enrichment Analysis and evaluation /n situ of gene expression in astrocytes in different states
showed that cAMP signaling conferred a mature and /n vivo-like transcriptional profile to
cultured astrocytes. These results indicate that cAMP signaling is a key pathway restricting
developmental and activation features of astrocytes and promoting their maturation. A
positive modulation of cAMP signaling is suggested to suppress the mechanisms of activation
driven by pathological situations and to promote the physiologically normal state of

differentiated astrocytes.
INTRODUCTION

Mature astrocytes ensheath synapses and fine blood vessels, within the neuro-glio-
vascular units, to shape the functional micro-architecture of the central nervous system (CNS).
Through an array of transporters, ion channels and released and adhesion molecules,
astrocytes play key roles in the regulation of extracellular fluid homeostasis, integrity of the
blood-brain barrier and assurance of metabolic demand and antioxidant defense of neurons
[1,2]. Astrocytes also make a crucial contribution to communication, operating within glial

networks through gap junctions and hemichannels and bidirectionally with neurons and
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endothelial cells via diffusible and surface molecules [3-5]. Characteristically, in response to
CNS insults, such as trauma, epilepsy or degenerative diseases, astrocytes become reactive

and play a critical role in neuroinflammation and scar formation [6,7].

In contrast to neurons, little is known about the intracellular signaling of astrocytes, and
the pathways controlling their differentiation and activation have not been elucidated. By
means of STAT transcription factors, cytokines of the interleukin-6 family are key cues in the
specification and differentiation of astroglial cells. Moreover, Smad transcription factors
activated by bone morphogenetic proteins also promote astrogliogenesis, through their
interaction with STAT3 [8]. Strikingly, analysis of glial activation in pro-inflammatory cytokine-
administered and genetically-modified mice has shown that JAK-STAT3 signaling is also a key
pathway through which astrocytes become reactive [9-11]. In addition to activating kinase-
dependent receptors, G-protein coupled receptors can trigger astroglial genesis and
maturation via cCAMP [12-15]. Changes in cell morphology and protein expression induced by
cAMP have long been considered a feature of astrocyte activation [16-19]. However, the
precise significance of the cAMP pathway in the maturation and activation of these cells
remains elusive. Here we studied the net impact of the cAMP signaling pathway on astrocytes
by analyzing the global transcriptome of cultured cells incubated with permeable cAMP
analogs. Moreover, we perform Gene Set Enrichment Analysis (GSEA) of cAMP-regulated
genes and contrasted our findings with recent microarray reports and the /n vivo expression
patterns of astrocytes. Our findings indicate that cCAMP signaling restricts developmental and

activation features of astrocytes and promotes their maturation.
EXPERIMENTAL PROCEDURES

Animals- OF1 mice were provided by Charles River Laboratories, Inc. (Lyon, France),
kept under controlled temperature (22 + 2 °C), humidity (40-60%), and light (12-h cycles) and
treated in accordance with the European Community Council Directive (86/609/EEC) on
animal welfare. Under ketamine/xylazine anesthesia, stab wound lesions were made in the

parietal cortex with a scalpel blade as described previously [20].

Astrocyte cultures- Cultures were prepared from the cerebral cortex of two-day-old
mice [21]. Most cell culture reagents were obtained from GIBCO (Invitrogen, Paisley, UK).
Briefly, the cerebral cortex was isolated and the meninges were carefully dissected out.
Cortical tissues were then minced and incubated in 0.25% trypsin and 0.01% DNase.
Dissociated cells were seeded in flasks and grown in high-glucose Dulbecco’s Modified Eagle’s
Medium and F-12 (1:1) containing 10% FBS, 10 mM HEPES and penicillin/streptomycin at 37°
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Cin a 5% CO2 incubator. At confluence (days 10-12), the flasks were shaken overnight and

the cells were rinsed, detached and subcultured onto poly-L-lysine-coated plastic culture
dishes and coverslips. Treatment with TmM 8Br-cAMP (Biolog, Life Science Institute, Bremen,
Germany) was administered two day after subculturing and prolonged for 8 days to induce

described morphological and physiological changes [12,13].

RNA Extraction and Reverse Transcription- RNA was isolated from triplicate cultures
from the four individual experiments. Extractions were performed using using Trizol® Reagent
(Invitrogen™) following the manufacturer’s instructions. The quantity and quality of isolated
RNAs were determined with a NanoDrop ND-1000 (NanoDrop Technologies, Wilmington, DE,
USA) and a Bioanalyzer 2100 (Agilent, Waldbronn, Germany). The RNA integrity numbers (RIN)
in all cases ranged from 8.7 to 10, thereby indicating minimal RNA degradation [22]. First-
strand DNA was synthesized using the Superscript Ill Reverse Transcriptase kit (Invitrogen). 1
ug of total RNA was added to kit components and nuclease-free water to 20 ul. Reactions
containing nuclease-free water instead of enzyme served as a negative control. Reactions
were incubated at 25°C for 10 min, 50°C for 30 min, 85°C for 5 min. They were then chilled on
ice. E.coli RNAse H was added and incubated at 37°C for 20 min. The samples were then
cooled to 4°C and finally stored at -20°C.

Microarray Analysis- RNA (500 ng) was labeled using Agilent's Low Input RNA Labeling
Kit, which involves reverse transcribing the mRNA in the presence of T7-oligo-dT primer to
produce cDNA and then /n vitro transcribing with T7 RNA polymerase in the presence of Cy3-
CTP or Cy5-CTP to produce labeled cRNA. The labeled cRNA was hybridized to the Agilent
Mouse 4x44K 60-mer oligo microarray according to the manufacturer's protocol. The arrays
were washed, dried by centrifugation and scanned on an Agilent G2565BA microarray scanner
at 100% PMT and 5 um resolution. Data were extracted using Genepix 6.0 (Molecular Devices)

software using the irregular spot finding feature.

Microarray Statistical Processing- LogZ2ratio values were computed for all pairs of
control and cAMP-stimulated samples. Per-probe log2ratios were aggregated to per-gene
values by taking median values. Analysis for differential expression on a gene-by-gene basis
was performed by limma [23] while distinguishing biological from technical replicates (dye-
swap hybridizations). Correction for multiple testing was done using the False Discovery Rate
(FDR) method. The lists of regulated genes were brought into biological context by Gene
Ontology scoring using GSEA [24]. Also, for cross-study comparisons GSEA, was applied. This
approach was used to test gene sets of interest (defined as lists of differentially expressed

gene symbols derived from other studies) for significant enrichment among differentially
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expressed genes within our study. Only studies performed on mouse from which astrocyte
cultures were obtained and maintained under similar conditions to those in the present study
were considered. To compare the gene sets by Venn diagrams, we fixed the same fold change
cut-off at 1.5.

Quantitative Real-Time PCR Analysis- RT-qPCR was carried out using Power SYBR®
Green PCR Master Mix (Applied Biosystems, Foster City, CA) on an Applied 7700 machine,
using the primers indicated in Supplementary Table 1, and following the manufacturer’s
protocol. A dilution series (100-10-3) of total cDNA was prepared to determine the standard
curve (relative quantification). The samples (in triplicates) were amplified according to the
following protocol: 10 min at 95 °C, 42 cycles: 15 s at 95 °C, 15 s annealing temperature
(60°C), 30 s at 72 °C. To control the specificity of the reaction, melting-curve analysis was
performed after amplification. In addition, PCR products were analyzed by agarose gel
electrophoresis to confirm the size of the amplified targets. Levels of Tbp were used as
normalization controls and relative mRNA levels were calculated as indicated by Pfaffl et al..
[25].

Western blotting- Cultured cells were lysed in ice-cold 50mM Tris-HCl, pH 7.4, 150 mM
NaCl, 5mM MgCl2, ImM EGTA, 1% Triton-X 100 and protease inhibitor cocktail (Roche
Diagnostics). Samples were electrophoresed in 10% SDS-PAGE (BioRad) and then transferred
to nitrocellulose membranes (Whatman® Schleicher & Schuell, Keene, NH). The membranes
were blocked in a solution containing 5% non-fat milk powder in TBST (140 mM NaCl, 10 mM
Tris/HCI, pH 7.4 and 0.1% Tween 20) for 1 h at room temperature and then incubated with
primary antibodies (Supplementary Table 2) in blocking buffer for 2 h at room temperature.
After several washes in blocking solution, the membranes were incubated for 1 h with HRP-
conjugated secondary antibodies (DAKO, Glostrup, Denmark). Bound antibodies were
visualized with enhanced chemiluminescence reagents PIERCE® ECL Western Blotting
Substrate (Thermo Scientific, Rockford, IL, USA).

Immunocytochemistry-Cells  grown on glass coverslips  were fixed with 4%
paraformaldehyde in PBS for 15 min. Adult and postnatal (P5) animals were perfused
transcardially under deep anesthesia with the same fixative. Brains were removed from the
skulls, postfixed for 4 h and cryoprotected overnight at 4 °C by immersion in a 30% sucrose
solution. Forty-micrometer-thick frozen sections were obtained with a cryostat and collected
in PBS. To suppress nonspecific binding, cell cultures and brain sections were incubated in PBS
containing 10% FBS, 0.1% Triton X-100, 0.2% glycine, and 0.2% gelatin for 1 h at room

temperature. Incubations with the primary antibodies (Supplementary Table 8) were carried
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out overnight at 4 °C in PBS containing 1% FBS, 0.1% Triton X-100, and 0.2% gelatin. Cell

cultures and brain sections were processed for immunofluorescence using secondary
fluorochrome-conjugated antibodies (Alexa Fluor 488 and Alexa Fluor 568, Molecular Probes,
Fugene, OR). Cell nuclei were stained with 4" ,6-diamidino-2-phenylindole (DAPI, Molecular
Probes). Cell-containing coverslips and histological sections were mounted with Mowiol.
Double immunofluorescences were performed by using primary antibodies raised in different
species. Images were obtained with a Leica TCS SPE scanning confocal microscope. The
specificity of the immunostaining was tested by omitting the primary antibodies or by
replacing them with an equivalent concentration of nonspecific IgG. No immunostaining was
observed in these conditions. Student's t-test was used for statistical evaluation and data were

expressed as mean + SEM.
RESULTS AND DISCUSSION
Genome-wide transcriptional requlation in astrocytes by cAMP signaling.

To activate cAMP signaling we augmented intracellular levels by exposing cultured
astrocytes to the permeable cAMP analog 8Br-cAMP. Before and after treatment cell cultures
were essentially formed by astrocytes (>95% GFAP+ cells). Sustained elevated intracellular
cAMP levels altered the number and morphology of astrocytes. Quantitative analysis showed
almost 25% less GFAP+ astrocytes after treatment compared with controls (54.21+0.78
cell/mm2 and 72.08+1.24 cell/mmz2, respectively, p=0.006). In agreement with previous
studies [12,21], control flat polygonal-shaped astroglial cells were converted into process-
bearing stellate astrocytes (Fig 1). Microarray analysis showed that 6,296 of 16,594 annotated
genes with assigned gene symbol were differentially expressed by a factor of 1.2 or greater
(and FDR g-value <5%) in 8Br-cAMP-treated astrocytes. The full list of differentially expressed
genes is shown in Supplementary Table 3. Approximately, one-third of the regulated elements
on the array corresponded to ESTs and genes of unknown function. Of the 6,296 genes with

significant regulation 42.2% were upregulated by cAMP while the rest were downregulated.

We validated the present array results by analyzing astrocyte expression of the mRNA
and protein of 10 representative genes after cAMP augmentation (Figs 1 and 2). gPCR analysis
was performed on the cell cycle regulator cyclin D1 (Ccndl), the peptidase inhibitor cystatin C
(Cst3), the calcium-dependent exocytotic SNARE Vamp2, the NMDA receptor subunit NR2C
(Grin2¢), the adhesion component claudin 10 (Cldn10) and the thyroid hormone transporter
Slcolcl. A correlation was found between RT-gPCR and array results for each gene (Fig 2A).

cAMP-induced changes of cyclin D1, cystatin C, Vamp2 and the apoptotic regulator Bid, as
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well as their time dependence, were further corroborate at protein level by immunoblotting
(Fig 2B). No changes on the array were found for non-regulated genes, as shown for the
ubiquitous exocytotic protein Snap23 (Fig 2B). Immunofluorescence for the proliferation
marker Mki67, the polyamine enzyme Ssat (Satl) and the NR2C receptor demonstrated that
cAMP-dependent gene regulation occurred in GFAP-identified astrocytes (Fig 1). Furthermore,
previous studies showing that cAMP regulates the expression of intermediate filaments (GFAP
and Nes), glutamate transporters (Slcla2 and Slcla3), deiodinases (Dio2), and secretogranins
(Scg2 and Scg3) in astrocyte further validate the present transcriptomic results [13,14,20,26,
Supplementary Table 3].

Elevated cAMP restricts the activation of astrocytes and promotes their differentiation

The functional roles of up- and downregulated cAMP-responsive genes were
categorized by Gene Ontology enrichment analysis using GSEA. GO categories with GSEA g-
value <2% were considered relevant. We calculated the relative proportion of genes in the
core enrichment of each GO category and grouped them in general categories (Fig 3). All the
GO categories enriched with differentially regulated genes are shown in the bar plot of

Supplementary Figure 1.

More than half (55.2%) the upregulated genes in enriched GO categories corresponded
to cell metabolism and transporters. Thus, genes involved in the uptake and degradation of
neurotransmitters such as glutamate, glycine and catecholamines were overexpressed after
treatment (Slcla2, Glul, Gldc and MaoB). Ion channels, pumps and transporters with key
homeostatic and metabolic functions were also preferentially upregulated by cAMP. For
instance, genes participating in the membrane transport of K+ (Kcnn2), Cl- (Clcn2), Ca2+
(Atp2a2 and Atp2b2), water (Agp4), glucose (Slc2al), thyroid hormones (Slcolcl and Slcl6a2),
and oligopeptides (Slc15a2) were activated by cAMP signaling. Moreover, an increase of
cAMP levels induced expression of genes coding for a wide variety of astrocytic metabolic
enzymes, such as most aldehyde dehydrogenases, tRNA ribonucleases and GPI transamidases.
Interestingly, the third functional category of genes upregulated by cAMP was associated with
antioxidant activities (Table 1). Thus, genes encoding for antioxidant enzymes and molecules,
such as catalase, superoxide dismutases, metallothioneins, heme oxygenases and NADPH-
quinone oxidoreductases were found to be through microarray analysis. Enhanced cAMP also
upregulated numerous genes related to the glutathione system and transport of antioxidant
vitamins. The observation that cAMP agonists upregulated genes typically implicated in
biological processes of mature astrocytes indicates that cAMP signaling promotes cell

differentiation.
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GO categories enriched with downregulated genes were associated mainly with

proliferating and immaturity-related features of astrocytes (Table 2). Thus, 71.5% of the genes
were involved in the general categories cell cycle and apoptosis, cell signaling, cytoskeleton,
cell shape and motility, and cell development. Expression of genes typically involved in mitotic
processes was dramatically decreased, such as those encoding for the DNA polymerases and
the proliferation antigen Mki67. Transcripts of proliferation and cell death regulators, such as
mitogens and morphogens (IGF-1, PDGF and BMP4), cyclins, caspases and proapoptotic Bcl2
family members (e.i., Casp8, Bid and Bax) were reduced after exposure to cAMP. Moreover,
numerous genes involved in cytoskeletal organization, such as Rho GTPases, myosins, actins,
tropomyosins, kinesins and septins, were notably repressed. Among the GO categories
enriched with downregulated genes, those typically of reactive astrocytes such as components
of the extracellular matrix and mediators of the immune response were predominantly
enriched. Thus, mRNA expression of tenascin C, nidogens and many collagens and
chondroitin and heparan sulfate proteoglycans was reduced. Interestingly, the enzymes
responsible for the major postranscriptional modifications of proteoglycans and collagens
were widely downregulated (sulfotransferases and lysyl oxidases). Finally, prolonged cAMP
signaling stimulation in astrocytes induced a downregulation of numerous mediators of the
immune response, such as cytokines, chemokines and components of the major
histocompatibility complex and phagocytototic and adhesion processes (e.g., Tnf, Ccl2, Tgfbl,
Cxcl10, Csflr, H2-D1, B2m, Gulpl and Icaml). We conclude that cAMP contributes to the

restriction of developmental and activation features of astrocytes.
CAMP signaling confers a mature in vivo-like transcriptional profile to cultured astrocytes.

To substantiate the net phenotype induction of cAMP signaling on astroglial cells, we
applied GSEA analysis to contrast the present gene profiles with previous microarray studies
describing the transcriptome signatures of astrocytes /n vivo in a range of states. First, we
compared our genome profiling results with gene sets of developing and mature brain
astrocytes reported by Cahoy et al.. [27]. We found that cAMP-induced upregulated genes
were significantly enriched for the mature profile of astrocytes (Fig 4A, C). The 166 common
transcripts included metabolic (Agxt2l1), antioxidant (Sod3) and signaling (Gjb6) genes.
Conversely, 258 genes downregulated by cAMP, such as Poldl, Ccna2 and Npy, were
enriched for the developmental gene set of astrocytes (Fig 4 A,C). The full lists are shown in
Supplementary Table 4 and 5. We conclude that cAMP signaling causes the global
transcriptome of astrocytes to become more differenciated. Previous electrophysiological and
biochemical studies demonstrating that cAMP elevation induces the acquisition of mature

astrocyte signatures, such as proliferation arrest, membrane conductances, neurotransmitter
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uptake and cytoskeletal construction further substantiate a relevant contribution of this
pathway to astrocyte maturation [12-15]. In addition to supporting roles to neurons,
astrocytes are dynamic regulatory elements implicated in the physiology of neural circuits [4,5].
The observed regulation of connexins and pannexins provides evidence for the crucial
contribution of intracellular cAMP levels to glial crosstalk. Interestingly, cCAMP augmentation
also influences astroglial components of the so-called "tripartite synapse". Here we show that
the NMDA receptor subunit, NR2C, and the SNARE proposed to mediate astrocyte-to-neuron
communication, VAMP-2 [28], were found to be under control of cAMP concentrations. These
results together previous observations on regulated exocytosis implicate cAMP as a second

messenger involved in glial communication [5,29].

Next, we compare our profiles of cCAMP-regulated genes with genes overexpressed in
activated astrocytes. Due to the lack of microarray reports of reactive astrocytes /n vivo, we
compared cAMP-regulated gene sets with previous studies performed on cultured astrocytes
stimulated with pro-inflammatory cytokines [30,31]. It has been established that /in vitro
administration of TNF-a, IL-1f and IFN-y recapitulate many aspects of reactive astrogliosis,
mainly those related to immunity processes [32]. Genes downregulated by cAMP were
significantly enriched in upregulated gene sets of astrocytes treated with IFN-y alone (n = 313
genes) or with a mix of TNF-o, IL-18 and IFN-y (n = 183 genes) (Figure 4A,C). Remarkably,
more than a quarter of the genes upregulated by each inflammatory treatment were
downregulated by cAMP. Gene sets downregulated by cAMP and upregulated by IFN-y alone
and by the cytokine mix shared 17 genes in common, 11 related to immune response (i.e.
Ccl2, Icam1) and 4 to proteasomal and lysosomal components (i.e, Ctsc). The full gene list is in
Supplementary Table 4. These data suggest that cAMP analogs restrict the inflammatory

response to activation of astrocytes.

Our findings demonstrate a wide cAMP-induced downregulation of genes related to the
main hallmarks of astroglial activation, such as hyperplasia, cytoskeletal rearrangement,
triggering of immunological reactions and production of scar components. Many genes
associated with proliferation and cytoskeletal components upregulated during activation were
downregulated by cAMP (as shown for Mki67 and Nes). This is expected because developing
and reactive astrocytes share some cellular features. Moreover, cCAMP elevation also represses
a number of genes codifying for immunological mediators and scar components which are
overexpressed in reactive astroglia (cytokines, chemokines, collagens, sulfated proteoglycans
and adhesion molecules). Although some transcripts implicated in glial activation were
upregulated by cAMP (i.e. the complement protein C3), our results suggest that cAMP

signaling essentially represses astroglial activation. This conclusion may diverge from the
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assumption by some authors that cAMP analogs in cultured astrocytes promote activation
[16-19]. However, this consideration was taken on the basis of changes in shape stellation and
GFAP expression, which are also typical attributes of maturing astrocytes [13,14,33].
Noteworthy, our results showing an opposite transcriptome regulation by cAMP and glial-
activating cytokines are consistent with previous studies demonstrating that elevated cAMP in
astrocytes antagonizes the cytokine-induced expression of adhesion molecules involved in
neuroinflammation [30]. Moreover, a repressive role for cAMP in glial activation is consistent
with the observations that cAMP pathways are involved in the reduction and promotion of the
glial activation triggered by anti-inflammatory and pro-inflamatory extracellular agents [35-37].
Finally, the observation of cAMP-induced upregulation of repressors of the glial inflammatory
response, such as Socsl (2.3 fold) and Nr4a2/Nurrl (10.5 fold) [38,39], further support the

notion that cCAMP signaling repress glial activation.

