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FARE EMBRIYONIK KOK HUCRELERINDEN ELDE EDILEN ASTROSITLERIN
DEDIFERANSIYASYON KAPASITESININ INCELENMESI

Kemal Ugur Tifekci
Dokuz Eyliil Universitesi, Saglik Bilimleri Enstitiisti, Sinirbilimler AD.

ugurtufekci@gmail.com

OZET

Astrositlerin néral kok hicreler izerinden néronlara donusmesi nérolojik hastaliklar
ve beyin hasarlarinin tedavisinde yeni bir yaklasim olabilmektedir. Bu déntisimu etkileyen
faktdrler tam olarak acgiklanamamistir ve bunlarin anlasilmasi karmasik hastalik
modellerinde veya konvansiyonel hiicre Kkiiltlir sistemlerinde oldukca zordur. Bu
mekanizmalarin acgiklamasi icin serumsuz ve kontrollii bir mikro-cevrede yasayan saf ve
homojen hiicre popiilasyonu olan Fare embriyonik kdk hicrelerinden (EKH) elde edilen
astrosit hicreleri (mAGES; Mouse Astrocytes Generated from Embryonic Stem Cells)
kullanilmistir. Bu hiicreler Fibroblast blyime faktérli (FGF; Fibroblast growth factor) ile
muamele edildiklerinde tekrar hiicre donglstine girerek prolifere olmaya baslamaktadir.
FGF Reseptorinin tirozin kinaz sinyallemesiyle Glial Fibriler Asidik Protein (GFAP)
eksprese eden mAGES hiicreleri Nestin ekprese eden No6ral Kok Hiucrelere (NKH)
donlismektedir. Yaptigimiz fenotipik ve fonksiyonel karakterizasyonlara gore mAGES
dediferansiyasyonu sonucu elde edilen hiicreler EKH'lerden mAGES elde edilirken elde
edilen NKH'lerle ayni oldugu belirlenmistir. Inflamatuar araci molekiillerin, &zellikle
Interferon-gama (IFN-y), mAGES hiicrelerinin NKH'ye dediferansiyasyonunu &nemli
Olciide engellemistir. Bu mekanizmanin STAT1 fosforilasyonununa badgimli olarak

gerceklestigi gosterildi.

Bu calismada astrositlerin genetik manipilasyondan bagimsiz olarak baska hiicrelere
donlistigu ortaya konuldu. Bu durum iliskili sinyalleme aktivatorlerinin astrosit

dediferansiyasyonunu nasil baskiladigi veya tetikledigi ile astrositlerin bazi hastaliklarda



NKH'lere neden donlsemediklerini aciklamaktadir. Bu faktorlerin rollerinin acida
kavusturulmasi beyin hasari ve norodejenerasyonda rejenerasyonu saglayacak ilag

hedeflerinin belirlenmesine yardimai olacaktir.

Anahtar kelimeler: Astrosit, Dediferansiyasyon, Fibroblast blyliime faktorli, Néral kok

hicreler



INVESTIGATION OF DEDIFFERENTIATION CAPACITY OF ASTROCYTES
GENERATED FROM MURINE EMBRYONIC STEM CELLS

Kemal Ugur Tifekci
Dokuz Eylll University, Institute of Health Sciences, Department of Neuroscience

ugurtufekci@gmail.com

ABSTRACT

Conversion of astrocytic cells to neurons, through dedifferentiation to neural stem
cells (NSC), can be an ideal approach to cure neurodegeneration and brain injuries. The
signaling pathways regulating such a cell conversion are not fully elucidated, and it is
quite challenging to determine in complex disease models or regular cell culture systems.
In order to solve this problem, we established a serum-free, strictly controlled cellular
model of pure and homogeneous “Mouse astrocytes generated from murine embryonic
stem cells (mAGES).” mAGES cells proliferated by exposure to FGF and caused conversion
of GFAP-expressing mAGES to nestin-expressing NSC. As a result of standard
phenotyping, mAGES dedifferentiation gave rise to NSC which is similar to NSC lineage
obtained directly by differentiation of ESC to neural cells. Inflammatory mediator
molecules, especially interferon-gamma, affected mAGES de-differentiation and robustly
debilitated the generation of NSCs from mAGES by STAT1 phophorylation independent of
nitric oxide generation. Thus, in this project, signaling mechanism, which affect
conversion of astrocytes without genetic manipulation, were described. The complex
interaction between related signaling molecules promoting/inhibiting astrocyte
dedifferentiation may disclose the reason why astrocytes ar not able to generate NSC in
neurodegenerative diseases. Increased knowledge of such factors may provide innovative