In contrast to other neural cell types, such as neurons and oligodendrocytes, astroglial
cells grown in culture do not accurately reflect their attributes /n vivo. For instance, cultured
astrocytes display a high proliferative rate and deficient glutamate clearance, and they lack cell
processes and membrane K+ and Cl- conductances [12,13]. Recently, it has been revealed
that /n vitro astrocytes show an immature, somewhat reactive, transcriptional profile [27,40]
(see also overlap between developing and /n vitro sets in Fig. 4C). Therefore by comparing our
results with gene sets of Cahoy et al.. [27], we also examined whether cAMP-induced changes
make the features of cultured astrocytes more like those observed /n vivo. Surprisingly, 334
out of 1147 genes upregulated by cAMP were significantly enriched in the mRNA signature of
brain-purified astrocytes (/n vivo set), whereas a 30% of cAMP-downregulated genes were
common with the upregulated set of cultured astrocytes (in vitro set) (Fig 4A-C). For instance,
the enzyme Dio2, the immunosuppressor Nr4az2, the antioxidant Cat and the Notch pathway
effector Hes5 were overexpressed by cAMP, whereas a strong downregulation was found for
many annexins, caveolins and IGFBPs. The full gene lists are shown in Supplementary Table 7
and 8. Moreover, around two-thirds of the overlapped genes in the CcAMP-
upregulated/mature and cAMP-downregulated/developing groups were shared with /n vivo
(i.e. Adra2a, Grin2c, and Kcnn2) and /n vitro (i.e collagens, nidogens and kinesins) enriched
gene sets, respectively. Our observation that the transcriptome of cultured astrocytes acquires
a greater resemblance to that of /n vivo cells when these cells are exposed to 8Br-cAMP may
indicate that cAMP signaling confers astrocytes an /n vivo-like phenotype by repressing

activation and promoting differentiation.

We next evaluated the regulation of representative astroglial genes controlled by cAMP

in the cerebral cortex /n situ in a range of states. Mki67 and Nes genes were downregulated
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by cAMP in our cultures (-5 and -4.2 fold), but upregulated in acute-purified developing
astrocytes (10.9 and 3.6 fold). Conversely, mRNA expression of the NMDA receptor subunit
NR2C was upregulated by cAMP (3.9 fold) as well as in isolated matured astrocytes (5.9 fold)
[this study, 27]. In agreement with the proliferative state of cells, many nuclei of GFAP- and
Nestin-positive astrocytes were immunolabeled for Mki67 in histological sections of postnatal
and injured adult cortex, but not in the intact adult brain (Fig. 5). Although recent studies have
shown that NR2C mRNA increases with age in cortical astrocytes /in situ [41,42], the location of
NMDA receptor protein in glial cells /n vivo is unknown. Here we show the protein expression
of NR2C subunit in many astrocytes in the adult cerebral cortex (Fig 5), without changes after
a stab wound lesion (data not shown). In conclusion, the present GSEA results provide a
comprehensive database of transcripts involved in the acquisition of a mature astrocyte

phenotype regulated by the cCAMP pathway.

The induction of target genes and cellular programs regulated by the cAMP pathway is
highly dependent on cellular contexts [43]. For instance, elevated cAMP results in cell-cycle
arrest in astrocytes but induces proliferation of neurons [14,44]. We postulate that the potent
gene regulation by cAMP in astrocytes shown here is conveyed through PKA and the
subsequent activation of the CREB transcription factors. Moreover, the recruitment of specific
CREB regulatory partners, the activation of PKA-independent pathways and a secondary gene
regulation may also collaborate to shape the individual astrocyte transcriptome elicited by
cAMP signaling [44,45].

In conclusion, we here show that the net effect of cAMP signaling is to restrict
developmental and activation features of astrocytes and promote their maturation. Therefore,
we propose that controlled positive modulation of cAMP signaling could be used to suppress
the mechanisms of activation driven by pathological situations and to promote the

physiologically normal state of differentiated astrocytes.
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FIGURE LEGENDS

Figure 1. Regulation of microarray expression in identified single astrocytes in culture.
Double immunofluorescence confocal images of the astrocyte marker GFAP (red) and three
proteins differentially requlated by cAMP (green) in control and treated cells. Mki67 and Ssat
were analyzed in permeabilized astrocytes and NR2C in non-permeabilized cells. Nuclear
Mki67 immunfluorescence was abundant in control astrocytes, but almost absent in cAMP-
treated cells. Diffuse cytosolic Ssat and extracellular clusters of NR2C were intensely labeled in
treated cells. Yellow signal in the Ssat labeling indicates colocalization with GFAP cytoskeleton.
Note the star-shaped morphology acquired by astrocytes exposed to permeable cAMP

agonists. Scale bar: 10 um.

Figure 2. Validation of microarray expression data for selected differentially expressed
genes in cultured astrocytes at the mRNA and protein levels. (A) Comparison of cDNA
microarray and gRT-PCR data. (B) Western blotting analysis of cAMP-regulated genes in

control and treated astrocytes.

Figure 3. Global GO classification of gene expression profile of CAMP-treated astrocytes.
Pie charts depicting the relative proportions of significant up- and downregulated genes in
general categories containing distinctive GO terms. The GO analysis was performed using
GSEA  (http://www.broadinstitute.org/gsea/index jsp). Detailed GO terms are shown in
Supplementary Figure 1.
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Figure 4. GSEA analysis comparing the gene profile of CAMP-treated astrocytes with
the transcriptome signatures of astroglial cells in different states. (A) The upregulated gene set
identified in cAMP-treated astrocytes is significantly enriched in mature and /n vivo astroglial
cells, while the cAMP-induced downregulated gene set is significantly enriched in developing,
in vitro and proinflammatory cytokine-treated astrocytes. FDR g-value, False discovery rate;
NES, Normalized Enrichment Score. (B) Representative GSEA analysis showing the plots of
cAMP-regulated gene profile with /n vivo (n = 2821 genes) and /n vitro (n = 2105 genes) gene
sets obtained from Cahoy et al.., 2008. Signal-to-Noise ratio statistic was used to rank the
genes on the basis of their correlation with either the upregulation (red) or downregulation
(blue). On each panel, the vertical black lines indicate the position of each gene of the set in
the ordered, non-redundant data set. The green curve corresponds to the enrichment profile
curve, which is the running sum of the weighted enrichment score obtained whith GSEA
software. (C) Proportional Venn diagrams representing the overlap of astroglial genes
differentially expressed by cAMP compared to the gene sets in different astrocyte states (fold

change cut-off 1.5 in each case).

Figure 5. In situ expression of astroglial genes controlled by cAMP in the cerebral cortex
in different states. Confocal images of double immunofluorescences of Mki67, Nestin, NR2C
and GFAP in the hippocampal dentate gyrus (Mki67/GFAP) and the stratum radiatum of the
CA1 region (NR2C/GFAP), and upper layers of neocortex (Mki67/Nestin) of postnatal and
adult brains. Cortical lesions were analyzed 5 days after a stab wound injury in the
contralateral (control) and ipsilateral (lesion) hemispheres. Arrows point to identified astrocytes
expressing only GFAP. Arrowheads identify double labeled cells. Crosses and the asterisk

indicate the lateral ventricle and the brain surface, respectively. Scale bar: 10 um.

*Figures suplementaries incloses al CD.

Supplementary Figure 1. Barplot of enriched Gene Ontology categories. The barplot
shows negative logl0 g-values of Gene Ontology categories significantly enriched (g-value
<0.02) with regulated genes according to GSEA analysis. The greater the bar height, the more
significant the enrichment of the respective GO category. The vertical line indicates a g-value
of 0.02. Enrichment analysis was done separately for downregulated genes (green bars) and
upregulated genes (red bars). Categories are grouped into the three ontologies, as indicated
within the bar labels (MF: Molecular Function, CC: Cellular Component, BP: Biological Process).
The bar widths are proportional to the numbers of genes associated with the respective GO
categories. The solid-colored part of the bars indicates the fraction of genes within the "core

enrichment" of the respective category, as defined by GSEA analysis.
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Supplementary Table 1. Full list of significantly regulated genes in cAMP-treated cells.

Differential expression analysis on a gene-by-gene basis was done using linear models (limma).
The table contains all genes with FDR g-values <5% and absolute fold changes > 1.2 and is
sorted on the basis of fold changes in decreasing order. The first eight columns show a color
representation of the log2ratios for each two-color hybridization of a cAMP-treated together
with a control sample. The sign of dye-swap hybridization log2ratios (indicated by ‘DS’ in the
column name) was flipped, such that values have the same “direction” as in the direct
hybridizations, i.e. red (green) indicates up- (down-) regulation in cCAMP-treated as compared
to Control. The 9th column is the average logZ2ratio between cAMP-treated and Control
samples. In addition to gene symbol and gene description, the remaining three columns show

(symmetric) fold changes, limma p-values and FDR g-values.

Supplementary Tables 2-6. Lists of genes regulated in cCAMP-treated cells and present in
published astrocyte signatures. Genes that are regulated in cAMP-treated cells (genes within
the "core enrichment" as defined by GSEA analysis), and that are reported to be regulated in
previously published astrocyte signatures: mature (Supplementary Table 2), developing
(Supplementary Table 3), cytokine-treated (Supplementary Table 4), /n vivo (Supplementary
Table 5), and /n vitro (Supplementary Table 8) astrocytes. The lists represent the respective
intersections in the Venn diagrams of Figure 4C. In GSEA analysis, genes were ranked on the
basis of signal-to-noise ratio within the microarray data, starting with strongly upregulated
and ending with strongly downregulated genes. The third column of the tables indicate the
rank of the respective gene, i.e. low rank values indicate strong upregulation and high ones

close to the maximal value of 21,492 indicate strong downregulation.
Supplementary Table 7. Primers used in this study.

Supplementary Table 8. Antibodies used in this study.
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Table 1

Antioxidant-associated genes upregulated by cAMP in astrocytes (fold-change)

Catalase

Superoxidase dismutases
Peroxiredoxins and sulfiredoxins
Cystine/glutamate transporter
Glutamate-cysteine ligases

Gluthatione synthetase and transferases

Glutathione peroxidases and reductases
NADPH-quinone oxidoreductase and heme oxygenase
Thioredoxins and thioredoxin reductases
Metallothioneins and selenoproteins

Ascorbate and glucose/dehydroascorbate transporters

a-tocopherol transfer protein

Cat (2.2)

Sod2 (1.4), Sod3 (5.3)

Prdx1 (1.8), Prdx2 (1.5), Prdx5 (1.5), Srxnl (4.1)
Slc7all (9.6)

Gele (5.3), Gelm (3.1)

Gss (1.5), Gstal (15.7), Gsta2 (6.9), Gsta3 (6.6), Gsta4
(2.3), Gstkl (1.4), Gstm5 (1.6), Mgstl (4.9), Mgst2 (7.7)

Gpx4 (1.6), Gsr (1.5)
Ngqol (4.4), Hmox1 (1,6)
Txn2 (1.6), Txnrdl (3.3)

Mt (1.5), Mt2 (1.5), Seppl (1.3)

Slc23a2 (4.5), Sle2al (3.9), Sle2a4 (1.4), Slc2a8 (1.7),
Sle2al3 (2.2)

Ttpa (2.2)
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Table 2
Selected categories and genes down-regulated by cAMP elevation in astrocytes

General category
GO category NES FDR g-value Gene ID  Protein name FC

Cell cycle and apoptosis

Mitosis -1,70 0,019 Ccna2 12428 cyclin A2 -4.2

DNA directed DNA polymerase activity -0,17 0,014 Poldl 18971 polymerase (DNA directed), delta 1, catalytic subunit 2,3

Cytokinesis -1,71 0,018 Myhl10 77579 myosin, heavy polypeptide 10, non-muscle -4,2
Cell signalling

Ras protein signal transduction -1,72 0,016 Igfl 16000 insulin-like growth factor 1 -6,1

Neuropeptide hormone activity -1,92 0,0061 Npy 109648 neuropeptide Y -35

Cytoskeleton, cell shape and motility

Collagen -1,82 0,0095 Col5a2 12832 collagen type V a2 -6,7

Structural constituent of cytoskeleton -1,80 0,011 Tpml 22003 tropomyosin 1, alpha -3,1
Cell development

Cell development -1,77 0,014 Igfbp3 16009 insulin-like growth factor binding protein 3 -4,1

Cellular metabolism
Proteoglycan metabolic process -1,70 0,019 Chst7 60322 chondroitin 6-sulfotransferase 7 -29
Immune response
Inflammatory response -1,73 0,016 Cel2 20296 chemokine (C-C motif) ligand 2 -2,1
Cxcll0 15945 chemokine (C-X-C motif) ligand 10 -3,7
Others
Lipid raft -2,05 0,0094 Cavl 12389 caveolin 1 -4,0
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Comparison between enriched genes in 8Br-cAMP-treated cultured cells and other described

conditions in murine astrocytes

Gene sets Enriched in FDR g-value NES
Mature vs. developing * cAMP upregulation 0.0003 1.814142
Developing vs. mature ' cAMP downregulation 0.0 -1.8752508
In vivo vs. in vitro *’ cAMP upregulation 0.002 1.7864597
In vitro vs. in vivo *’ cAMP downregulation 0.0 -1.9545795
IFNy-treated vs. control *' CcAMP downregulation 0.0 -1.9171501
TNFo, IL-1p and IFNy-treated vs. control * cAMP downregulation 0.0 -1.967048

B 8Br-cAMP-treated vs. in vivo

Enrichment score

"Targst (positively conelated)
251

Zero cross at 10421

0.0 -
-2.51

Ranked list metric
(Signal2Noise)

Rank in ordered Dataset

=== Enrichment profile

G

Up-regulated

Mature

Developing

Invivo

B Regulated genes by cAMP
[] Other conditions

‘Controf (negatively correlated)

0 2500 5000 7.500 10.000 12,500 15.000 17.500 20.000 22.500 0

-_— Hits

Down-regulated

8Br-cAMP-treated vs. in vitro

‘Target (posit; )

ively oonelated)
2.5
00 - Zeo cross & 1042
25 1
‘Centol (negatively ccrmelated)
2500 5000 7500 10000 12500 15.000 17,500 20,000 22.500
Rank in ordered Dataset

Ranking metric scores

Down-regulated

120

211
TNFoLIL-1p IFNy-treated

and IFNy-treated

In vitro

Figure 4

79




RESULTATS

UOISI JNPY
UnsaN / LT

[onuo)) Npy

m<mo\»£;§77&<mo\ummz

Figure 5



RESULTATS

CapiToL II

L'’AMP ciclic regula l'expressid de proteines exocitiques i potencia la secrecié regulada

de peptids en astrocits en cultiu

Sonia Paco', M@ Angeles Margeli*, Vesa M. Olkkonen?, Akane Imai®, Joan Blasi*,

Reiner Fischer-Colbrie®, Fernando Aguado*

'Departament de Biologia Cel-lular, Universitat de Barcelona, Barcelona E-08028, Spain.’Department of Molecular
Medicine, National Public Health Institute, Helsinki, Finland.aDepartment of Biochemistry, The Nippon Dental
University, Niigata, Japan. “Department de Patologia i Terapéutica Experimental, IDIBELL-Universitat de Barcelona,

L'Hospitalet de Llobregat, Spain.’Department of Pharmacology, Medical University of Innsbruck, Austria.
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Resum

L'alliberacio vesicular de neurotransmissors, peptids i factors neurotrofics per part dels
astrocits influencia el desenvolupament, la funcio y la plasticitat neuronal. Malgrat aixo, els
mecanismes moleculars de la secrecid en els astrocits sén poc coneguts. En aquest estudi
demostrem que els astrocits en cultiu expressen diverses proteines SNARE i isoformes de
Munc 18, sent sintaxina-4, SNAP23, VAMP3 i Muncl8c les majoritaries. L'expressio de les
proteines tipicament implicades en la secrecidé regulada per calci de neurotransmissors i
hormones s'incrementa especificament en cultius d'astrocits per la presencia de 8Br-cAMP,
usat com a agent diferenciador. Contrariament, I'administracio de citocines pro-inflamatories
que provoguen la formacié de glia reactiva indueix I'augment de l'expressié de proteines
exocitiques de distribucid més ubiqua. A més, els tractaments a llarg termini amb 8Br-cAMP
incrementen marcadament el contingut cellular del marcador de vesicules peptidic
secretogranina-2. Els assajos d'alliberaci¢ realitzats en astrocits tractats amb 8Br-cAMP
mostren que tant l'alliberacio basal com I'estimulada de secretogranina-2 sén dependents de
la concentracio intracel-lular de calci. Tal i com es mostra amb l'alliberacié de la hormona
quimerica ANP.emd en cellules transfectades, el tractament amb 8Br-cAMP en astrocits
potencia l'alliberacid de peptids regulada per calci. Per tant, concloem que els astrocits
expressen, respecte a les neurones, un patré distintiu de components moleculars necessari per
I'exocitosi i que aquest patrd varia en funcid de l'estat en que es troben. L'augment de la
secrecio regulada de peptids i la sobreexpressio de determinades proteines exocitiques en
astrocits tractats amb 8Br-cAMP suggereix un important paper de la secrecié dependent de

calci en cellules glials diferenciades.
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Abstract

Vesicular transmitter release from astrocytes influences neu-
ronal development, function and plasticity. However, secretory
pathways and the involved molecular mechanisms in astrog-
lial cells are poorly known. In this study, we show that a variety
of SNARE and Munc18 isoforms are expressed by cultured
astrocytes, with syntaxin-4, Munc18c, SNAP-23 and VAMP-3
being the most abundant variants. Exocytotic protein expres-
sion was differentially regulated by activating and differenti-
ating agents. Specifically, proteins controlling Ca2*-dependent
secretion in neuroendocrine cells were up-regulated after
long-term 8Br-cAMP administration in astrocytes, but not by
proinflammatory cytokines. Moreover, 8Br-cAMP treatment
greatly increased the cellular content of the peptidic vesicle

Astrocyte-secreted peptidergic and non-peptidergic transmit-
ters regulate development, physiology and pathology of
neuronal circuits (Araque et al. 2001; Volterra and Meldolesi
2005). For instance, astroglial-derived thrombospondins and
ApoE-containing lipoproteins control synaptogenesis, while
astrocytic glutamate, ATP and D-serine modulate synaptic
transmission and network activity (Mauch et al. 2001; Fellin
et al. 2004; Christopherson et al. 2005; Pascual et al. 2005;
Panatier ef al. 2006; Perea and Araque 2007). Moreover,
proinflammatory cytokines, growth factors and amino acids
released from glia have been associated with neurological
disorders and neurodegenerative diseases (Allan and
Rothwell 2001; Halassa ef al. 2007). Although certain
chemical messengers can be released from astrocytes by
mechanism other than exocytosis, secretory vesicular fusion

© 2009 The Authors

marker secretogranin-2. Release assays performed on
cAMP-treated astrocytes showed that basal and stimulated
secretogranin-2 secretion are dependent on [Ca*].. As shown
release of the chimeric hormone ANP.emd from transfected
cells, cAMP-induced differentiation in astrocytes enhances
Ca?*-regulated peptide secretion. We conclude that astroglial
cells display distinctive molecular components for exocytosis.
Moreover, the regulation of both exocytotic protein expression
and Ca®*-dependent peptide secretion in astrocytes by
differentiating and activating agents suggest that glial secre-
tory pathways are adjusted in different physiological states.
Keywords: astrocyte, calcium, microglia, Munc18, regulated
secretion, SNARE.

J. Neurochem. (2009) 110, 143-156.

is considered as the main astroglial pathway in the glia-
neuron signaling (Evanko et al. 2004; Volterra and Meldolesi
2005; Montana et al. 2006). As astrocytes can communicate
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with neighboring neurons, synapses and capillaries by raising
the intracellular free Ca>" concentration [Caz+]i, a transmitter
release regulated by Ca®" in astrocytes was originally
proposed (Haydon and Carmignoto 2006; Iadecola and
Nedergaard 2007). It has now been shown that astrocytes
release gliotransmitters such as glutamate and ATP by a
Ca®"-dependent exocytosis (for review, see Montana et al.
2006). However, the intracellular transport pathways in these
cells are as yet poorly characterized (Bezzi et al. 2004; Chen
et al. 2005; Mothet et al. 2005; Bowser and Khakh 2007;
Zhang et al. 2007; Li et al. 2008). Even less is known about
the Ca*"-dependence of the peptide secretion from astrocytes
(Calegari et al. 1999; Krzan et al. 2003).

The core secretory machinery for vesicle exocytosis
consists of N-ethylmaleimide-sensitive factor attachment
protein receptors (SNARESs) and secl/Muncl8-like proteins
(Jahn et al. 2003). During vesicular secretion the plasma
membrane Q-SNARES syntaxin and synaptosomal-associated
protein (SNAP)-25 interact with the vesicular R-SNAREs
vesicle-associated membrane protein (VAMP) (also known as
synaptobrevin) to form a fusion complex which is tightly
regulated by Munc18 (Jahn and Scheller 2006; Toonen and
Verhage 2007). Each exocytotic protein is represented by
multiple, closely related isoforms: SNAP-25 and -23; syn-
taxin-1, -2, -3 and -4; VAMP-1, -2 and -3; Muncl18a, b and ¢
(Jahn and Scheller 2006; Toonen and Verhage 2007).
Distinctive sets of exocytotic protein isoforms have been
associated with different exocytosis events. For instance, the
set of syntaxin-1A/SNAP-25/VAMP-2/Munc18a is classically
involved in Ca®" regulated secretion in neurons and endocrine
cells; the cell surface translocation of the glucose transporter 4
in insulin-responding cells and the tumor necrosis factor
(TNF)a release from macrophages depends on syntaxin-4/
SNAP-23/VAMP-2-3/Munc18c; and apical membrane traffic
in epithelial cells are controlled by syntaxin-3/SNAP-23/
VAMP-3/Munc18b (Riento ef al. 1998; Pagan et al. 2003;
Toonen and Verhage 2007; Smithers et al. 2008). In recent
years, considerable attention has been focused on the astrocyte
expression and function of the originally described neuronal
specific SNAREs (Montana et al. 2006). Thus, several studies
have demonstrated that the neuronal-enriched VAMP-2 is
expressed in astrocytes and involved in glial Ca**-dependent
release of non-peptidergic transmitters (Parpura e al. 1995,
Araque et al. 2000; Zhang et al. 2004a; Pascual et al. 2005,
Perea and Araque 2007). However, other SNARE isoforms,
including SNAP-23 and VAMP-3, which are barely expressed
in neurons but importantly involved in different non-neuronal
secretory processes, were robustly detected in astrocytes
(Parpura et al. 1995; Hepp et al. 1999; Maienschein et al.
1999). As astrocytes are not specialized in secretion but rather
display a broader range of functions, it is expected that the
molecular machinery for astroglial exocytosis differs from
that operating in neurons. To the best of our knowledge,
molecular exocytotic machinery in astroglial cells and its
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regulation under different cellular states has not yet been
comprehensively identified. In this study, we show the
detailed expression pattern of exocytotic protein isoforms in
cultured astrocytes. Moreover, we report regulation of the
expression of these proteins in glial cells exposed to
proinflammatory and differentiating agents. Finally, we found
a correlation between over-expression of certain exocytotic
proteins and enhancement of the Ca®’-regulated peptide
secretion in cAMP-differentiated astrocytes.

Material and methods

Antibodies and reagents
Actin, syntaxin-1 and B-tubulin isotype III (Tuj-1) monoclonal
antibodies were obtained from Sigma-Aldrich (Diesenhofen,
Germany). Antibodies to syntaxin-2, VAMPs, SNAP-23, and csp
were purchased from Synaptic Systems (SYSY, Goettingen,
Germany). Antibodies against Muncl8a, synaptogyrin and syn-
taxin-4 were obtained from BD Transduction Laboratories (San
Jose, CA, USA), glial fibrillary acidic protein (GFAP), GluRS, and
NG2 were obtained from Chemicon (Temecula, CA, USA)
and CD11b from Serotec (Oxford, UK). Synaptophysin, p-STAT-1
and SNAP-25 monoclonal antibodies were obtained from Dako-
Cytomation (Glostrup, Denmark), Zymed Laboratories (South San
Francisco, CA, USA) and Sternberg Monoclonals Inc. (Baltimore,
MD, USA), respectively. Monoclonal antibodies to Rip, SV-2,
Na"/K* ATPase alphal subunit and B-tubulin were purchased from
Developmental Studies Hybridoma Bank (Department of Biological
Sciences, The University of lowa, lowa city, IA, USA). Polyclonal
antibodies against syntaxin-3, syntaxin-4, Munc18b, Munc18c, and
secretogranin-2 (SCG-2) were described elsewhere (Fischer-Colbrie
et al. 1993; Riento et al. 1998; Torrejon-Escribano et al. 2002; Imai
et al. 2004). Antibodies against green fluorescent protein (GFP)
were raised in female New Zealand rabbits and were generated and
purificated as described previously (Majo et al. 1998).
Recombinant mouse TNFo, interleukin (IL)-B1 and interferon
(IFN) vy were purchased from Preprotech, Inc. (London, UK) and
8Br-cAMP from Biolog, Life Science Institute (Bremen, Germany).
1,2-bis(2-amino-phenoxy)ethane-N, N, N, N’-tetraacetic acid (BAP-
TA)-AM was from Invitrogen (Paisley, UK). Most chemicals and
cell culture reagents were obtained from Sigma-Aldrich and Gibco
(Invitrogen), respectively.

Cell culture
The epithelial MDCK, glioma C6 (ATCC, Rockville, MD, USA)
and U373 (ECACC, Salisbury, UK) cell lines were grown in
Dulbecco’s Modified Eagle’s Medium supplemented with 10% fetal
bovine serum with penicillin/streptomycin at 37°C in a 5% CO,
atmosphere.

Astrocyte and neuron cultures were obtained from OFI mice
(Charles River Laboratories, Inc., Lyon, France). Animals were kept
under controlled temperature (22 + 2°C), humidity (40-60%) and
light (12 h cycles) and treated in accordance with the European
Community Council Directive (86/609/EEC) on animal welfare.

Astrocyte cultures were prepared from the cerebral cortex of 2-
day-old mice as described previously (McCarthy and de Vellis 1980).
Briefly, the cerebral cortex was isolated and the meninges were

Journal Compilation © 2009 International Society for Neurochemistry, J. Neurochem. (2009) 110, 143156



carefully dissected away. Cortical tissues were then minced and
incubated in 0.25% trypsin and 0.01% Dnase. Dissociated cells were
seeded in flasks and grown in high-glucose Dulbecco’s Modified
Eagle’s Medium and F-12 (1 : 1) containing 10% fetal bovine serum,
10 mM HEPES and penicillin/streptomycin at 37°C in a 5% CO,
incubator. At confluence (days 10-12), the flasks were shaken
overnight and the cells were rinsed, detached and subcultured onto
poly-L-lysine-coated plastic culture dishes and coverslips. Under
these conditions, cell cultures were essentially formed by astro-
cytes and virtually devoid of neurons (92.2 + 1.3% and 0.2 + 0.2%
GFAP" and Tuj-1" cells, respectively) (Fig. S1). Moreover, a small
percentage of microglia (5.2 + 1% CDI11b" cells) and immature
oligodendrocytes (2.6 + 1.2% NG2' cells) was also detected
(Fig. S1). Treatments with 0.01-1 mM 8Br-cAMP, 20 ng/mL
TNFo, 20 ng/mL IL-B1, and 20 ng/mL IFNy were administrated
1 day after subculturing. Astrocytes cultures were transfected with
ANP.emd (Burke et al. 1997) using Lipofectamin™ 2000 (Invitrogen)
and peptide release was assayed 48 h later. Because transfection
efficacy was low in replated astrocytes, ANP.emd release was assayed
in primary astrocyte cultures (> 95% of transfected cells were
GFAP").

Neuronal cultures were prepared from the cerebral cortex of E16
mouse embryos. After trypsin and Dnase treatment, dissociated cells
were seeded onto poly-L-lysine-coated culture plates. Neurons were
grown in Neurobasal medium containing B27 and N2 supplements
(Invitrogen), glutamine and penicillin/streptomycin at 37°C in a 5%
CO, atmosphere for 10 days. During the first 4 days in culture were
also supplemented with 20 pg/mL 5-Fluoro-2’-deoxyuridine and
50 pg/mL uridine (Sigma-Aldrich) to inhibit mitotic activity of glial
cells. Tuj-1 immunostaining showed that more than 99% of the cells
were neurons.

Western blotting

Cultured cells and tissues were homogenized in ice-cold lysis buffer
containing 50 mM Tris—HCI, pH 7.4, 150 mM NaCl, 5 mM MgCl,,
1 mM EGTA, 1% Triton X-100, and protease inhibitor cocktail
(Roche Diagnostics, Indianapolis, IN, USA). Samples of post-
nuclear lysates were electrophoresed in 12% and 8% sodium dodecyl
sulfate—polyacrylamide gel electrophoresis (SDS—PAGE) (Bio-Rad,
Hercules, CA, USA) and then transferred to nitrocellulose mem-
branes (Whatman® Schleicher & Schuell, Keene, NH, USA). Urea—
SDS gels were used to improve resolution of proteins of low
molecular weight (Ruiz-Montasell ef al. 1996). The membranes
were blocked in a solution containing 5% non-fat milk powder in
Tris-buffered saline with Tween (140 mM NaCl, 10 mM Tris/HCI,
pH 7.4 and 0.1% Tween 20) for 1 h at 22-24°C and then incubated
with primary antibodies in blocking buffer for 2 h or overnight at
22-24°C or 4°C, respectively. After several washes with blocking
solution, the membranes were incubated for 1 h with horseradish
peroxidase-conjugated secondary antibodies (Vector, Burlingame,
CA, USA). Bound antibodies were visualized with enhanced
chemiluminescence reagents ECL™ (GE Healthcare, Buckingham-
shire, UK). Blot images were captured with a scanner and
densitometric values were obtained using Imagel software (NIH,
Bethesda, MD, USA). To obtain crude membranes, cultured cells
were homogenized in 5 mM Tris—HCI, pH 7.4 containing 0.25 mM
sucrose, 1 mM MgCl,, | mM EGTA and protease inhibitors. The
suspension was centrifuged at 600 g for 10 min at 4°C and the
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resulting post-nuclear supernatant was centrifuged at 120 000 g for
30 min at 4°C. The pellet was solubilized in 10 mM Tris—HCl, pH
7.4,2 mM EGTA and 1% Triton X-100. Density gradient subcellular
fractions from astrocytes cultures were obtained as previously
reported (Majo et al. 1998). Cell cultures were homogenized in
0.3 M sucrose, 4 mM HEPES, pH 7.0 and protease inhibitors and
centrifuged for 5 min at 600 g. The post-nuclear supernatants were
collected, and subfraccionated by centrifugation on a 0.3-2.0 M
discontinuous sucrose gradients at 100 000 g overnight in a SW41
rotor (Beckman Instruments, Inc., Palo Alto, CA, USA). Aliquots
from gradient fractions were precipitated with 5% trichloroacetic
acid, resuspended in SDS-sample buffer and analyzed by SDS—
PAGE and immunoblotting.

Immunocytochemistry

Cells grown on glass coverslips or plastic tissue dishes were
washed with ice-cold phosphate-buffered saline (PBS) solution and
fixed with 4% paraformaldehyde in PBS for 15 min. To suppress
non-specific binding, cells were incubated in 10% serum-PBS
containing 0.02% Triton X-100, 0.2% glycine and 0.2% gelatin for
1 h at 22-24°C. Then, cells were incubated with the different
primary antibodies diluted in 1% serum-PBS containing 0.2%
gelatin and 0.2% gelatin overnight at 4°C. After washing, the
cells were incubated with secondary fluorochrome-conjugated
antibodies (Alexa Fluor 488 and Alexa Fluor 568; Molecular
Probes, Eugene, OR, USA) and the nuclei were stained with 4’,6-
diamidino-2-phenylindole (DAPI; Molecular Probes). The speci-
ficity of the immunoreaction was tested by omitting the primary
antibody or by replacing it with an equivalent concentration of
non-specific I1gG. No immunostaining was observed in these
conditions. Double immunofluorescences were performed by using
primary antibodies raised in different species. Cell-type percent-
ages in control and treated cultures were evaluated in cells grown
on similar plastic dishes used for western blotting analysis.
Fluorescent images were obtained with the Olympus fluorescent
BX-61 (Olympus Corp., Tokyo, Japan) and Leica TCS SPE
scanning confocal microscopes. (Leica microsystems GmbH,
Wetzlar, Germany).

Peptide release

Astrocytes were seeded in poly-L-lysine-coated tissue culture dishes,
to minimize cell loss; 100- and 35-mm culture plates were used to
analyze SCG-2 and ANP.emd release, respectively. Before the
release experiment, astrocytes were rinsed twice with serum-free
medium and deprivated for 2 h. Cells were rinsed again and
incubated in serum free-medium containing 1 pM ionomycin and
0.1 M phorbol-12-myristate-13-acetate (TPA) or dimethylsulfox-
ide as control at 37°C in 5% CO,. At the indicated times after
incubation, conditioned medium was collected and lysis buffer was
added to the cells (see above). Cell media were centrifuged at 600 g
for 5 min to remove dislodged cells and proteins were precipitated
with 5% trichloroacetic acid using bovine serum albumin as carrier.
In some cases, proteins from the media were concentrated by
Amicon® Ultra-15 Centrifugal Filter Devices (Millipore Corpora-
tion; Beverly, MA, USA) and then precipitated with 5% trichloro-
acetic acid. SCG-2 and ANP.emd were analyzed both in media and
cells by SDS-PAGE and immunoblotting with antibodies against
SCG-2 and GFP, respectively.
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Fig. 1 Immunoblot analysis of exocytotic proteins in astroglial cell
lines. Ten micrograms of proteins of forebrain, epithelial MDCK cells
and astroglioma C6 and U373 cells were analyzed by immunoblotting
for the presence of syntaxin-1—4, SNAP-23, SNAP-25, Munc18a—c,
and VAMP-1-3. B-tubulin was used as a loading control. The arrow-

Statistical analysis
Student’s #-test was used for statistical evaluation. Data are
expressed as mean = SEM.

Results

Differential expression of exocytotic proteins in cultured
astrocytes

To study the expression of exocytotic proteins in astrocytes,
first we analyzed their presence in the astroglial cell lines C6
and U373 by western blotting (Fig. 1). The isoform specificity
of antibodies was confirmed by parallel analysis of lysates
from brain and the epithelial cell line MDCK. In astroglial cell
lines, expression of SNAP-23 and VAMP-3 was abundant,
VAMP-2 barely detected and SNAP-25 and VAMP-1 unde-
tectable. Among the plasma membrane syntaxins, type 4 was
consistently expressed in C6 and U373 cells. Syntaxin-2 was
highly expressed in C6 but not in U373 cells, while the
opposite was observed for syntaxin-3. Extremely low levels
were detected for syntaxin-1 (only revealed by over-exposure
of the film; data not shown). Finally, expression of Munc18a
was found to be high in brain lysates, but low in glial cell lines.
Conversely, Munc18c expression was low in brain lysates, but
very high in glial cell lines.

Next, we analyzed the expression of exocytotic proteins in
astrocytes from primary culture. GFAP was highly enriched in
the glial cultures, consistent with a strong prevalence of
astrocytes (Fig. 2a, b and Fig. S1). Analysis of different
vesicular proteins revealed that csp, VAMP-3 and, to a lesser
extend, VAMP-2 were present in astrocyte cultures (Fig. 2¢
and d). In contrast, glial cultures lacked of the typical neuronal
proteins SV-2, synaptophysin and synaptogyrin (Fig. 2¢)
(Zhang et al. 2004a,b). The Q-SNARE protein SNAP-23
was detected in astrocytes, but SNAP-25 was not (Fig. 2d).
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head and arrow indicate the VAMP-2 and VAMP-3 bands, respec-
tively, recognized by the same antibody. In the C6 and U373 cells,
syntaxin-4 was identified by species-specific antibodies. The mobility
of molecular mass markers (in kDa) is indicated, here and in sub-
sequent figures.

Syntaxin forms 1—4 were all detected in astroglial cultures, but
at different levels (Fig. 3a). Thus, the most abundant syntaxins
were forms 4 and 2, whereas syntaxin-1 was poorly repre-
sented (Fig. 3a). Because syntaxin-1, -2, and -3 display a
variety of isoforms, arising from related gene products or
because of alternative splicing (Bennett et al. 1993), we
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Fig. 2 Exocytotic proteins in cultured astrocytes. (a) GFAP immuno-
fluorescence (red) and DAPI nuclear staining (blue) show that astro-
cytes are the main cell type present in cell cultures. Scale bar: 30 pm.
(b) Immunoblot analysis of cell-type markers of forebrain and cultured
astrocytes. (¢) Immunoblot analysis of the neuronal exocytotic proteins
SV-2, synaptophysin, synaptogyrin and csp. a-actin was used as a
loading control. (d) Identification of SNARE protein isoforms VAMP-1-
3 and SNAP-25 and -23 in astroglial cultures. In (b—d), 3 and 10 g of
protein/lane were loaded from forebrain and cultured astrocytes,
respectively.
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Fig. 3 Differential expression of syntaxin and Munc18 isoforms in
astrocyte and neuron cultures. (a) Immunoblot analysis of the four
plasma membrane syntaxins in forebrain and astrocyte and neuron
cultures by standard and urea gels. The arrowhead and arrow indicate

analyzed the expression pattern of syntaxin isoforms by
resolving astroglial and neuronal lysates in urea—SDS gels. As
shown in Fig. 3(b), brain and cultured neurons expressed the
two syntaxin-1 isoforms equally (Bennett er al 1993;
Ruiz-Montasell ef al. 1996). In contrast, syntaxin-1B was
consistently revealed as the only syntaxin-1 isoform expressed
in glial cell cultures (Fig. 3a). Separate bands were also
resolved for syntaxin types 2 and 3 in brain and cultured
neurons (Fig. 3a). Once more, only a single band for each
syntaxin was detected in astrocyte cultures (Fig. 3a). Because
no information is available about the electrophoretic mobility
of individual syntaxin-2 and -3 isoforms, a mobility-based
identification of particular isoforms is not feasible. Moreover,
syntaxin-4 was clearly represented in astrocyte cultures, but
not in neuronal cells (Fig. 3a). Cultured astrocytes mainly
expressed Munc18c and Munc18a, whereas a weak signal was
found for Munc18b (Fig. 3b). The localization of SNARE and
Munc18 proteins in single astrocytes is shown by immuno-
fluorescence.

We conclude that, as compared to neurons, astrocytes
display a distinctive profile of exocytotic proteins. The
characteristic expression pattern of exocytotic proteins in
astrocytes suggests their involvement in specialized mem-
brane fusion processes.

Proinflammatory and differentiating agents exert opposite
effects on the expression of exocytotic proteins in cultured
glial cells

Specialized astrocyte functions depend on the cellular state.
For instance, neural homeostasis and synaptic function are
controlled by differentiated astrocytes, whereas a reactive
glial phenotype is involved in repair and inflammatory
processes (Kettenmann and Ransom 2004). To associate
particular exocytotic proteins with different astrocyte states,
the expression of exocytotic protein isoforms was analyzed
in astrocyte cultures treated with activating and differentiat-
ing agents. Expression of the metabotropic glutamate
receptor mGIuRS, the glutamate transporter GLT-1, phos-
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the syntaxin 1B and 1A isoforms, respectively. (b) Immunoblot anal-
ysis of the Munc18 family members in brain and astrocyte and neuron
cultures by standard gels; 3, 10, and 7 pg of protein/lane were loaded
from forebrain and astrocyte and neuron cultures, respectively.

phorylated STAT-1 transcription factor and B-tubulin were
used as positive and loading controls (Schlag ef al. 1998;
Tilleux et al. 2007).