therapeutic opportunities to support such conversions as regeneration targets.

Keywords: Astrocyte, Dedifferentiation, Fibroblast growth factor, Neural stem cells



1. GIRIS VE AMAC

Olgun astrositler saglam beyninde normal olarak prolifere olmamakta [1, 2], ancak
literatlirde astrositlerin hilicre déngistine yeniden girisini ve kdk hlicrelere dénismesini
saglayan bazi molekiiller tanimlanmistir [3]. Bunlar, niikleotidler [4, 5], Epidermal biiylime
faktori (EGF) [6, 7], FGF2 [8-10], ve sonic hedgehog (SHH) [11] gibi blylime
faktorleridir. Magdalena Gotz ve ark. tarafindan yapilmis éncl c¢alismalar, SHH'nin baz
fare beyin hasari modellerinde astrositleri dediferansiye ederek NKH'ye cevirdigini

gostermektedir [12].

Astrositlerin in vivo néron olusturamamasinin nedeni, inflamasyon veya hastalik
sirasinda inhibitér faktorlerin salinmasi olabilmektedir [13]. Bu tlr sinyaller,
dediferansiyasyonu ve hicre doéngusiine yeniden girisi Onleyebilir [14] veya notch
sinyallemesi araciligiyla [15] astrositlerin norojeneze dogru yonelimini destekleyebilir.
Hastallik modellerinde destekleyici [16], dediferansiyasyonu ve ndrojenik ddnisimu
engelleyen birkac faktér ayni anda endojen olarak salinabilir [12], ve bu durum
astrositlerin dediferansiyasyonu ve norojenezin farmakolojik tetiklenmesine olanak

taniyan hedeflerin belirlenmesini zorlagtirmaktadir [17, 18].

Bu projede amacimiz:

1. Kok hicrelerden elde edilen astrositlerin dediferansiyasyon kapasitesinin
belirlenmesi,

2. Astrositik immUin yanitlarin bu dediferansiyasyona etkilerinin incelenmesi,

3. Dediferansiyasyonu diizenleyen mekanizmanin agiga ¢ikarilmasidir.

Hipotez: FGF2 uygulamasi astrosit dediferansiyasyonunu uyarirken immdiin uyaranlar

bu mekanizmayi baskilamaktadir.



2. GENEL BILGILER
2.1. Astrositler

Astrositler, n6éronlar ve oligodendrositler gibi néroektoderm kokenli merkezi sinir
sisteminde (MSS) en yaygin bulunan glial hiicrelerdir [19]. Astrositlerin saglikli MSS'de
noéronlara mekanik destek diginda énemli fonksiyonlari bulunmaktadir. Astrositler kan
damarlarini genigleten ve daraltan cesitli araci molekiiller (nitrit oksit, prostaglandinler,
arakinodik asit) salgilayarak kan akisini modiile eder. Astrosit uzantilari tim &énemli
sinapslar sararak sinaptik transmisyonu, sivi, iyon ve pH homeostazini saglar. Ayrica
astrositlerin sinaptik aralikta aktif molekiller olan Gamma aminobdtirik asit (GABA),
glutamat, purinler, D-serin gibi ndrotransmitterler salgilayarak sinaptik transmisyonda rol
alir. MSS’de astrosit prosesleri bir taraftan kan damarlari ile diger taraftan ise néronal
perikarya, aksonlar ve sinapslar ile kontak halinde bulunur. Bu sayede néronlar igin gerekli
olan glukoz ve diger metabolitleri saglayarak enerji ve metabolizmasinda 6nemli bir gérev
ustlenmektedir. Kan beyin bariyerini serebral kapiller endotel hiicreler, bazal lamina,
perivaskiler perisitler ve astrosit uclar olusturmaktadir. Yetiskin farelerde yapilan
calismalarda astrosit son ayakta bulunan kemik morfojenik protein (BMP) sinyallemesi ile