The proinflammatory molecules TNFo, IL-1f, and IFNy
were used for activation of glial cultures (John ef al. 2003).
Western blotting analysis revealed that TNFo and IL-1f
treatments mainly enhanced the content of syntaxin-3 and
Munc18b in astrocyte cultures, compared to untreated cells
(Fig. 4a,b). Moreover, IFNy exposure increased the amount
of Muncl8a and syntaxin types, whereas VAMP-2 was
consistently decreased in each proinflammatory treatment
(Fig. 4a,b). Levels of exocytotic protein in single astrocytes
were determined by double-labeling immunofluorescence.
No evident changes in the fluorescence intensity were
detected in astrocytes after cytokine treatments (data not
shown). Because long-term exposure of primary cultures to
cytokines could alter cell composition, percentages of
cellular populations were analyzed in treated cultures. The
number of oligodendrocytes was slightly increased by TNFa
and IL-1B administration; however, the cell population
showing the most marked changes during cytokine treat-
ments was microglia (Fig. S1; Ganter et al. 1992; Arnett
et al. 2001). Thus, microglia population was 3.49-, 2.35-,
and 1.47-fold higher after TNFo, IL-1B, and IFNy treat-
ments, respectively (Fig. S1). Importantly, strong immuno-
fluorescence for syntaxin-2, -3, and -4 and Muncl8b was
detected in cytokine-treated microglial cells, compared to
astrocytes (Fig. 5). We conclude that proinflammatory cyto-
kine administration changes the content of different exocy-
totic proteins in cultured glial cells. Moreover, we show for
the first time that microglial cells express non-conventional
brain exocytotic proteins abundantly. Because proinflamma-
tory cytokine treatments enhanced microglial population in
primary cultures, it is conceivable that an increase in non-
astrocytic populations may contribute to the observed
cytokine-induced changes in exocytotic proteins.

To induce a differentiated phenotype of astrocytes we
exposed cell cultures to permeable cAMP analogs (Shain
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McManus et al. 1999). 8Br-cAMP-induced differentiation
in astrocytes was recognized by the distinctive star-shaped
GFAP morphology (Fig. 5 and Fig. S1) and the up-regula-
tion of the glutamate transporter GLT-1 (data not shown)

© 2009 The Authors
Journal Compilation © 2009 International Society for Neurochemistry, J. Neurochem. (2009) 110, 143—156

Fig. 4 Expression of exocytotic proteins in
cultured glial cells during proinflammatory
and differentiating treatments. (a) Cell ly-
sates (10 pg of protein/lane) from cell cul-
tures treated with TNFo (20 ng/mL), IL-p1
(20 ng/mL), IFNy (20 ng/mL), and 8Br-
cAMP (1 mM) for 8 days were analysed by
SDS/PAGE and immunoblotting by using
antibodies recognizing syntaxin-1-4, Mun-
c18a—c, SNAP-23, VAMP-2-3, and SCG-2.
mGIuR5 and p-STAT-1 were detected as a
positive controls and B-tubulin as a loading
control. (b) Histogram summarizing the ef-
fect of proinflammatory and differentiating
treatments on the content of exocytotic
proteins in glial cultures. Bars represent
percent variation after treatments with re-
spect to the control value. Values represent
the mean + SEM of at least three inde-
pendent experiments performed in dupli-
cate. Asterisks indicate differences from
controls (*p<0.05; **p<0.01; and
***p < 0.001).

Fig. 5 Exocytotic proteins in cultured mi-
croglia after incubations with proinflamma-
tory cytokines. Cultures treated with TNFo
and IFNy for 8 days were double-immuno-
labeled with antibodies against syntaxin-2—
4 and Munc18b and the microglial marker
CD11b. Photographs show a stronger
labeling for exocytotic proteins in microglial
cells (CD11b™) compared with astrocytes
(CD11b™ cells). Scale bar: 20 um.

(Schlag et al. 1998). In contrast to proinflammatory treat-
ments, the large prevalence of astrocytes was consistently
preserved in cell cultures after cAMP treatment (95.1 + 1%
GFAP" cells; Fig. S1). Interestingly, exocytotic proteins
whose levels were enhanced by proinflammatory cytokines,



such as syntaxin-2 and -3 and Munc18b, were substantially
down-regulated after 8Br-cAMP treatment (Fig. 4a,b).
On the contrary, the content of typical proteins that control
Ca2+-dependent secretion, such as VAMP-2, syntaxin-1 and
Muncl8a, were up-regulated (Fig. 4a,b). We further
examined the content of the chromogranin-SCG family
member, SCG-2 in treated cultures. SCG-2 is considered a
peptidergic vesicle marker of the regulated secretory pathway
with important intracellular roles in sorting and secretory
granule formation (Taupenot et al. 2003). 8Br-cAMP admin-
istration dramatically increased the cellular content of SCG-2
whereas administration of cytokines did not (Fig. 4a).
Immunofluorescence analysis confirmed that the main
cAMP-induced changes detected in culture lysates did occur
in single astroglial cells. For instance, Fig. 6a shows the
opposite regulation of syntaxin-3 and the vesicular proteins
SCG-2 and VAMP-2 by 8Br-cAMP in GFAP" astrocytes.
Finally, the expression regulation of exocytotic and secretory
protein levels by cAMP was time- and dose-dependent, as
shown for SCG-2 (Fig. 6b and c).

Taken together, the present results show that proinflam-
matory and differentiating agents exert opposite effects on
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the expression of exocytotic proteins in cultured glial
cells. Moreover, proteins typically involved in the
Ca*"-regulated secretory pathway are specifically up-regu-
lated in astrocytes by long-term administration of cAMP
analogs.

Ca®*-dependence of basal and stimulated SCG-2 release in
cAMP-treated astrocytes

The above data showing the distinctive regulation of
exocytotic and secretory proteins in cultured astrocytes
may suggest that cAMP-induced differentiation makes
regulated secretion in astrocytes more efficient. Therefore,
we next investigated Ca’’-triggered peptide release in
8Br-cAMP-exposed astrocytes. Firstly, we examined the
subcellular localization of secretory components in cAMP-
treated astrocytes. SNARE proteins are integral and palmi-
toylated proteins, whereas cytosolic Muncl8 isoforms are
associated with the plasma membrane by syntaxin interaction
(Jahn and Scheller 2006; Toonen and Verhage 2007). Crude
membrane fractionation showed a differential distribution of
Muncl8 isoforms in astrocytes (Fig. 7a). Thus, while
Muncl8 types a and b were entirely associated with
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membranes, a substantial pool of Munc18c was found in the
cytosolic fractions (Fig. 7a). We also characterized subcel-
lular membranous compartments of astrocyte proteins by
density gradient fractionation and immunofluorescence
(Fig. 7b,c). Syntaxin and Muncl8 proteins were essentially
detected in fractions containing the plasma membrane marker
Na'/K" ATPase (Fig. 7b). In agreement with this, equivalent
immunostaining patterns for syntaxins and Na'/K" ATPase
were observed in the astrocyte plasma membrane by confocal
microscopy (Fig. 7c, see also Fig. 5 for lower magnification
of syntaxin-4 immunolabeling). Like the syntaxins, the
t-SNARE SNAP-23 was localized in plasma membrane-
enriched fractions, however, an apparently unpalmitoylated
soluble form was also found (Fig. 7b). VAMP-2 and VAMP-3
were mainly detected in light membrane fractions, consistent
with their location on non-peptide transmitter-containing small
vesicles (Fig. 7b). SCG-2 was observed in heavy membrane
and cytosolic fractions, corresponding to intact and broken
secretory granules, respectively (Fig. 7b). The parallel regu-
lation by 8Br-cAMP and the colocalization in subcellular
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Fig. 7 Subcellular distribution of exocytotic
proteins in 8Br-cAMP-treated astrocyes. (a)
Membrane (M) and cytosol (C) distribution
of astroglial Munc18 isoforms. (b) Equilib-
rium sucrose density gradient analysis of
exocytotic proteins in astrocytes. The blots
are representative of four independent
experiments. (c) Representative confocal
analysis of syntaxin-4 and Na*/K* ATPase
or VAMP-2 and SCG-2 in a single section.
Scale bar: 1 um.

fractions of SCG-2 and VAMP-2 could indicate the coexis-
tence of these proteins in individual vesicles. However, double
immunolabeling revealed that SCG-2 and VAMP-2 were
mainly associated with different vesicle subsets (SCG-2"/
VAMP-2" vesicles 4.7 £ 1.1%, n = 1039 vesicles, Fig. 7c).
According to the SNARE hypothesis, these data show that
different exocytotic proteins in astrocytes are correctly posi-
tioned to underlie secretion (Jahn and Scheller 2006).

Next, we analyzed the Ca®"-regulated secretion of astrog-
lial peptides by monitoring SCG-2 release. As shown above,
SCG-2 levels were very low in cell lysates of non-treated
cultures, but dramatically increased by cAMP exposure
(Fig. 8a). The amounts of SCG-2 released into the media
were relative to the cell content. Basal secretion over 3 h was
almost undetectable in untreated cultures, but very high in
treated cells (Fig. 8a). Because SCG-2 expression was weak
in non-treated astrocytes, the Ca®'-dependence of SCG-2
secretion was only analyzed in 8Br-cAMP-treated cells. First,
we considered whether intracellular Ca®" contributes to the
basal release of astroglial SCG-2. We used the membrane
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Fig. 8 Ca®*-dependence of SCG-2 secretion from astrocytes. (a)
Basal release over 3 h (media) and cellular content (10 pg of protein/
lane; cells) of SCG-2 in untreated (control) and 8Br-cAMP-treated
(8Br-cAMP) astrocytes. (b) Representative immunoblotting of the
basal SCG-2 secretion over 2 h from BAPTA-unloaded or -loaded
8-Br-cAMP-differentiated astrocytes. (c) Immunoblot illustrating
the stimulated SCG-2 secretion over 10 min from BAPTA-unloaded

permeable chelator BAPTA-AM to sequester free intracellu-
lar Ca®*. Comparing the amount of released SCG-2 into the
media over 2 h, we found that BAPTA loading markedly
reduced basal SCG-2 secretion in astrocytes (to 48.4% of the
control; Fig. 8b). Conversely, we triggered [Ca®']; elevation
by using the Ca®" ionophore ionomycin together the protein
kinase C (PKC) activator TPA. Stimulation with 1 pM
ionomycin and 100 nM TPA for 10 min increased SCG-2
release from astrocytes to 218.7% of basal levels (Fig. 8e).
Moreover, the prevention of the ionomycin/TPA-triggered
enhancement of SCG-2 secretion by BAPTA-AM pre-
treatment supports the involvement of Ca®" in the release
of this protein (Fig. 8¢). These results show that SCG-2
secretion from long-term cAMP treated astrocytes displays a
marked dependence on the [Ca*'].

cAMP-induced differentiation enhances Ca*-regulated
secretion of peptides in astrocytes

To compare the Ca®"-regulated peptide secretion in untreated
and cAMP-treated astrocytes we carried out release assays
with the emdGFP-tagged hormone ANP.emd (Burke et al.
1997). This fusion hormone has previously been used to
show a Ca®"-dependent exocytosis of exogenous peptides in
cultured astrocytes by life imaging (Krzan et al. 2003).
ANP.emd was correctly detected in transfected astrocyte
lysates by western blotting using new generated antibodies
against GFP (Fig. 9a; Burke et al. 1997). Moreover, intense
emd fluorescence in astrocytes was specifically detected in
SCG-2-containing secretory vesicles (ANP.emd™/SCG-2*

vesicles 98.86 + 0.48%, n =614 vesicles) (Fig. 9b,c).
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or -loaded 8-Br-cAMP-differentiated astrocytes. Each lane represents
proteins from one individual culture dish (a—c). (d—f) Histograms
showing quantification of released SCG-2 in the media from 2 h basal
(d) and 10 min stimulated BAPTA-unloaded (e) or -loaded (f) 8-Br-
cAMP-differentiated astrocytes. Values represent the mean + SEM of
at least three independent experiments. Asterisks indicate differences
from controls (*p < 0.001).

Ca**-triggered secretion of chimeric ANP was analyzed in
the culture media of control and cAMP-differenciated
astrocytes by western blotting. In control cells, compared
with unstimulated cultures, no changes were observed in the
released ANP.emd after exposure to ionomycin/TPA stimulus
(Fig. 9d,e). In striking contrast, cAMP-differenciated astro-
cytes showed a notable Ca**-regulated hormone secretion.
Thus, a significant increase over the basal release was noticed
for the ANP.emd secreted as soon as five min after
ionomycin/TPA administration (Fig. 9d,e). At the two times
analyzed, a significant enhancement of 128% (5 min) and
159% (20 min) of Ca®'-triggered hormone secretion was
found in differentiated astrocytes compared with control cells
(Fig. 9e). Furthermore, consistent with a stimulus-regulated
secretory pathway, ANP.emd release from differentiated
astrocytes showed a non-linear response with the highest
secretion occurring during the first minutes (Fig. 9f). We
conclude that cAMP-induced astrocyte differentiation in-
creases regulated peptide secretion.

Discussion

Exocytotic molecular components in astrocytes

Here, we show the comprehensive profile of the core proteins
of the exocytotic machinery in cultured astrocytes. Charac-
teristically, the main isoforms of the R- and Q-SNARE and
Muncl8 families detected in astrocytes greatly differ from
those expressed by neurons. Thus, while neurons mainly
display syntaxin-1, Munc18a, SNAP-25, and VAMP-2, the
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predominant expression of syntaxin-4, Munc18c, SNAP-23,
and VAMP-3 is a hallmark of normal and tumor-derived
astroglial cells. Therefore, astroglial cells display distinctive
molecular components for exocytosis.

The number of proteins involved in the later steps of
membrane fusion is rather limited; however, a large number
of isoforms of the core proteins have been identified (Jahn
and Scheller 2006). Here, we reveal that astrocytes express a
number of isoform proteins for their exocytotic molecular
machinery. The prevalence of the Q-SNARE SNAP-23 in
astrocytes is in agreement with previous studies and supports
the notion that the SNAP-23 isoform replaces SNAP-25
functions in non-neuroendocrine cells (Parpura et al. 1995;
Ravichandran et al. 1996; Hepp et al. 1999; Zhang et al.
2004a; Montana et al. 2006). According to previous reports,
we found that the isoforms involved in Ca®"-dependent
neurosecretion syntaxin-1, Munc18a, and VAMP-2 are
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present both in neurons and astrocytes (Maienschein et al.
1999; Montana et al. 2006; Parpura et al. 1995; Zhang et al.
2004a). Interestingly, we found the 1B variant as the only
syntaxin-1 detected in astrocytes, in accordance with the
heterogeneous distribution reported for the syntaxin-1 iso-
forms (Ruiz-Montasell et al. 1996; Aguado et al. 1999).
Because glial cells are no professional secretory cells, it is
conceivable that limited quantities of these proteins are
sufficient to underlie the regulated secretion reported for
astrocytes (Calegari et al. 1999; Coco et al. 2003; Krzan
et al. 2003; Bezzi et al. 2004; Chen et al. 2005; Mothet
et al. 2005 Bowser and Khakh 2007; Zhang et al. 2007).
In addition to the proteins mediating Ca**-triggered
exocytosis, astrocytes abundantly express syntaxin-4 and
-2, Munc18c and VAMP-3. Although the functional signif-
icance of these ubiquitous exocytotic proteins in the CNS is
poorly known, a role in the stimulus-dependent secretion has
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been proposed in non-neural cell types (Flaumenhaft 2003;
Imai et al. 2004; Borisovska et al. 2005). Therefore, astro-
cyte-enriched exocytotic isoforms may participate in regu-
lated glial secretion. One basic question about SNARE
isoforms is whether co-expression of different members of
the same family represents a redundant mechanism or confers
specificity (Jahn and Scheller 2006). Recent studies using
knockout mice have suggested that although different
Q-SNARE isoforms can underlie the same exocytotic
process, particular variants confer distinctive properties to
support specialized secretory functions (Serensen et al.
2003). Moreover, specific VAMP isoforms selectively drive
the secretion of granule subsets in mast cells (Puri and Roche
2008). Thus, it is possible that the presence of a variety of
SNARE isoforms in astrocytes reflects heterogeneity in the
glial secretory exocytosis. Particularly, the recent evidence
that astrocytes display a prominent Ca®'-dependent lyso-
somal exocytosis suggests that syntaxin-4 and SNAP-23
contribute to regulated lysosomal fusion (Rao et al. 2004;
Zhang et al. 2007; Li et al. 2008). Finally, as astrocyte-
enriched exocytotic proteins are involved in membrane
fusion processes with non-secretory purposes (i.e. receptor,
channel and transporter translocation), specific interaction
among different syntaxin, VAMP, and Muncl8 isoforms
could underlie astroglial non-secretory exocytosis (Chiereg-
atti and Meldolesi 2005; Stenovec et al. 2008). Future loss-
of-function experimental approaches are required to elucidate
the contribution of distinctive SNARE isoforms to special-
ized glial exocytosis.

Ca®*-requlated exocytotic apparatus and peptide secretion
in 8Br-cAMP-differenciated astrocytes

Most studies analyzing the regulated secretory pathway in
astrocytes have been performed on primary cultures (Calegari
et al. 1999; Araque et al. 2000; Coco et al. 2003; Krzan et al.
2003; Bezzi et al. 2004; Zhang et al. 2004a,b; Mothet et al.
2005; Bowser and Khakh 2007; Zhang et al. 2007; Chen
et al. 2005). Although the precise state of cultured astrocytes is
controversial, it is thought that astroglial cells in culture display
a non-fully differentiated phenotype and are probably acti-
vated (Kettenmann and Ransom 2004). Long-term treatment
of astrocytes cultures with permeable cAMP analogs induces
morphological (stellate appearance), biochemical [production
of GFAP and inositol (1,4,5)-trisphosphate] and physiological
(membrane K and Cl~ conductances and glutamate clearance)
changes which are believed as indicators for astrocyte
differentiation (Shain et al. 1987; Ferroni et al. 1995; Schlag
et al. 1998; McManus et al. 1999). We show here that a set of
proteins typically involved in Ca*'-dependent transmitter
release are differentially up-regulated in astrocyte cultures
during cAMP-induced differentiation. This finding may sug-
gest that cAMP exposure increases regulated secretion in
astrocytes. A study showing that long-term addition of
dibutyryl cAMP increased syntaxin-1 and VAMP-2 content
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and the evoked-release of glutamate in cultured astrocytes
supports these observations (Shiga et al. 2006).

In agreement with previous reports (Fischer-Colbrie et al.
1993; Calegari et al. 1999; Zhang et al. 2007), we observed
that SCG-2 content and secretion in cultured astrocytes is
extremely low. In contrast, and consistent with the presence
of a functional cAMP-response element in the SCG-2
promoter (Taupenot et al. 2003), we found that content of
SCG-2 is dramatically enhanced by 8Br-cAMP in astrocytes.
As originally detected in non-treated astrocytes by the
sensitive techniques radioimmunoassay and metabolic
labeling (Fischer-Colbrie ef al. 1993; Calegari et al. 1999),
we show that basal SCG-2 secretion from cAMP-treated
astrocytes is very high. Moreover, we demonstrate here that
basal SCG-2 secretion in astroglial cells is dependent on
resting [Ca*"];. These findings agree with the proposal that
the astrocyte-expressed Q-SNARE SNAP-23 leads to high
levels of basal secretion of peptidergic hormones at low
[Ca®"]; (Chieregatti ef al. 2004). Taking advantage of the
increased levels of intracellular SCG-2 because of 8Br-
cAMP, we show here that a Ca®'-triggered release of
endogenous glial peptides is detected in the culture medium
as soon as 5 min after stimulus (data not shown). The Ca**-
dependence on SCG-2 release was further confirmed by the
virtual abolition of ionomycin/TPA-triggered secretion by
pre-incubation of astrocytes with the fast Ca*" chelator
BAPTA-AM. These data support the idea that astrocytes
display a Ca®"-regulated secretory pathway (Montana ef al.
2006). Furthermore, we propose the use of permeable cAMP
analogs as a priming treatment to study regulated secretion of
endogenous peptides in cultured astrocytes.

A Ca*"-dependent release of peptides has been shown in
cultured astrocytes after ionomycin application by imaging
fluorescence of transfected ANP.emd (Krzan et al. 2003).
However, under similar conditions, we were not able to
detect a increase of released ANP.emd in the medium. The
limited number of Ca®'-stimulated exocytosis rapidly
detected by live imaging probably cannot be distinguished
from the basal secretion in the media by immunoblot analysis
over longer times. In contrast to untreated cells, elevation of
[Ca®"]; in cAMP-differentiated astrocytes causes an increase
in released ANP.emd. This finding indicates that cAMP
signaling improves the regulated secretory pathway in
astrocytes. Moreover, the differential changes of exocytotic
proteins detected in astrocytes during cAMP-induced differ-
entiation suggest the involvement of distinctive exocytotic
proteins in regulated peptide release. Because astrocytes
secrete proteins that control development and activity of
neuronal circuits, a functional role for Ca®*-regulated release
of peptides from astrocytes in vivo is conceivable.

Exocytotic proteins in activated glia
TNFa, IL-1B, and IFNy are potent proinflammatory cyto-
kines activating astrocytes and microglial cells in vivo and
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in vitro (John et al. 2003). In the present study, we show that
exocytotic protein content in astrocyte cultures is changed by
proinflammatory cytokines. Although certain proteins, such
as VAMP-2, were similarly regulated by the three cytokines,
other, such as Munc18a and Munc18b, were equally changed
by TNFa and IL-1p but differently affected by IFNy. These
different responses are probably related to divergences in the
signaling initiated by IFNy and those triggered by TNFa and
IL-1B. Even though very limited information is available
about the secretory machinery in activated astrocytes, the
identification of Muncl8a (Stxbpl) as a gene induced in
response to IFNy in cultured astrocytes by microarray
analysis supports the notion that exocytotic proteins are
adjusted during astroglial activation (Halonen et al. 2006).
Interestingly, long-term administration of proinflammatory
and differentiating agents exerts opposite effects on the
expression levels of distinctive exocytotic proteins in
cultured astrocytes. Because astrocytes are very versatile, it
is conceivable that expression of exocytotic protein in
astrocytes could be regulated during different cellular states
to achieve specific exocytotic processes.

Importantly, the present results show for the first time that a
set of exocytotic proteins (i.e. syntaxin-2, -3, and -4) are
robustly expressed by microglia. Recently, the over-expression
of these proteins during macrophage activation and their
involvement in cytokine release was reported (Pagan et al.
2003). Therefore, exocytotic proteins controlling the secretion
of adverse mediators in inflammatory diseases have been
proposed as novel targets for therapy (Stow et al. 2006).
Because it is believed that cultured microglia display a
permanent state of activation, the exocytotic proteins detected
in microglia might reflect the composition of the exocytotic
machinery in activated cells (Kettenmann and Ransom 2004).
As microglia and astroglial cells are resident mediators of
immune and inflammatory responses in the CNS, a role for
glial exocytotic proteins in neuroinflammation is suggested.
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Resum

Els astrocits alliberen de manera constitutiva i regulada importants mediadors de la
comunicacid glia-neurona. Entre ells trobem transmissors peptidics i no peptidics que
influencien el desenvolupament, la funcionalitat i la plasticitat neuronal. Malgrat aixo, son
practicament inexistents les evidencies experimentals de la presencia /n vivo de components
moleculars de la via de secrecid regulada en astrocits. Les granines son marcadors
neuroendocrins de la via de secrecid regulada de péptids. Es una famflia molt amplia que
inclou la secretogranina III (Sglll). Intracel-lularment, les granines tenen un paper important en
la classificacio i agregacié de peptids de la via regulada i consequentment en la biogenesi de
vesicules de secrecio. A més, la seva proteolisi dona lloc a peptids bioactius amb funcions de

senyalitzacio intercel-lular.

En aquest treball analitzem la produccio, la regulacio i 'alliberacio de la Sglll en astrocits
in vitro i in vivo. Tant les neurones com els astrocits en cultiu sintetitzen i secreten Sglll. A
diferencia de les neurones, els astrocits alliberen una forma de Sglll no processada. /n vivo, la
Sqlll és sintetitzada per ambdues poblacions, encara que els nivells més alts d'expressid es
troben en els astrocits. Caracteristicament, tant a nivell de mRNA com de proteina, els nivells
d'expressio de Sglll augmenten notablement en astrocits reactius en lesions de l'escorga

cerebral.

Aquests resultats impliquen la Sglll a la via de secrecié astroglial /n vivo. A més, la
sobreexpressio de Sqlll en astrocits reactius suggereix un paper d'aquesta granina glial en els

processos activats en el dany cerebral.
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Secretogranin lll Is an Astrocyte Granin
That Is Overexpressed in Reactive Glia

Astrocytes release peptide and nonpeptide transmitters that
influence neuronal development, function, and plasticity. However,
the molecular components of the astroglial secretory pathways in
vivo are largely unknown. Here, we analyze in astrocytes the
production, expression regulation, trafficking, and release of
secretogranin Il (Sglll), a member of the multifunctional granin
family. We show that astroglial cells in culture synthesize and
release a nonprocessed form of Sglll. In vive studies show that
many neuronal populations produce and transport Sglll. In
particular, the highest Sglll expression in the cerebral cortex in
vivo is present in astroglial cells. Both Sglll protein and mRNA are
abundantly detected in cortical astrocytes and in Bergmann glial
cells. Moreover, the levels of Sglll mRNA and protein in reactive
astrocytes, induced by perforating injury increase dramatically.
These results implicate Sglll in the astrocyte secretory pathway in
vivo and show that its expression is finely regulated during glial
activation. The robust expression of Sglll in astrocytes and its
regulation in the injured brain suggest both intracellular and
extracellular roles for this glial granin in the physiology and repair/
damage of neuronal circuits.

Keywords: astrocyte, brain injury, glial activation, secretogranin, secretory
pathway

Introduction

Exocytotic vesicular secretion of signaling molecules contrib-
utes to glia-neuron communication (Araque et al. 2001;
Volterra and Meldolesi 2005). In particular, astrocyte-secreted
glutamate, adenosine triphosphate (ATP) and p-serine regulate
neuronal physiology by modulating synaptic transmission and
network activity (Pascual et al. 2005; Panatier et al. 20006; Perea
and Araque 2007). In addition to nonpeptide transmitters,
peptides and proteins released from astrocytes, such as growth
factors, cytokines, and extracellular components, control the
development, plasticity, and pathology of neuronal circuits
(Allan and Rothwell 2001; Christopherson et al. 2005).
Although astrocyte vesicular secretion is crucial for neuronal
function, secretory pathways remain poorly characterized. It
has now been shown that astroglial cells contain competent
compartments and molecular machinery for a regulated
secretory pathway (for review, see Montana et al. 20006). Thus,
astrocytes can release gliotransmitters, such as glutamate, ATP,
and neuropeptide Y, from synaptic-like microvesicles, lyso-
somes, and secretory granules in a Ca*"-dependent manner
(Bezzi et al. 2004; Zhang et al. 2007; Ramamoorthy and Whim
2008). However, the molecular components of the transmitter
secretory pathway in glia in vivo are largely unknown (Fiacco
et al. 2009).
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A biochemical hallmark of neuroendocrine secretory gran-
ules is the storage and release of uniquely acidic proteins
known as granins, which are considered markers of the
regulated secretory pathway (Taupenot et al. 2003; Helle
2004). The granin family comprises the “classical” members:
chromogranin A (CgA), chromogranin B (CgB), and secretog-
ranin II (SgII); and the 5 less known secretogranin III (SgIII,
1B1075 gene product), secretogranin IV (HISL-19 antigen),
secretogranin V (neuroendocrine secretory protein 7B2),
secretogranin VI (NESP55), and secretogranin VII (the nerve
growth factor inducible protein VGF; Taupenot et al. 2003;
Helle 2004; Montero-Hadjadje et al. 2008). Intracellularly,
granins have a role in the sorting and aggregation of secretory
products in the trans-Golgi network and in the subsequent
biogenesis of secretory granules (Taupenot et al. 2003; Helle
2004). Moreover, proteolytic processing of these proteins, as
for prohormones, gives rise to bioactive peptides (e.g.,
catestatin and secretoneurin) with autocrine, paracrine, and
endocrine functions (Simon et al. 1988; Shyu et al. 2008).

In endocrine cells, SgIII is a key sorting receptor for peptide
hormones (for review, see Takeuchi and Hosaka 2008).
Moreover, SgIII has recently been shown to be expressed and
released by nonneuroendocrine cell types that display a regu-
lated secretory pathway, such as platelets and mast cells
(Coppinger et al. 2004; Prasad et al. 2008). Here, we studied
the little known SgIII in rodent astrocytes. We show that
a nonprocessed form of SgIII is produced and released by
cortical astrocytes in primary cultures. In brain sections, SgIII
transcripts and protein were found in neuronal populations and
abundantly in cortical astrocytes. Moreover, SgIII expression was
specifically upregulated in reactive astrocytes after perforating
brain injury. These results show that SgIIl is a reliable
component of the astrocyte secretory pathway and suggest
important roles for glial SgIII in the glia-neuron communication.

Materials and Methods

Antibodies and Reagents

Polyclonal antibodies against SgIII were purchased from Sigma-Aldrich
(Deisenhofen, Germany) and Proteintech Group Inc. (Chicago, IL). SgII
antibodies were kindly provided by Dr R. Fischer-Colbrie. Monoclonal
antibodies against synaptosome-associated protein of 25 kDa (SNAP-
25), glial fibrillary acidic protein (GFAP), neuronal nuclei (NeuN),
carboxypeptidase E (CPE), FLAG, p-tubulin, and vimentin were
obtained from Sternberg Monoclonals Inc. (Baltimore, MD), Chemicon
(Temecula, CA), BD Transduction Laboratories (San Jose, CA), Sigma-
Aldrich, and Developmental Studies Hybridoma Bank (Department of
Biological Sciences, The University of lowa, lowa city, IA). Polyclonal
antibody to Olig2 was from Chemicon. FLAG-tagged rat SgIII (1-471)
cDNA was a gift of Dr M. Hosaka. Brefeldin A was obtained by Sigma-
Aldrich and 8Br-cyclic adenosine 3',5'-monophosphate (cAMP) was
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from Biolog Life Science Institute (Bremen, Germany). Most chemicals
and cell culture reagents were from Sigma-Aldrich and GIBCO
(Invitrogen, Paisley, UK), respectively.

Animals

OF1 mice were provided by Charles River Laboratories, Inc. (Lyon, France),
and Sprague-Dawley rats were obtained from the Laboratory Animal Service
of the University of Barcelona. Animals were anesthetized with ketamine
(Ketolar, Parke-Davis, Barcelona, Spain) and xylazine (Rompun, Bayer
Healthcare, Kiel, Germany). Stab wound lesions were made as described
previously (Aguado et al. 2002). Under anesthesia, adult animals were fixed
to a stereotactical frame, and the cerebral cortex was then stabbed with
a#11 scalpel blade. The wounds were 3-mm long and 2-mm deep at 1.5 mm
from and parallel to midline and ran 0.5 mm away from the Bregma over the
right parietal cortex. To provoke secretory protein accumulation in neural
bodies, colchicine was administrated intracerebroventricular (i.c.v.)
(Aguado et al. 1999). Seventy-five microgram of colchicine in 10 pL of
phosphate-buffered saline (PBS) was stereotaxically injected in the lateral
ventricle of adult rats. Sham-operated controls only received 10 pL of PBS.
Animals were kept under controlled temperature (22 * 2 °C), humidity
(40-60%), and light (12-h cycles) and treated in accordance with the
European Community Council Directive (86/609/EEC) on animal welfare.
Every effort was made to minimize animal suffering. In all in vivo
experimental conditions, at least 4 animals were used per time-point.

Cell Cultures

The COS kidney epithelial cell line was grown in Dulbecco’s Modified
Eagle’s Medium supplemented with 10% fetal bovine serum with
penicillin/streptomycin at 37 °C in a 5% CO, atmosphere. COS cell line
was transfected with FLAG-SgIII using Lipofectamin 2000, and peptide
expression was assayed 48 h later.

Astrocyte cultures were prepared from the cerebral cortex of 2-day-old
mice as described previously (Paco et al. 2009). Briefly, the cerebral cortex
was isolated, and the meninges were carefully dissected away. Cortical
tissues were then minced and incubated in 0.25% trypsin and 0.01% DNase
(Roche Diagnostics, Mannheim, Germany). Dissociated cells were seeded
in flasks and grown in high-glucose Dulbecco’s Modified Eagle’s Medium,
and F-12 (1:1) containing 10% fetal bovine serum, 10 mM 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid and penicillin/streptomy-
cin at 37 °C in a 5% CO, incubator. At confluence (days 10-12), the flasks
were shaken over night, and the cells were rinsed, detached, and
subcultured at a density of 50 000 cells/cm® on poly-L-lysine-coated
plastic culture dishes and coverslips. Under these conditions, cell cultures
were essentially formed by astrocytes (>92% GFAP" cells) and virtually
devoid of neurons ( <0.5% Tuj-1" cells). A small percentage of microglia and
immature oligodendrocytes (<8% CD11b" and NG2" cells) was also
detected (Paco et al. 2009). Long-term treatment with 8Br-cAMP did not
change the cellular composition (Paco et al. 2009). Neuronal cultures were
prepared from the cerebral cortex of E16 mouse embryos. After trypsin
and DNase treatment, dissociated cells were seeded on poly-L-lysine-
coated culture plates. Neurons were grown at a density of 50 000 cells/
cm® in Neurobasal medium containing B27 and N2 supplements,
glutamine, and penicillin/streptomycin at 37 °C in a 5% CO, atmosphere
for 10 days. During the first 4 days in culture, the media were also
supplemented with 20 pg/mL 5-fluoro-2’-deoxyuridine and 50 pg/mL
uridine to inhibit the mitotic activity of glial cells. More than 99% of the
cells were Tuj-1" neurons and less than 1% of the cells were GFAP*
astrocytes (Paco et al. 2009). In all in vitro conditions, at least 3
independent experiments in duplicate were performed.

Reverse Transcriptase-Polymerase Chain Reaction

To perform polymerase chain reaction (PCR) experiments, total RNA was
purified from the forebrain and from cultured astrocytes of mice using
Trizol Reagent (Invitrogen) following the manufacturer’s instructions. All
RNA obtained was reverse transcribed using pdN6 (random hexamers)
and AMV reverse transcriptase (Amersham Biosciences, GE Healthcare,
Buckinghamshire, UK). Then, cDNAs were then amplified with specific
primer pairs (5'-3") for SgIII, forward CAATTCAAGCTTTCCCCAAA and
reverse TTTCACTCGGCTTGCTTTCT (NM_009130); GFAP, forward

TGCTAGCTACATCGAGAAGG and reverse TCCTCTGTCTCTTGCATGTT
(NM_001131020.1); SNAP-25, forward CCTCCACTCTTGCTACCTGC and
reverse CTCCTCTGCATCTCCTCCAG (NM_011428.3); and actin, for-
ward ATATCGCTGCGCTGGTCGTC and reverse AGGATGGCGTGAGG-
GAGAGC (NM_007393.3). PCR products were analyzed on 1-2% agarose
gels, and images were captured with a scanner.

Western Blotting

Cultured cells and tissues were homogenized in ice-cold lysis buffer
containing 50 mM Tris-HCI pH 7.4, 150 mM NaCl, 5 mM MgCl,, 1 mM
ethyleneglycol-bis(2-aminoethylether)-N,N,N’ N'-tetra acetic acid, 1%
Triton X-100, and protease inhibitor cocktail (Roche Diagnostics).
Samples of postnuclear lysates were electrophoresed in 12% sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE; BioRad
Laboratories, Hercules, CA) and then transferred to nitrocellulose
membranes (Whatman Schleicher & Schuell, Keene, NH). The
membranes were blocked in a solution containing 5% nonfat milk
powder in tris-buffered saline tween-20 (140 mM NaCl, 10 mM Tris-
HCI, pH 7.4, and 0.1% Tween 20) for 1 h at room temperature and then
incubated with primary antibodies in blocking buffer for 2 h at room
temperature. After several washes in blocking solution, the membranes
were incubated for 1 h with horseradish peroxidase-conjugated
secondary antibodies (VECTOR, Burlingame, CA). Bound antibodies
were visualized with enhanced chemiluminescence reagents (GE
Healthcare). Blot images were captured with a scanner.

Peptide Release

Astrocytes and neurons were seeded on poly-L-lysine-coated tissue
culture dishes, to minimize cell loss. Before the release experiment,
cells were serum starved. Brefeldin A 5 pg/mL was incubated with
astrocytes for 12 h and with neurons for 4 h. After release, conditioned
medium was collected, and lysis buffer was added to the cells (see
above). Cell media were centrifuged at 600 g for 5 min to remove
dislodged cells, and proteins were precipitated with 5% trichloroacetic
acid. Secretory proteins were analyzed in both media and cells by SDS-
PAGE and immunoblotting.

Immunocytochemistry

Cells grown on glass coverslips were washed in ice-cold PBS and fixed
with 4% paraformaldehyde in PBS for 15 min. Animals were perfused
transcardially under deep anesthesia with 4% paraformaldehyde in
0.1 M phosphate buffer (PB), pH 7.4. The brains were removed from the
skulls, postfixed for 4 h in the same fixative solution, and cryoprotected
overnight at 4 °C by immersion in a 30% sucrose solution in 0.1 M PB.
Forty-micrometer thick frozen sections were obtained with a cryostat
and collected in PBS. Sections processed for the peroxidase method
were soaked for 30 min in PBS containing 10% methanol and 3% H,O,
and subsequently washed in PBS. To suppress nonspecific binding, cell
cultures and brain sections were incubated in 10% serum-PBS
containing 0.1% Triton X-100, 0.2% glycine, and 0.2% gelatin for 1 h
at room temperature. Incubations with the primary antibodies were
carried out overnight at 4 °C in PBS containing 1% fetal calf serum, 0.1%
Triton X-100, and 0.2% gelatin. Some histological sections were processed
using the avidin-biotin-peroxidase method (Vectastain ABC kit, VEC-
TOR). The peroxidase complex was visualized by incubating the sections
with 0.05% diaminobenzidine and 0.01% H,O, in PBS. Sections were
mounted, dehydrated, and coverslipped in Eukitt. Cell cultures and some
brain sections were processed for immunofluorescence using secondary
fluorochrome-conjugated antibodies (Alexa Fluor 488 and Alexa Fluor
568, Molecular Probes, Eugene, OR), and cell nuclei were stained with
4’ 6-diamidino-2-phenylindole (Molecular Probes). Cell-containing cover-
slips and histological sections were mounted with Mowiol. The specificity
of the immunostaining was tested by omitting the primary antibodies or
by replacing them with an equivalent concentration of nonspecific 1gG.
No immunostaining was observed in these conditions. Bright field and
fluorescent images were obtained with the Olympus fluorescent BX-61
and Leica TCS SPE scanning confocal microscopes.

Double immunolabeling using primary antibodies raised in the
same species (SgII and Olig-2) was performed by a sequential
avidin-biotin-peroxidase method (Levey et al. 1986). The first immunos-
taining was performed as above. The second immunolabeling reaction was
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developed in a medium containing 0.01% benzidine dihydrochloride,
0.025% sodium nitroprusside (Merck, Darmstadt, Germany), and 0.005%
H,0, in PBS, pH 6. Double immunolabeling using primary antibodies
raised in different species was performed by incubation with different
fluorescent-conjugated secondary antibodies. Colocalization data are
expressed as mean * standard error of the mean of the colocalization
percentage for at least 7 brain sections from 3 animals.

In Situ Hybridization

Nonradioactive hybridizations were performed on free-floating forebrain
sections according to the method of Aguado et al. (2003). Briefly, 4%
paraformaldehyde-perfused brains were cryoprotected in 30% sucrose,
frozen, and coronally sectioned at 40 mm. Antisense, sense, and nonrelated
probes were obtained by in vitro transcription of the rat SgIII and the
mouse neuron-specific cotransporter KCC2 ¢DNAs in the presence of
digoxigenin-UTP (Aguado et al. 2003; Han et al. 2008). Free-floating
coronal sections were hybridized with RNA probes. After hybridization,
sections were incubated with sheep polyclonal antidigoxigenin Fab
fragments conjugated to alkaline phosphatase (Roche Diagnostics) and
developed with a BCPI/NTB substrate. To reveal the strong SgIII mRNA
expression in glial cells compared with neurons, hybridization reaction
was limited. In some hybridized sections, SgIII, GFAP, and NeuN were
subsequently detected by immunofluorescence. No signal was detected in
control hybridizations performed with sense riboprobe, and a neuronal-
restricted expression pattern was obtained with the KCC2 riboprobe.