serebral endotel hiicrelerde kan beyin bariyeri dzelliklerini regiile ettigi gosterilmistir [1].

2.2.Astrogliosis

Bazi merkezi sinir sistemi hastaliklarinin ortak patolojilerinde reaktif astrogliosise
rastlanmaktadir [20]. Bu silire¢ MSS hasarlarina karsi astrositlerin molekiiler, hiicresel ve
fonksiyonel degisiklikleri kapsamakta ve hastaligin siddetine gore farklilik gostermektedir
[21]. Hafif siddetli travmalarda veya MSS lezyonlarindan uzakta meydana gelen hafif ve
orta siddetli astrogliosisde astrosit proliferasyonu neredeyse hic gortilmemektedir. GFAP
dlzeylerinin artisi gdzlenmekte ve bunun yanina Bakir-Cinko stperoksit dismutaz,
Glutatyon peroksidaz ve metallotiyonin enzimleri upregtile edilmektedir [22]. Orta siddetli
astrogliosisde indiiklenebilir nitrik oksit sentaz (iNOS) ve timdr nekrozis faktor(TNF)-a, -

B, interldkinler ve interferonlar gibi trofik faktor ve sitokinler salinmaktadir [23]. Hafif ve



orta siddetli astrogliosisde, eger ki uyaran ortadan kalkmissa astrositik yanitlarin
rezollisyonu olusmakta ve saglikli dokularda g6zlenen astrositik davranislarina geri doniis
olmaktadir [24]. Bu durumun aksine fokal lezyonlarin, enfeksiyonun veya
nérodejenerasyonun  yakinindaki  astrogliosis artmis astrositik  proliferasyonla
karakterizedir. Reaktif astrositlerin proliferasyonunu saglayan molekiler faktorlerin tam
olarak karakterize edilememesine ragmen EGF, FGF, Endotelin 1, Adenozin trifosfat (ATP),
lipopolisakkarit ve NO'nun rolleri tanimlanmistir [20]. Artmis proliferasyonun sonucunda
komsu astrositlerin uzantilari birbirine karismakta ve glial skar olusumuna sebep
olmaktadir. Bu sekildeki bir skar olusumu genellikle ciddi doku hasari, nekroz, tlimorler,
kronik norodejenerasyon, enfeksiyon veya inflamatuvar infiltrasyon olusan yerlerin
sinirlarinda astrositlerin farkl tipteki hiicrelerle etkilesimiyle olmaktadir [1, 24]. Bu sekilde
olusan vyapisal degisiklikler uzun sirelidir ve uyaranin rezollsyonuyla ortadan
kalkmamaktadir [24]. Ayrica ilerlemis glial skarlar yodun inflamasyon durumlarinda
etraftaki saglkli dokuyu korumak (izere bariyer gorevi gérmektedir. Reaktif astrositler
ayriya eksitotoksik glutamat alimi, oksidatif strese karsi glutatyon tretimi, Amiloid-p peptid
degradasyonu, ekstraselliler bosluk ve iyon dengesi diizenlemesi, kan beyn bariyeri
onarimi ve MSS inflamasyonu diizenlemesi yaparak da MSS sinir sistemi hlicrelerini ve
dokusunu korur. Bitilin bunlara ragmen, elde edilen yeni kanitlara gore rekatif astrositlerin
MSS fizyopatolojisine katkida bulundugu veya kaynadi oldugu 6ne siriilmektedir. Glial skar
yapisindaki reaktif astrositler akson rejenerasyonunu engelleyen kollajen ve siilfat
proteoglikanlarini sentezlemektedir [23]. Ayrica genetik mutasyonlar sonucu astrosit
fizyolojisinin degismesi Alexander hastaligi veya Amyotrofik lateral skleroz gibi hastaliklara
sebep olmaktadir [20]. Reaktif astrositlerin bu zit etkileri astrogliosisin hem yararli hem

de zararh etkilere sebep olabilecegini ortaya koymaktadir [1, 24].