Results

A Nonprocessed Form of SgIII Is Produced and Released

by Cultured Astrocytes

To identify SgIII, we used 2 different polyclonal antibodies,
HPA006880 and 10954-1-AP. We confirmed the specificity of
the antibodies detecting FLAG-tagged SglIII expressed in COS
cells by western blotting (Fig. 1). HPAO0O6880 and FLAG
antibodies recognized the same bands corresponding to SgIII
in both cell lysates and media of transfected cultures (Fig. 1).
No signal was found when the SgIII antibodies were incubated
with mock-transfected COS cells (Fig. 1). Immunofluorescence
staining revealed that transfected SgIII was sorted to cytoplas-
mic compartments (data not shown). Similar results were
obtained with 10954-1-AP antibodies (data not shown).

Sglll FLAG
-« 822
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« 488
- 371
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Cells Media Cells Media

Figure 1. Identification of Sglll in COS cells by HPAO06880 antibodies. (A) Cell
lysates (10-ug protein) and the basal release into the media (over night) were
analyzed from FLAG-Sglll transfected and mock COS cells by immunoblotting.
HPA006880 Sglll antibodies accurately recognize the construct, as do the FLAG
antibodies, only in transfected cells but not in mock cells. B-tubulin was used as
a loading control. The mobility of molecular mass markers (in kDa) is indicated.

1388 Secretogranin III in Astrocytes -+ Paco et al.

We examined the expression of SgIII by astrocytes analyzing
tissues and primary cell cultures. As previously reported (Ottiger
et al. 1990), anterior pituitary was a major source of SgIII,
whereas brain tissues showed moderate quantities of the granin
(Fig. 24). In endocrine tissues (Fig. 2A4), both polyclonal

- 822

- 842

- 4838
Sqlll

- 371

| =
82,2
B e
64,2
48,8
e

A A

Sal - 37,1

GFAP

i = 48‘8

SNAP-25

Tubulin

Sqlll

GFAP

SNAP-25

Actin - 517

Figure 2. Sglll protein and mRNA expression in cultured astrocytes. (4) A total of
20-ug protein samples from pituitary, forebrain and cultured neurons, and astrocytes
were analyzed by immunoblotting for the presence of Sglll and Sgll. The astroglial and
neuronal markers GFAP and SNAP-25, respectively, were used to monitor the purity
of the primary cultures. B-tubulin was used as a loading control. The mobility of
molecular mass markers (in kDa) is indicated. (B) Reverse transcriptase-polymerase
chain reaction analysis of Sglll in forebrain and in cultured astrocytes. Astrocyte
culture purity was confirmed by GFAP and SNAP-25 mRNA amplification. Actin was
a loading control. Size of amplification products (in bp) is indicated.
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Figure 3. Trafficking and release of Sglll in cultured astrocytes. (A) Immunoblots illustrating basal Sglll and CPE secretion from astrocyte and neuron cultures treated or not with
5 ng/mL Brefeldin A. Drug administration and release were 12 h for astrocytes and 4 h for neurons. Each lane represents a fraction of the culture media and 10 pg of total protein
of cell lysates from individual culture plates. (B). Confocal images of Sglll immunofluorescence in identified astrocytes (GFAP) treated or not with Brefeldin A. Note the Brefeldin

A-induced accumulation of Sglll in perinuclear compartments. Scale bar: 1 um.
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Figure 4. Differential regulation of Sglll and Sgll by cAMP in cultured astrocytes.
Representative immunablotting of basal release (12 h) and cellular content (10 pg of
total protein) of Sglll and Sgll in untreated and 8Br-cAMP-treated cultured
astrocytes. Each lane corresponds to one individual culture plate. B-tubulin is used as
a loading control.

antibodies against SgIII recognized the precursor, mature, and
cleaved proteins (ranging from 70 to 20 kDa; Holthuis et al.
1996; Han et al. 2008). Precursor and mature SgIII (~70 and 55
kDa bands) were also found in brain and cultured neurons,
whereas a higher electrophoretic mobility band (~75-80 kDa;
Han et al. 2008) was occasionally detected in cultured neu-
rons (Fig. 2A4). SgIIl was also observed in lysates of cul-
tured astrocytes but at lower levels. Remarkably, the detected
SgllI forms in glial cells corresponded with the largest size forms
(Fig. 2A4). Electrophoretic mobility of SgIII in cultured astrocytes
was the same, irrespective of whether it was detected using
either HPAOOG880 or 10954-1-AP antibodies (data not shown).
We also compared SgIII content in cell cultures with another
astroglial granin, SgII (Fischer-Colbrie et al. 1993). SgIl was
hardly detected and only revealed by increasing the amount of
total protein loaded on gel (Fig. 24). Finally, expression of SgIII
by cultured astrocytes was further confirmed by reverse
transcriptase-polymerase chain reaction (Fig. 2B). These data
demonstrate that SgIII is expressed by cultured astrocytes.
Next, we analyzed SgIII trafficking and release from cultured
astrocytes. SgIII was abundant in the culture medium of
astrocytes (as early as 30 min after release) but scarce in cell
lysates (Fig. 34). A double band corresponding to nonprocessed
precursor forms was generally observed in astrocyte culture
media and cell lysates (Fig. 34). In agreement with the secretory
pathway involved, SgIII released from astrocytes was markedly
reduced after administration of Brefeldin A, a drug that blocks

secretion by inhibiting transport from endoplasmatic reticulum
to the Golgi (Fig. 34). In contrast, Brefeldin A treatment
dramatically increased the SgIII content in cell lysates (Fig. 3A4).
Immunofluorescence labeling showed the retention of de novo
synthetized SgIII in secretory compartments of astrocytes
during Brefeldin A treatment (Fig. 3B). Moreover, the granin
accumulation in GFAP-positive cells after Brefeldin A treatment
further confirmed the SgIII expression by astroglial cells. In
contrast to astrocytes, basal secretion of SgIII was extremely
low in neurons (Fig. 34). Moreover, Brefeldin A incubation in
neuronal cultures increased the content of the precursor SgIII
form, indicating that SgIII retention in early secretory compart-
ments prevents its proteolytic processing in neurons (Fig. 34).
Because it has been proposed that SgIII exerts a role in peptide
sorting thought its interaction with CPE and astrocytes do
synthesize CPE (Vilijn et al. 1989; Hosaka et al. 2005), we
compared release of SgII with CPE from astroglial cells.
Brefeldin A-sensitive secretion of glial CPE was very similar to
that observed for SgIII, displaying high rates of basal release
(Fig. 34). We conclude that SgIII is produced by cultured
astrocytes as a nonprocessed form which is poorly stored and
mostly secreted into the media concurrently with CPE.

It has been shown that granin synthesis can respond
differently in different cell types to a variety of signaling
pathways, including cAMP (Taupenot et al. 2003). To examine
whether the content of SgIII in cultured astrocytes is regulated
differentially to other glial granins, cell cultures were treated
with the permeable cAMP analog 8Br-cAMP (1 mM) for 8 days,
and levels of SgllI and SgII were analyzed. Long-term cAMP
clevation in astrocytes upregulated SgII in both culture media
and cell lysates (Fig. 4). This regulation is consistent with the
presence of a functional cAMP response element in the SgII
promoter (Taupenot et al. 2003). In contrast, released SgIII was
reduced by 8Br-cAMP administration (Fig. 4). No apparent
changes were detected in cell lysates (Fig. 4). These results
show that SgIIT and SgII are differentially regulated in astrocyte
by the cAMP signaling pathway.

Cortical Astrocytes Robustly Express SgIII In Vivo

To analyze expression of SgIII by astrocytes in vivo, we
combined immunohistochemistry with nonradioactive in situ
hybridization on tissue sections. The strongest SgIII immu-
nostaining was detected in endocrine cell subsets of the
anterior pituitary and neurosecretory areas of the brain
(Fig. 54,B). Endocrine pituitary cells showed granular staining

Cerebral Cortex June 2010,V 20 N 6 1389

110Z ‘61 @unp uo euojeoleg aQ JeNSIEAIUN 18 B10°S|euINOpIOjX0" 100180 WOl PEPEOjUMOQ]



throughout the cytoplasm (Fig. 54), whereas SgIII signal in
hypothalamic areas was mainly associated with neuronal fibers
(Fig. 5B). The immunostaining for SgIII in neuroendocrine
areas was consistently correlated with an mRNA hybridization
signal (Fig. 5B,C). In addition to neuroendocrine nuclei,
varicose axons, punctate structures, and neuronal cell bodies
were immunolabeled for SgIII in most forebrain areas (data
not shown). Although many neuronal somata displayed SgIII
mRNA hybridization signal, SgIII immunolabeling was weak in
neuronal cell bodies (Fig. 5D,E). We examined whether
synthesized neuronal SgIII is transported along axons by
arresting the axonal transport with colchicine. Although the
microtubule disruption colchicine may alter gene expression,
protein accumulation in the neuronal bodies and the initial
axonal segment by i.c.v. administration is considered the
consequence of a transport arresting (Cortés et al. 1990;
Aguado et al. 1999). In colchicine-treated brains, SgIII
immunolabeling was found accumulated in neuronal bodies
in different areas, as shown in the cerebral cortex (Fig. 5E,F).
Specifically, strong SgIIl immunostaining was detected in
dilated proximal axons of large-projection neurons (Fig. 5F).
Accordingly with the high levels of SgIII mRNA in neuroen-
docrine cells, the colchicine-induced SgIII increase in
neuronal somata was outstandingly prominent in hypotha-
lamic neurons (Fig. 5G,H). These data show that SgIII is
expressed and transported along axons in forebrain neurons.

In addition to neurons, a prominent SgIII immunolabeling
was observed in cell bodies and thin processes of nonneuronal
star-shaped cells in the forebrain (Fig. 64,B). Sglll stained
astroglial-like cells were consistently observed throughout
different layers of the cerebral cortex (i.e., neocortex and
hippocampus), mainly in the upper layers (Fig. 64,B). Other
areas of the forebrain and mid- and hindbrain also displayed
non neuronal Sg-III positive cells (Supplementary Figure S1).
Some star-shaped cells showing a faint SgIII labeling were
detected in myelinated tracts, such as corpus callosum, fimbria,
and the optic nerve (Fig. 6C). Strong labeling for SgIll was
detected in Bergmann glial cell bodies located in the Purkinje cell
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layer of the cerebellum and their radial processes to the pial
surface (Fig. 6D). Double labeling with Sglll and the marker
Olig2 indicated that oligodendrocytes did not contain this granin
(Fig. 6E). In contrast, we found a widespread colocalization of
Sglll with the astrocyte marker GFAP (Fig. 7). For instance, about
96% of Sglll-labeled nonneuronal cells in the piriform cortex
(96.71 = 0.96%) and hippocampus (97.12 * 0.95%) were GFAP"
(Fig. 7). Characteristically, other GFAP structures, such as cell
bodies in the white matter and astrocytic end-feet surrounding
blood vessels and the glia limitans displayed weak or absent SgIII
immunostaining (Fig. 7). High magnification images performed
by confocal microscopy showed that SgIII labeling in astrocytes
was typically found as scattered punctate staining in cell bodies
and processes (Fig. 7). Parallel double immunofluorescence
staining was performed with antibodies against SgII. However,
no signal for SgIl was detected in GFAP" structures (data not
shown). These results show that SgIII is a distinctive granin of
astrocytes in situ.

Next, expression of SgIII by astrocytes was further in-
vestigated by analyzing SgIII transcripts in brain sections.
Examination of forebrain showed that the strongest SgIII
hybridization signal corresponded to nonneuronal cells
(Fig. 8). The SgIIl mRNA expression pattern in nonneuronal
cells was similar to that observed for SgIII protein. Thus, glial
cells displaying SgIII mRNA transcripts were mainly detected
in the cerebral cortex and to a lesser extend in other
forebrain regions (Fig. 84-D). Nonneuronal cells expressing
high SgIII mRNA levels were distributed throughout the
different layers of cortical areas, that is, neocortex and
hippocampus (Fig. 8A4-D). Hybridization signal was detected
as a thin punctate in the processes and somata of glial cells
(Fig. 6A4,D). Astrocytic identity of glial SgIII expressing cells
was demonstrated by double labeling with the marker GFAP
in each region analyzed (Fig. 8D,E). Moreover, location of SgIII
mRNA and protein in the same glial cells further substantiates
the SgIII synthesis in astrocytes (Fig. 8F,H). Taken together,
these data show that SgIII is robustly expressed by astrocytes
in vivo.

Figure 5. In vivo expression and transport of Sglll in neurons and neuroendocrine cells. (A) Cytoplasmic granular immunostaining for Sglll in endocrine cells of the anterior
pituitary. Asterisk indicates a blood vessel. (B, C) Sglll immunolabeling (B) and in situ hybridization (C) in the hypothalamic paraventricular nucleus. (D) Sglll mRNA detection in
layer V neurons of the somatosensory cortex (arrowheads). (£, ) Sglll immunostaining of layer V pyramidal neurons in untreated (£) and colchicine-treated (F) somatosensory
cortex. Arrowheads point to axon hillocks. Note the intense Sglll immunoreactivity accumulated in enlarged axonal fiber and neuronal soma from treated animals. (G, H)
Hypothalamic supraoptic nuclei showing Sglll immunolabeling in untreated (G) and colchicine-treated (H) animals. Abbreviations: Ill, third ventricle; ox, optic chiasm. Scale bar: (4,

D-F), 20 pm; (B, C, G, H), 50 pum.
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Figure 6. Glial cells display Sglll protein in vivo. (A, B) Sglll immunostaining in astrocyte-like cells located in layer I, II, Ill, and V of the somatosensory cortex (A) and the CA1

region of the hippocampus (B). Black arrowheads and arrows point to glial cells and neurons, respectively. Note the strong labeling in glial cells compared with neurons. (C) Glial
cells immunoreactive for Sglll in the optic nerve (C) and corpus callosum (inset). Asterisks indicate a blood vessel. (D) Sglll immunostaining in Bergmann cells and their radial
processes (white arrows) in the cerebellum. (£) Double immunostaining against Sglll (brown) and Olig-2 (blue) in upper layers of the somatosensory cortex showing the lack of
Sglll in oligodendrocytes. Abbreviations: gl, granular layer; ml, molecular layer; Pl, Purkinje cell layer; so, stratum oriens; sp, stratum pyramidale; sr, stratum radiatum. Scale bar:

(A, B, D), 50 um; (C), 10 um; (£), 5 pm.

Injury-Induced Reactive Astrocytes Upregulate SgIII Gene
Expression

The functional role of granins in glial cells is unknown. To
investigate potential roles of SgIII in astrocyte in vivo, we
analyzed regulation of SgIII expression in the injured brain. In
response to CNS insults, astrocytes become reactive and exert
important roles in repair and damage of neuronal circuits
(Sofroniew 2005). We examined responses of SgIII protein and
mRNA expression in a model of traumatic brain injury induced
by stab wounds (Mathewson and Berry 1985).

SgIIl protein was examined in sections from brains
obtained 2, 5, and 9 days postinjury. We observed an increase
of SgIIl immunoreactivity in the vicinity of the wound site in
the injured hemisphere (Fig. 94). This enhancement was
noticed after 2 days and peaked at 9 days postinjury (data not
shown). Upregulation of SgIII was restricted to hypertrophied
astroglial-shaped cells (Fig. 9C,E). Glial SgIIl labeling was
strongest around the lesion and declined in intensity in
proportion to the distance from the wound (Fig. 94). The
highest levels of wound-induced SgIII expression were
located throughout the hippocampus, as well as in the white
matter tracts, corpus callosum, and fornix (Fig. 9D,E). SgIII
also increased in astroglia in the injured neocortex but to
a lesser extent (Fig. 9B,C). Patterns of SgIII staining in the
noninjured hemisphere resembled those observed in the
sham-injured brain (Fig. 9B,D). However, in some cases, glial

cells exhibiting upregulated levels of SgIII were observed in
the hippocampus and white matter contralateral to the lesion
(data not shown). A 95.8 = 0.72% of the cells showing
stabbing-induced upregulation of SgIII were also costained
with GFAP (Fig. 9H-J). Astrocytes showing SgIIl overexpres-
sion in the vicinity of the wound exhibited the main
characteristics of reactive cells, such as enhanced content
of GFAP, hypertrophy, and thickened processes (Fig. 9H).
Reactive distinctiveness of astrocytes was more obvious in the
hippocampus and white matter tract than in the neocortex
(data not shown). To further confirm the activated state of
Sglll* glial cells, we performed double labeling with the
reactive astrocyte marker vimentin. Astrocytes exhibiting
upregulated levels of SgIII in the vicinity of the wound site
were strongly immunostained for vimentin (Fig. 9G). In
contrast, vimentin immunofluorescence was absent in normal
SgIII” astrocytes in the contralateral hemisphere (Fig. 9F). For
comparative purposes, we examined immunostaining for SgII
in damaged sections. In the hippocampus and neocortex, SgII
staining was associated with varicose fibers and neuronal cell
bodies but consistently not with GFAP" astrocytes (Fig. 9K-
M). We conclude that perforating brain injury differentially
upregulates SgIII content in activated astrocytes.

To assess whether brain stabbing regulates SgIII expression
at the mRNA level, we analyzed SgIII transcripts in brains
obtained 2 and 4 days postinjury. Although upregulation
changes in astrocyte SgIII transcripts were detected in the
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Figure 7. Astrocytes in situ express Sglll protein. Confocal images illustrating double immunofluorescence of Sglll and GFAP in the somatosensory and piriform cortex (upper
layers) and in the CA3 region of the hippocampus (stratum radiatum). Arrowheads and arrows point to glial cells and neurons, respectively. Note the high degree of colocalization
between Sglll and GFAP in astrocytes. The images of the neocortex show the low Sglll immunostaining in astrocyte processes surrounding capillaries (asterisk) and the glia

limitants. Abbreviation: m, meninge. Scale bar: 20 pm.

ipsilateral hemisphere 2 days after brain stabbing, a dramatic
increase of SgIII mRNA hybridization signal was observed 4
days postinjury (Fig. 10A4). Changes of glial SgIIT mRNA levels
in wounded brains mirrored those found for the protein.
Thus, we detected an SgIII mRNA overexpression in glial cells
around the insult (Fig. 104). Glial cells showing the most
intense SgIII hybridization signal were distributed throughout
the hippocampus, corpus callosum, and the neocortex
(Fig. 104-C). Increased levels of SgIII transcripts in glial cells
were maximal in the vicinity of the wound and decreased
with the distance from the lesion (Fig. 104). Conversely, SgIII
mRNA expression was slightly decreased in neuronal cell
bodies adjacent to the lesion (Fig. 10B,C). As expected from
the parallel expression changes of SgIII protein and mRNA in
glial cells of the damaged hemisphere, upregulated SgIII
transcripts and protein were colocalized in 98.92 * 0.39% of
glial cells. Furthermore, GFAP immunostaining of SgIII-
hybridized sections from wounded brains revealed that almost
all (9891 £ 0.33%) of the glial cells exhibiting SgIII upregu-
lation were astrocytes (Fig. 10D-F). Taken together, these
results show that brain injury markedly induces SgIII gene
expression in reactive astrocytes.
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Discussion

In the present study, we show the expression, transcriptional
regulation, trafficking, and release of the secretory pathway
component SgIII in astroglial cells. Originally, SgIIl was
identified in CNS neurons and pituitary endocrine cells (Ottiger
et al. 1990). More recent reports have analyzed the SgIII
expression and function in different secretory cells, but the
study of this granin in the brain has been poorly reported
(Holthuis et al. 1996; Hosaka et al. 2002; Coppinger et al. 2004;
Han et al. 2008; Prasad et al. 2008). We show here that SgIII is
synthesized and transported along axons in many neuronal
populations, especially in neuroendocrine nuclei and inner
layers of the cerebral cortex. In addition to neurons, we reveal
that high levels of SgIII mRNA and protein are expressed by
astrocytes. These results are consistent with the in situ
hybridization data provided by the Allen Brain Atlas indicating
that SgIII mRNA is targeted in neurons and glial cells (Lein et al.
2007). By double-labeling analysis, we show that nonneuronal
Sglll expression is restricted to astroglial cell populations and
that the intensity of such expression varies. Thus, SgIII
expression was high in cortical astrocytes and Bergmann glia
but low in astrocytes located in white matter tracts. Typical
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Figure 8. Sglll mRNA transcripts in astrocytes in situ. (A-C) Sglll mRNA hybridization signal in astrocytes (arrowheads) of the CA1 region of the hippacampus (A) and the upper
layers of the somatosensory (B) and piriform (C) cortices. (0, £) Triple labeling of Sglll mRNA (blue precipitate, D), GFAP (red, £), and NeuN (green, £) illustrating the
transcriptional expression of Sglll in astroglial cells (arrowheads). (F-H) Images showing Sglll mRNA (F) and protein (G) colocalization in the same cells. The composition in (H)
merges Sglll mRNA (blue precipitate) and protein (red) labeling and 4’,6-diamidino-2-phenylindole staining for cell nuclei (green). Abbreviations: g, granular layer; ml, molecular
layer; so, stratum oriens; sp, stratum pyramidale; sr, stratum radiatum. Scale bar: (A, C), 20 pum; (B), 50 pm; (D-H), 10 pm.

components of the neurotransmitter secretory pathway, such
as vesicular transporters and sorting/aggregation and traffick-
ing/exocytic proteins have been shown in astroglial cells
(Montana et al. 2006). However, most of these studies were
performed on cultured or freshly isolated cells, whereas
expression of the secretory pathway machinery in glial cells
in situ is largely unknown. Our results implicate SgIII in the
astroglial secretory pathway in vivo.

Regulation of the classical granins has been extensively
analyzed in the brain under different conditions (Winkler and
Fischer-Colbrie 1992; Fischer-Colbrie et al. 1995). CgA, CgB,
and Sgll/secretoneurin are distinctively regulated in neuronal
subpopulations after brain insults but not in nonneuronal cells
(Marti et al. 2001; Pirker et al. 2001). To our knowledge, the
present study is the first to provide evidence of transcriptional
control of a granin in glial cells in vivo. Both SgIII mRNA and
protein levels were dramatically increased in reactive astro-
cytes after traumatic brain injury. Moreover, our in vitro and
in vivo observations on SgIII and SgII indicate that granin
expression in glial cells is differentially controlled. Coordi-
nated regulation of SgIII and the hormone precursor
proopiomelanocortin has been shown in Xenopus intermedi-
ate pituitary during color adaptation (Holthuis and Martens
1996). Based on this parallel transcriptional control, an
active role of SgIII in the production and release of secretory
peptides was initially suggested (Holthuis and Martens 1996).

Reactive astrocytes, induced by different brain insults,
overexpress a variety of secreted peptides (Ridet et al.
1997). For instance, expression of peptide hormones, growth
factors, and cytokines, such as adrenomedullin, endothelin,
normal growth factor, IL-6, and tumor necrosis factor o
are upregulated in reactive astrocytes (Nie and Olsson 1996;
Goss et al. 1998; Acarin et al. 2000; Jahnke et al. 2001).
Therefore, we hypothesize an important functional involve-
ment of SgIII in peptide trafficking in activated astrocytes in
vivo.

We show here that the SgIII found in and released from
astrocytes is larger than that detected in endocrine cells and
neurons. A similar noncleaved form of SgIII has recently been
identified in PC12 cells and adrenal glands (Han et al. 2008).
Because the SgIIl prohormone convertases PC1/3 and PC2
have not been detected in astrocytes (Winsky-Sommerer et al.
2000), glial cells may contain and release the unprocessed SgIIL
In agreement, the prohormone convertase substrates SgII and
proenkephalin were primarily detected as uncleaved forms in
astrocytes (Batter et al. 1991; Fischer-Colbrie et al. 1993).
Whether the noncleaved form of SgIII exerts a distinctive
functional role or is processed extracellularly in vivo to
peptides remains to be elucidated.

SgIll and its interacting protein CPE are essential sorting
receptors for peptide hormones (Takeuchi and Hosaka 2008).
Through its high cholesterol-binding domain, SgIII sorts
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Figure 9. Increased Sglll protein in astrocytes after brain injury. (4-£) Sglll immunostaining in the cerebral cortex 5 days after a stab wound injury. Low-magnification image of
a Sglll-immunolabeled brain section in the ipsilateral hemispheres to the lesion. Asterisk marks the wound (A). Representative glial cells displaying Sglll immunoreactivity in the
contralateral (B, D) and ipsilateral (C, E) neocortex (B, C), and CA1 region of the hippocampus (D, £). (F, G) Confocal images illustrating double immunofluorescence of Sglll and
vimentin in the stratum oriens of the control (F) and injured (G) hippocampus. Note the lack of vimetin immunolabeling in control Sglll-containing astrocytes. In contrast, reactive
SgllI* astrocytes in the injured side display a strong immunolabeling for vimentin, a hypertrophied morphology. (H-J) Double immunolabeling of Sglll (H), GFAP (/), and the
colocalization in the same cells (J) in the CA1 region of the injured hippocampus. (K-M) Immunofluorescences for Sgll (K), GFAP (L), and the merge (M) in the damaged CA1
hippocampal region. Note the lack of colocalization (M). Arrowheads and arrows point to glial cells and neurons, respectively. Abbreviations: CA1 and CA3, hippocampal regions;
CC, corpus callosum; DG, dentate gyrus; NC, neocortex; so, stratum oriens; and sp, stratum pyramidale. Scale bars: (4), 200 um; (B-M), 20 pm.

adrenomedullin and proopiomelanocortin to the secretory
granules (Hosaka et al. 2004; Han et al. 2008). Because
astrocytes are equipped with molecular components of the
secretory granules and can release peptide hormones in a Ca**-
dependent manner (Vilijn et al. 1989; Batter et al. 1991;
Takahashi et al. 2000; Krzan et al. 2003; Ramamoorthy and
Whim 2008; Paco et al. 2009), a function for SgIIl in the
regulated secretory pathway of glial cells is expected. However,
the low cellular content of SgIII, together with its abundance in
cell media, indicates that synthesized SgIII is poorly stored and
promptly released from cultured astrocytes. Several mecha-
nisms may explain the Ca**-dependent release of peptides,
accompanied by low SgIII retention in astrocytes. First, it has

1394  Secretogranin III in Astrocytes -+ Paco et al.

been demonstrated that a small quantity of SgIII is enough to
sort a large number of peptides to secretory granules in PC12
cells (Han et al. 2008). CgA is considered a key aggregating
factor involved in the biogenesis of secretory granules, which
interacts with SgIII (Kim et al. 2001; Hosaka et al. 2002; Prasad
et al. 2008). Thus, low expression of CgA in astrocytes could
reflect the limited storage/aggregation of SgIII in glial cells
(Majdoubi et al. 1996; Woulfe et al. 1999). Moreover, astrocytes
display higher basal secretion and lower stimulus-triggered
release of granule peptides than “professional” secretory cells
(Fischer-Colbrie et al. 1993; Calegari et al. 1999; Paco et al.
2009). Finally, because astrocytes grown in culture do not
accurately reflect their attributes in vivo, storage of peptides in
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Figure 10. Sglll mRNA is overexpressed in activated astrocytes in the damaged brain. (A-C) Sglll hybridization signal in the cerebral cortex after a stab wound injury. Low-
magnification image comparing Sglll mRNA expression in the contralateral and ipsilateral hemispheres to the lesion. Asterisk marks the wound (A). Higher magnifications of the
square areas indicated in (4) showing astrocyte Sglll overexpression in the damaged hippocampus (B, C). (D-F) Triple labeling of Sglll mRNA (blue precipitate, ), GFAP (red, E),
and NeuN (green, f) illustrating the transcriptional overexpression of Sglll in reactive astroglial cells (arrowheads). The composition in (F) merges the 3 labelings in the same
image. Note the low Sglll expression in neurons, compared with glial cells. Abbreviations: CA1 and CA3, hippocampal regions; CC, corpus callosum; DG, dentate gyrus; fi, fimbria;
H, habenula; NC, neocortex; so, stratum oriens; sp, stratum pyramidale; sr, stratum radiatum; and TH, thalamus. Scale bars: (A-C), 100 um; (D-F), 20 pm.

astroglial cells may be higher in vivo than in culture. The
present results and a recent microarray analysis show that SgIII
mRNA expression and protein content in astrocytes are higher
in vivo than in vitro (Cahoy et al. 2008; this study).

In addition to their intracellular functions, intact granins and
their proteolytic-derived peptides exert important roles in cell-
to-cell signaling, including homeostatic processes, inflamma-
tory reactions, and the innate immunity (Helle 2004). For
instance, CgA and the SgII fragment secretoneurin are potent
microglia activators and chemotactic and angiogenic factors,
respectively (Taupenot et al. 1996; Fischer-Colbrie et al. 2005).
Our data clearly show that SgIII gene expression is upregulated
in activated astroglia after perforating brain damage. We
propose an extracellular role for glia-released SgIII in damage/
repair of neuronal circuits after brain injury.

In summary, this study demonstrates that cortical astrocytes
synthesize and release the secretory pathway component SgIIIL.
Moreover, the robust expression of SgIII in astrocytes in vivo
and its regulation in the damaged brain suggest important
intracellular and/or extracellular roles for this granin in the
glia-neuron communication.
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DISscussIO







Discussio ]

En aquest apartat es discuteixen de forma integrada tots els resultats inclosos en els tres
treballs presentats, juntament altres dades obtingudes durant el transcurs de la tesi doctoral

que encara no estan publicades i son preliminars.

1. Composicio diferencial de la maquinaria exocitica en cél-lules de
glia

En els terminals sinaptics el complex SNARE esta format per una reaccid
estequiometrica 1:1:1 entre VAMP-2, SNAP25 i Stx1 (Jahn i Scheller, 2006). Pero existeixen
diverses isoformes de les SNARE amb propietats estructurals similars i capaces de substituir les
altres en la formacio del complex de fusio (Fasshauer, 1999), donant la possibilitat de la
formacié de combinacions alternatives de proteines en altres tipus de cel-lules secretores
especialitzades. En aquest treball s'identifiquen les proteines que formen part de la

magquinaria exocitica en dos tipus cel-lulars glials en cultiu: els astrocits i la microglia.

1.1. Astrocits

Caracteristicament, les principals isoformes de les families R- i Q-SNARE i de Munc18
detectades en astrocits son diferents de les expressades en neurones. Mentre que les
neurones expressen sintaxinal, Muncl8a, SNAP25 i VAMP-2 en astrocits les formes
majoritaries son sintaxina4, Muncl8c, SNAP23 i VAMP-3, igual que en les linies tumorals C6 i

U373 que deriven de cél-lules astroglials.

La prevalenca de la Q-SNARE SNAP23 en astrocits esta d'acord amb estudis previs
(Hepp et a/, 1999) i dona suport a la idea que substitueix funcionalment SNAP25 en cellules
no endocrines. Les isoformes implicades en la neurosecrecié depenent de calci sintaxinal,
Muncl8a i VAMP-2 estan presents tant en neurones com en astrocits. En astrocits, pero,
nomes s'expressa la variant 1B de sintaxinal, en concordan¢a amb la distribucid heterogenia
descrita per les isoformes de sintaxinal (Ruiz-Montasell et a/, 1996). Aquests resultats s’han
corroborat recentment /n vivo, on s’ha detectat I'expressid de sintaxinal en astrocits de
I'hipocamp (Schubbert et a/, 2011).

A més de les proteines implicades en la exocitosi depenent de calci, els astrocits
expressen de forma abundant sintaxina4, sintaxina2, Muncl8c i VAMP-3. Malgrat que el
significat funcional d'aquestes proteines exocitiques ubiques en el SNC no és gaire conegut,
en altres tipus cellulars no neuronals se’ls ha assignat un paper en la secrecid6 depenent
d'estimul (Flaumenhaf, 2003; Imai et a/, 2004). També podria ser que la presencia de diverses

isoformes d'SNAREs reflecteixi la coexistencia de diferents organuls responsables de I'exocitosi
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glial. Recentment, s’ha descrit que els astrocits presenten una exocitosi lisosomal depenent de
calci i s'ha suggerit que sintaxina4 i SNAP23 podrien contribuir a la fusio dels lisosomes amb la
membrana plasmatica. Finalment, en els astrocits també existeix una exocitosi regulada sense
finalitat secretora, com el transport a la membrana plasmatica de receptors, canals o
transportadors (Robinson et al/, 2002; Stenovec et al, 2008), que pot ser dirigida per la

interaccié de diferents isoformes de sintaxines, VAMP i Muncl8.

1.2. Microglia

Els astrocits i la microglia comparteixen algunes funcions, ja que els dos tipus cel-lulars
secreten diferents molecules que modulen la resposta inflamatoria com citocines pro i

antiinflamatories, quimiocines i factors de creixement.

Per tal d'analitzar les proteines exocitiques que expressa la microglia, es van realitzar
cultius purs de microglia segons la metodologia descrita previament (Saura et a/, 2003).
Mitjancant western blot es va comprovar la puresa del cultiu, ja que en I'extracte proteic de les
cellules es troben nivells abundants del marcador especific de microglia CD11b, mentre que
majoritariament no es detecten marcadors com GFAP, Rip i Tuj-1 que son especifics

d'astrocits, oligodendrocits i neurones, respectivament.

A diferencia dels astrocits i les neurones, la microglia presenta nivells practicament
indetectables de sintaxinal. En canvi, expressa principalment sintaxina2 i també sintaxina3 i 4.
De forma similar als astrocits, la microglia expressa SNAP23 i no SNAP25; aixi com la proteina
SNARE associada a la membrana de la vesicula principalment és VAMP3 i no VAMP?2 (resultats
no mostrats). Respecte a Muncl8, el regulador principal de la formaci¢ del complex SNARE, la
microglia en cultiu expressa majoritariament Muncl8b. Aquestes dades son preliminars i es

mostren a la figura 18.
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La marcada expressi¢ diferencial d'isoformes de proteines exocitiques en els diferents
tipus cel-lulars suggereix I'existencia de mecanismes i funcionalitat de secrecié especifics per a

cadascun d'ells.

En I'esquema de la figura 19 (modificat de Hamilton i Attwell, 2010) es mostren les
proteines implicades en l'exocitosi de neurones, astrocits i microglia. En les neurones, el
complex SNARE esta format per sintaxinal, VAMP2 i SNAP25 i com a principal regulador
Muncl8a. L'exocitosi és provocada per I'entrada de calci al citoplasma mitjancant els canals de
calci dependents de voltatge (VGCC), que s'uneix als dos llocs d'unié de la sinaptotagmina 1
present a la membrana de la vesicula. En canvi, en els astrocits el complex SNARE estaria
format principalment per sintaxinal i 4, pero també per sintaxina2 i 3; VAMP-3 i VAMP-2,
SNAP23 i Muncl8c. L'activacio dels receptors units a proteina G (GPCR) genera IPs, que
provoca la sortida del calci de linterior del RE que suneix a I'Unic lloc d'unid de
sinaptotagmina 4, 7, 11 de la membrana de la vesicula. En la microglia, el complex SNARE
estaria format per les sintaxines 2, 3 i 4, la Q-SNARE SNAP23 i VAMP-3. La uni6 de diferents
lligands amb els seus receptors estimula la secrecid de les vesicules ja preparades per ser
secretades a la vegada que transdueix el senyal al nucli on s'activa la transcripcid de

determinats gens que provoguen un augment de la sintesi de les proteines alliberades.
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FiGURA 19. Proteines implicades en I'exocitosi de neurones, astrocits i microglia.

2. Regulacié de lI'expressio de proteines exocitiques durant I'activacio

glial i la seva implicacié en l'alliberacié de citocines.

L'expressié de proteines exocitiqgues no només és dependent del tipus cel-lular sind

també de I'estat funcional en que es troben les cel-lules de glia. TNF-a, IL-1B i IFN-y soén
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citocines proinflamatories potents que activen els astrocits i la microglia tant /n vivo com in
vitro (John et al, 2003). El tractament amb aquestes citocines varia els nivells d'expressio
d'algunes proteines que formen part de la maquinaria exocitica. Encara que algunes proteines,
com VAMP-2, estan regulades de forma similar per les 3 citocines, que en disminueixen
I'expressio, altres, com Muncl8a i Muncl8b, estan regulades de forma similar per TNF-a. i IL-
1B, que n‘augmenten I'expressio, pero no per IFN-y. Estudis previs per microarrays, donen
suport a la idea que aquestes proteines es regulen durant el procés d'activacié glial com
Muncl8a (Halonen et a/, 2006).

El tractament amb citocines varia I'expressid de proteines exocitiques, principalment en

la microglia, com per exemple sintaxina2, 3 i 4 i Muncl8b, tal i com es mostra a la figura 20.

Control TNF-a

Stx4 CD11b

Muncl8b CD11lb

FIGURA 20. La micrdglia sobreexpressa algunes proteines SNARE en el tractament amb citocines pro inflamatories.
Immunocitoquimica on es demostra que les céllules de microglia marcades amb CD11lb (verd) expressen

sintaxina4 (vermell) i Munc18b; i que I'expressid d'aquestes proteines augmenta quan les cel-lules son tractades
amb TNF-a 20 ng/ml. Escala: 20 pm.

Aquest perfil d'expressio es semblant al dels macrofags periferics (Stow et a/, 2006), en
els que un cop activats, paral-lelament a I'augment del trafic de citocines es produeix un
augment de I'expressio de proteines SNARE i altres components del trafic de membranes
(Murray, 2005).

El TNF-a és una citocina d'accié potent i de sintesi rapida que, a més de la seva funcid
pro inflamatoria s'ha descrit que esta implicada en altres funcions importants en el SNC com
en l'aprenentatge i la memoria (Beattie et a/, 2002; Stellwagen i Mallenka, 2006). La majoria
de les citocines poden ser alliberades per la via classica tant de forma constitutiva com
regulada; encara que per a algunes citocines com IL-1B (Eder, 2009) i MIF (factor inhibidor de
la migracio de macrofags) (Flieger et a/, 2003) s'ha descrit una via d'alliberacio no classica de

forma independent de RE/Golgi.
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Per estudiar la implicacio de les proteines SNARE en I'alliberacié de citocines, analitzem
la secrecio de TNF-a tant en cultius control com activats amb LPS i IFN-y. Quan el LPS
estimula els macrofags via TLR4, el precursor transmembrana tipus II pro-TNF és rapidament
sintetitzat i s'acumula a Golgi en menys de 20 minuts, des d’'on és transportat fins a la
superficie cel-lular on és processat per I'enzim convertidor de TNF (TACE, de I'angles 7NF
alpha convertingenzyme) per alliberar el seu ectodomini com una citocina soluble. El TNF

soluble secretat es detecta en menys de 40 minuts després de l'estimulacio (Shurety et al,

2000).

En cultius mixtes on s'afavoreix la proliferacié de microglia mitjancant la restriccio
nutricional fent un canvi de medi un cop per setmana (Saura, 2007), s'aconsegueix un
percentatge de microglia superior al 20%. Per analitzar la presencia de TNF-a en els medis es
va realitzar un ELISA (Mouse TNF-a ELISA Ready-Set-Go!, eBioscience™, San Diego, CA) tant
en cultius control com activats amb LPS 100ng/ml i IFN-y 0,5ug/ml. La secreciod de TNF-o és
dependent del temps d'activacio; aixi, en els controls de cultius purs de microglia s'observa
una alliberacié basal de TNF-a que gairebé es triplica a les 2 hores d'estimulacié amb LPS +
IFN-y i que arriba al maxim a les 16 hores (Figura 21, A). En tractar els cultius mixtes amb la
toxina botulinica C1 (BoNT/C1, 50 nM), que proteolitza especificament les proteines SNARE
sintaxina 1, 2 i 3, no s'observa I'augment de la secreci6 de TNF-a a les 2 hores quan

s'estimulen els cultius amb LPS + IFN-y (Figura 21, B).
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FiGURA 21. L'alliberacié de TNF-a es produeix de forma rapida i depenent de transport vesicular i proteines SNARE.
A) Grafica on es mostra la cinetica d'alliberacié de TNF-a. als medis en cultius purs de microglia: en el control ja
existeix una alliberacio basal perd que gairebé es triplica a les 2 hores d’estimulacié amb LPS — IFN-y, i arriba al
maxim a les 16 hores. B) Com veiem en la grafica, I'alliberacié de TNF-a als medis en cultius mixtes estimulats amb
LPS i IFN-y disminueix si els cultius han estat tractats previament amb la neurotoxina botulinica C1 (BoNT/C1). p

value < 0,0001.

En les cellules immunitaries sintaxina 4 i SNAP23 formen els complexes trans-SNARE
implicats en I'alliberacié de citocines aparellant-se amb les R-SNARE VAMPS8, VAMP7, VAMP3
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i VAMP2 dels granuls de secrecid (Stanley i Lacy, 2010). La toxina BoNT/C1 no proteolitza
sintaxina4, sind principalment sintaxinal i també sintaxina2 i 3, pero bloqueja de forma molt
efectiva l'alliberacid de TNF-a en les cellules de glia. Tenint en compte que les possibles
dianes de la toxina en les astrocits son sintaxinal, 2 i 3, i en la microglia només sintaxina2 i 3, i
que les primeres cel-lules en activar-se i les que produeixen principalment TNF-o son les
cellules de la microglia, aquests resultats suggereixen que l'alliberacio de TNF-a es realitza
mitjancant les proteines SNARE sintaxina2 i 3 en les cel-lules glials. Malgrat aix0, son necessaris
més experiments amb tecniques més especifiques, com siRNA o dominants negatius, per
determinar exactament quines isoformes de les proteines SNARE estan implicades en

I'alliberacio de la secrecid regulada de TNF-a en les cél-lules glials.

3. Regulaci6 de I'expressio de proteines exocitiques i la via de secrecié

regulada per calci en astrocits diferenciats.

Per estudiar la secrecidé regulada per calci en astrocits /n vitro, shan buscat les
condicions en les que els astrocits presenten un fenotip diferenciat semblant al que presenten
in vivo. El tractament amb analegs del cAMP produeix canvis dramatics en la morfologia i
fisiologia dels astrocits, proporcionant un fenotip diferenciat en cultiu apte per realitzar estudis
de secreci6 regulada de peptids. Tanmateix, encara existeix certa controversia a la literatura si
aquests canvis son deguts a I'adquisicid d'un fenotip reactiu (Fedoroff et a/, 1984; Bochelen et

al, 2000) o un fenotip més madur, diferenciat (McManus et a/, 1999).

Mitjancant l'estudi amb microarrays s'ha determinat que els analegs de cAMP
disminueixen la transcripcié de RNA implicats en la proliferacid i el desenvolupament.
Contrariament, els gens tipicament relacionats amb els astrocits madurs com els del suport
metabolic i estructural de les neurones i el control de I'homeostasi ionica estan
sobreexpressats en el tractament amb cAMP. Aquests resultats juntament amb I'observacio
que el transcriptoma global dels astrocits en cultiu tractats amb cAMP s'assembla més al perfil
del transcriptoma dels astrocits madurs i no dels astrocits en desenvolupament aillats en fresc,
suggereix que el tractament amb cAMP indueix diferenciacid (Cahoy et a/, 2008). També el
tractament amb cAMP indueix la dowrn-regulacid de gens relacionats distintivament amb
I'activacié  astroglial com, la hiperplasia, la reorganitzaci® del citoesquelet, el
desencadenament de les reaccions immunologiques i la formacio de la cicatriu glial (Sofroniev,
2009). Aquests resultats estan en concordanca amb estudis previs de /microarrays on els
astrocits tractats amb citocines incrementen I'expressio dels gens implicats en l'astrogliosi

(Halonen et al/, 2006; Falsig et a/, 2006; John et a/, 2003). Els resultats obtinguts mostren que
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el transcriptoma dels astrocits en cultiu tractats amb 8Br-cAMP és més semblant al de les
cellules /n vivo, la qual cosa indica que la senyalitzacid del cAMP confereix un fenotip /n vivo

reprimint 'activacié i promovent la diferenciacio.

Un nombre creixent de treballs ha demostrat que els astrocits presenten una via
d'alliberacio de gliotransmissors depenent de calci (Volterra i Meldonesi, 2005). Els Ultims anys,
s'han identificat diversos peptids sintetitzats i alliberats pels astrocits que regulen diferents

funcions neuronals.

Els astrocits allibberen de forma depenent de calci el peptid ANP expressat de forma
exogena (Krzan et a/, 2003) i nosaltres hem determinat que la seva secrecid augmenta en el
tractament amb analegs del cAMP. Aquesta secrecio regulada per calci de I'ANP en astrocits
no nomes s'ha determinat en astrocits en cultiu sind també en seccions d’hipocamp (Potokar
et al, 2009).

El peptid endogensecretogranina 1l presenta una secrecid en astrocits en cultiu
extremadament baixa (Fischer-Colbrie, 1993; Calegari et al, 1999), encara que és
suficientment alta per ser detectada mitjancant western blot. El seu contingut augmenta en
astrocits en cultiu tractats amb 8Br-cAMP, consistentment amb la presencia del element
funcional de resposta a cAMP (CRE) en el seu promotor (Taupenot et a/, 2003). En els
astrocits tractats amb 8Br-cAMP es pot detectar I'alliberacid de la Sgll induida per un
increment de calci en el medi de cultiu als 5 min. La dependéncia dels nivells de calci s'ha
demostrat posteriorment abolint l'efecte de la ionomicina/TPA amb el quelant de calci
intracellular BAPTA-AM.

En el tractament amb 8Br-cAMP es realitzen efectes oposats al tractament amb
citocines sobre la regulacid de les proteines exocitiques en astrocits en cultiu augmentant
I'expressio de les proteines classicament implicades en la secrecié regulada com sintaxinal,
Munc 18a i VAMP-2. Aquests canvis podrien explicar I'augment de l'alliberacié de peptids,
encara que la proteina meés regulada per aquest tractament, VAMP-2, no es troba
majoritariament en els granuls que contenen els peptids, on podria estar substituida per una
altra  VAMP. L'augment d'altres proteines exocitiques com sintaxinal, Muncl8a o
sinaptotagmina IV, podrien estar relacionades amb I'augment de ['alliberacid dels peptids

induida per calci en les cel-lules tractades.

També el tractament dels cultius d'astrocits amb la toxina botulinica BoNT/C1 afecta
I'alliberacio de Sqll. La toxina BoNT/C1 és una metalloproteasa que, mitjancant la proteolisi
especifica de sintaxinal, 2, 3 i SNAP25, produeix un blogueig de la secrecié dependent de

SNAREs (Humeau et a/, 2000). En neurones, la toxina entra a l'interior cellular mitjancant la
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seva unio a receptors/acceptors d'alta afinitat; en canvi, en cellules no neuronals, la toxina
botulinica s'internalitza per un procés d'endocitosi inespecific i els seus efectes son
dependents de temps i dosi. El tractament amb BoNT/C1 no afecta la secrecio basal de Sdll,
pero si que bloqueja I'augment de la secrecid induida per ionomicina/TPA, relacionant la
sintaxinalB, 21 3 amb la secrecié de peptids depenent de calci (Figura 22). Futurs estudis amb
eines més especifiques podran dilucidar les isoformes de les proteines SNARE implicades en la

secrecio regulada.

Media Sqll e ol i i A FIGURA 22. Dependencia de les proteines SNARE en

I'alliberacié de SgII regulada per calci en astrocits.
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es produeix I'augment d‘alliberacié en estimular les cellules amb ionomicina/TPA. Cada carril representa totes les
proteines presents en el medi o tot el lisat cellular de cada pou. L'/mmunoblot amb anticossos contra Stx1 s'usa
per comprovar el tractament amb la toxina.

En general, existeix una bona correlacié entre I'analisi de proteines mitjancant western
blot i I'analisi de RNA mitjancant microarrays, com I'augment de I'expressio de VAMP2 i la
disminucio de sintaxina2 en el tractament amb 8Br-cAMP, que es regulen de forma inversa en
el tractament amb citocines. També altres proteines implicades en el trafic de vesicules com
Rab3a, Rab27b, la cinesina la (Kifla), aixi com el filament intermedi GFAP, estan

sobreexpressades, cosa que podria facilitar el transport dels granuls i la seva secrecio.

En el tractament amb 8Br-cAMP també se sobreexpressen alguns membres de la
familia de les granines com cromogranina A (CgA), cromogranina B (CgB), secretogranina Il
(Sqll) i secretogranina V (SgV). CgA és un regulador principal en la formacié de granuls de
secreci6 (Taupenot et al, 2005), perd també altres proteines son importants com
secretogranina I i CgB, ja que la seva expressio és suficient per induir la formacié de vesicules
fins i tot en cellules que no presenten una via de secrecid regulada (Beuret et a/, 2004).
Algunes d'aquestes granines esta descrit que s'expressen en astrocits tant en cultiu (Fischer-
Colbrie et al, 1993 ) com /n vivo (Hur et al, 2010).

Els granuls de secrecid en astrocits contenen les granines CgA, CgB i Sgll i les tres
isoformes del receptors d'IP; (IPsR) (Hur et a/, 2010). Esta descrit que CgA i CgB s'uneixen
directament als IPsR a pH 5,5, que és el que hi ha a l'interior dels granuls, activant-los amb
I'augment del temps mig d'obertura i la probabilitat d'obertura quan s'uneixen al seu lligand.

Els granuls de secrecio es consideren els principals reservoris de calci intracel-lular, son més
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sensibles perque requereixen concentracions més baixes d'IP; per activar-se i a més, poden
provocar augments de calci a nivell local, relacionant-los directament amb el control de
I'exocitosi. Per tant, els augments d'expressio de CgA i CgB en el tractament amb analegs de

I’AMPc podria augmentar els nivells d'exocitosi.

En un treball recent es descriu un fenotip astrocitic on estan augmentats els granuls de
secrecio i I'expressio dels seus marcadors quan els nivells d'expressié del factor de transcripcio
REST son baixos (Prada et a/, 2011). Degut a que enel nostre analisi de microarrays no
s'observen variacions en els nivells d'expressid de REST en el tractament amb 8Br-cAMP, els

efectes del cCAMP en la maduracio dels astrocits podrien ser independents de REST.

4. Receptors de direccionament a granuls de secrecié neuroendocrins

en astrocits.

Originariament, la secretogranina Il va ser identificada en neurones i les cel-lules
endocrines de la hipofisi (Ottiger et a/, 1990). Més recentment s'ha descrit I'expressio de Sqlll
en altres tipus cellulars que presenten una via de secrecio regulada com els mastocits (Prasad
et al, 2008) i les cellules PC12 (Han, 2008). En aquest treball s'ha determinat que els astrocits
expressen nivells alts tant de mRNA com de la proteina de Sglll. Aquests resultats coincideixen
amb la hibridacié /n situ que es troba a ' Allen Brain Atlas, on el marcatge del mRNA de Sglll
es troba tant en neurones com en cellules glials (Lein et a/, 2007). Mitjancant un marcatge
doble, es mostra que I'expressio de Sglll en cellules no neuronals correspon gairebé de forma
exclusiva a diferents poblacions d'astrocits, en els quals varia la intensitat de I'expressio.
Mentre que I'expressio de Slll és alta en els astrocits corticals i la glia de Bergmann, és molt

baixa en els astrocits situats en la substancia blanca.

En astrocits en cultiu, ja s’havien descrit alguns dels components tipics de la via de
secrecid de neurotransmissors, com els transportadors vesiculars i les proteines exocitiques.
Perd en astrocits /n vivo, no s'han pogut identificar totes aquestes proteines. En canvi, els

nostres resultats impliquen la Sglll en la via de secrecio en astrocits /n vivo.

La Sqlll que es detecta en els astrocits presenta un pes molecular superior a la Sglll que
es troba en els neurones, similar a la Sglll recentment detectada a les cel-lules PC12 i a les
glandules adrenals (Han et a/, 2008). Aix0 és a causa que els astrocits no expressen les
convertases PC1/3 i PC2 que son les encarregades de processar les prohormones (Winsky-
Sommerer et al/, 2000). De manera similar, altres substrats de les convertases com la

secretogranina Il i la proencefalina tampoc son processades en els astrocits (Batter et a/, 1991;
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Fischer-Colbrie et a/, 1993). Malgrat aixo, falta determinar si la forma no processada de Sglll

té un paper diferencial o si és processada extracel-lularment per donar lloc a peptids bioactius.

La interaccid de la Sglll amb la carboxipeptidasa E té un paper fonamental en la
classificacio dels peptids cap als granuls de secrecid (Hosaka, 2005). Com ja hem descrit
anteriorment, els astrocits presenten els components moleculars necessaris per a l'alliberacio
de granuls de secrecio i poden alliberar peptids d'una manera depenent de calci (Vilijn et a/,
1989; Batter et a/, 1991; Takahashi et a/, 2000; Krzan et a/, 2003; Ramamoorthy i Whim,
2008), per tant, suposem que Sqlll realitza una funcié en la via de secreci® de peptids en els
astrocits. Tanmateix, el baix contingut de Sglll a I'interior de les cel-lules i la seva abundancia
en el medi extracellular indica que és rapidament alliberada a I'exterior cellular, pero s'ha
demostrat que petites quantitats de Sglll son suficients per direccionar gran quantitat de
peptids als granuls de secrecio a les cellules PC12 (Han et a/, 2008). Els astrocits expressen
petites quantitats de CgA, un factor d'agregacié clau per a la biogénesi dels granuls que
interacciona amb Sglll, fet que podria explicar la baixa retencié de Sglll en els astrocits
(Majdoubi et a/, 1996, Woulfe et al, 1999); i a més a més, els astrocits presenten una
alliberacié basal bastant elevada i una baixa alliberacid estimulada comparada amb altres

céllules secretores.

5. Regulacié de l'expressio de Sglll en astrocits /n vivo en gliosi

reactiva

A més de les funcions intracellulars, les granines i els seus peptids tenen funcions
fonamentals en la comunicacié cel-lula-cellula, incloent processos homeostatics, reaccions
inflamatories i la immunitat innata (Helle, 2004). Per exemple, la CgA i la secretoneurina, un
peptid derivat de la Sgll, son potents activadors de la microglia i factors quimiotactics i

angiogenics, respectivament (Taupenot et a/, 1996; Fischer-Colbrie et a/, 2005).

La regulacié de les granines classiques en el cervell s'ha estudiat en diferents condicions
(Winklerand Fischer-Colbrie, 1992; Fischer-Colbrie et a/, 1995). CgA, CgB i Sgll/secretoneurina
es regulen de forma diferencial en diferents poblacions neuronals després de diverses
alteracions cerebrals, com en l'isquemia o en l'epilepsia (Martl et a/, 2001; Pirker et a/, 2001),
pero no en cellules no-neuronals. El que hem descrit és la regulacio de la SgllI, tant a nivell de
mRNA com de proteina, en astrocits reactius /n vivo després d'una lesié traumatica al cervell.
El que s'observa és I'acumulacio de la proteina Sglll en el citoplasma dels astrocits, encara que

caldrien més experiments per comprovar quina és la causa d'aquest efecte.
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Tambeé veiem que la regulacio transcripcional de les diferents granines en astrocits €s
diferencial. Aixi com veiem que Sgll augmenta la seva transcripcid quan augmenten els nivell
intracel-lulars de cAMP, la Sglll augmenta quan es produeix una lesié traumatica, on els
astrocits es tornen reactius i sobreexpressen una gran varietat de peptids, com per exemple,
hormones peptidiques, factors de creixement i citocines (Nie i Olsson, 1996; Goss et a/. 1998;
Acarin et a/, 2000; Jahnke et a/, 2001). Aquesta regulacié coordinada de la Sqlll i la secrecio
de péeptids esta reforcada per estudis previs on es descriu una regulacié parallela de Sglll i el
precursor de la propiomelanocortinaen la hipofisi intermedia de Xenopus en |'adaptacié al
color, (Holthuis i Martens, 1996). De manera que hipotetitzem un paper important en el trafic

de peptids en astrocits reactius /n vivo.

5.1. En humans

A causa d'aquesta funcionalitat potencial de Sglll tant en la secrecié de peptids en
astrocits com en la regulacié de la seva expressio durant I'activacio glial, es va iniciar un estudi

d'expressio en malalties neurodegeneratives en humans on es produeix gliosi.

En malalties neurodegeneratives com I'Alzheimer i el Parkinson (Delacourt, 1990; Pike et
al, 1995; Knott et a/, 2002) i després de I'exposicid a substancies toxiques com 1-metil-4-
fenil-1,2,3,6-tetrahidropiridina, la 6-hidroxidopamina (6-OHDA) i I'acid kainic es produeix

I'astrocitosi reactiva en el SNC.

S'estima que en I'actualitat 24 milions de persones en el mén pateixen demencia, sent la
més comu la malaltia d’Alzheimer (Ballard et a/, 2011). Aquest malaltia és un desordre
neurodegeneratiu progressiu que es caracteritza per I'acumulacié anormal de proteines en el
sistema nervids. Quan augmenta la concentracid, ja sigui per sobreproduccié o falta
d'eliminaci¢, el B-amiloide s'agrega formant oligomers, protofibrilles, fibril-les i finalment
plaques amiloides a l'espai extracellular. Les proteines Tau i a-sinucleina també es poden
auto-agregar formant oligomers i grans inclusions a l'interior de les neurones, conegudes com
cabdells neurofibrillars i cossos de Lewis respectivament. Totes aquestes lesions promouen

I'activacio de les cellules de la microglia i els astrocits (Mucke, 2009).

A causa de I'elevada prevalenca i I'astrocitosi present, usem la malaltia d’Alzheimer com

a model d'astrocitosi per estudiar la regulacio de I'expressio de Sglll en humans.

Mitjancant immunocitoquimica en el cervell huma adult, la Sqlll es detecta
principalment en les capes superiors de I'escorca, en I'hilus del gir dentat i a la capa piramidal
de la regié CA3 de I'hipocamp. A més, també es detecta en axons varicosos i en els somes

d'algunes neurones, piramidals i no piramidals, de la regi6 CAl de I'hipocamp. També
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cellules de morfologia astrocitaria a la substancia blanca i a la superficie del cervell expressen

Sglll, pero no de forma tan abundant com en ratolins.

En pacients d'Alzheimer, mitjangant immunocitoquimica s'observa un canvi en la
distribucié de Sglll respecte dels individus control. SgIll es troba a les plaques senils
identificades pel marcatge amb B-amiloide, mentre que desapareix del soma d'algunes
poblacions neuronals, encara que no s'observen canvis en el contingut total d'aquesta
proteina a I'escorca. Mitjangant doble marcatge, tal i com s'observa a la figura 23, Sglll a les
plaques senils es troba associada a les neurites distrofiques i als astrocits. Aquest son resultats
preliminars que coincideixen amb els resultats previs obtinguts en ratolins on Sglll s'acumula
en el citoplasma dels astrocits, suggerint que Sglll podria participar en els mecanismes

inflamatoris i degeneratius de la malaltia d'Alzheimer.
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Sqlll/ Ap

Sqglll/ AT8

Sqlll/ GFAP

FIGURA 23. El marcatge de Sglll en plaques senils en humans esta associat amb neurites distrofiques i amb astrocits
activats. Les imatges de microscopia confocal amb marcatge doble mostren que la majoria de la Sglll no
collocalitza amb els diposits extracel-lulars de B-amiloide (AB). En canvi, en les neurites distrofiques, identificades
pels agregats de fosfo-Tau (AT8), i en els astrocits activats que envolten les plaques, identificats per I'expressio de

GFAP, si que contenen SqIII. Les puntes de fletxa indiquen collocalitzacié. Escala: 50 um.
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Neurones, astrocits i microglia expressen patrons diferencials de proteines

que mitjancen els processos d'exocitosi.

[soformes de sintaxines i els seus reguladors Muncl8 son diferencialment
sobreexpressats durant I'activacio glial mitjangada per agents proinflamatoris

amb un possible paper en l'alliberacio de citocines.

La senyalitzacid mitjancada per la via del cCAMP restringeix les caracteristiques

d’immaduresa i activacio dels astrocits en cultiu i promou la seva maduracio.

La diferenciacié dels astrocits per cAMP augmenta els nivells d'expressié de
proteines de la via de secrecid regulada per calci promovent l'alliberacio

evocada de peptids.

Els astrocits /in vivo e in vitro presenten una forma no processada de

secretogranina Ill, un receptor de direccionament a granuls de secrecio.

L'activacio astroglial /n vivo en lesions traumatiques indueix la sobreexpressio
de secretogranina 1Il, el que suggereix un paper repressor o potenciador del

dany cerebral.
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Fernando Aguado Tomas, director de la tesi doctoral de Sonia Paco Mercader,
certifica que el doctorand ha contribuit als treballs recollits en els tres articles de la

seglent manera:

En los tres articulos incluidos en la tesis doctoral de Sonia Paco Mercader (dos
ya publicados y uno pendiente de publicacion), la doctoranda ha realizado la gran
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experimentos, la interpretacion de los resultados y la escritura de los manuscritos. Por
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tres trabajos presentados, como queda reflejado en su autoria de primer firmante.
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