2.3.Noral Kok Hucreler

2.3.1. Embriyonik Gelisimde Néral Kok Hucreler

Omurgalilarin MSS gelisimi sirasinda ilk olarak noéroepitelyal hiicreler (NEH)
olusmaktadir. Bu hiicreler MSS'nin en c¢ok prolifere olan hiicreleridir [25] ve astrosit,
oligodendrosit, néron ve ependimal hiicre gibi tim hicre tiplerinin temelini
olusturmaktadir. MSS olusumu sirasindaki en 6nemli 6zelligi farkl bolgelerde lokalize olan
NEH'lerin farkli hiicre nesillerine donlsmeyi saglayan kader belirleyici molekdilleri
salgilamasidir. Ornegin, ventral spinal kordda ifade edilen transkripsiyon faktorleri
oligodendrosit transkripsiyon faktori 2 (Olig2) ve Achaete-Scute Ailesi BHLH
Transkripsiyon faktord 1'in (Ascll) erken dénemde motor néron olusumunu geg dénemde
de oligodendrosit farkllasmasini diizenledigi gosrerilmistir [26, 27]. Fakat yapilan
transplantasyon, genetik nesil haritalama ve motor noéronlarin genetik indliksiyonla
oldirdlmesi calismalari Olig2+ veya Ascll+ motor néron 6ncl hiicrelerinin Olig2+ veya
Ascl1+oligodendrosit 6ncli hiicreleriyle ayni nesilden gelmedigini kanitlamistir [28, 29]. Bu
yuzden, erken dénemdeki 6nci hiicreler olan NEH'ler bile ileri donemde sadece spesifik
nesil belirliyicilere sahip oldugundan in vivo kosullarda sadece tek bir hiicre tipine
farklilagsmaktadir [25].

In vitro kosullarda ise en azindan NEH’lerin bazilari bliylime faktérleriyle uyarim
sonucunda néron-astrosit veya néron-oligodendrosit gibi hem néron hem de glial hiicreleri
olusturabilmektedir [30]. NEHler nérosfer kiiltlir kosullarina maruz birakildiklarinda EGF
ve SHH sinyal yolak aktivasyonu sonucunda gliojenik transkripsiyon faktdrlerinin
araciligiyla astrosit, oligodendrosit ve néronlara farkllasabilmektedir [31, 32]. Sonug
olarak NEH'ler in vivo kosullarda tek nesle ve bazilari iki nesle farklilasabilirken in vitro
kosullarda multipotent olarak davranmaktadir.

NEH'lerin ¢ogu in vivo kosullarda sinirl sayidaki hiicre boliinmesinde kendini
yenilemekte ve neredeyse tim beyin boélgelerinde radyal glial hiicrelerle (RGH) yer
degistirmektedir [33] ve RGH ¢odu beyin bolgesindeki nérojenezden sorumludur [34].

Istisnali olarak ise spinal kordda RGH’ler nérojenezin sonunda ve gliogenezin



baslangicinda ortaya ¢ikmaktadir [26, 35]. Ilging olarak da bazi NEH'ler in vivo kosullarda
istirahat halinde olmasina ragmen BMP gibi spesifik sinyal yolaklari da bu hiicreleri sessiz
sekilde gecici arest halinde tutabilmektedir [36, 37]. Sonug olarak erken donemdeki noral
kok hicreler gelismekte olan MSS’de in vivo kosullarda kisith kendini yenileme ve tek veya

kisith nesil olusturma potansiyeline sahiptir [31, 32].

RGH, NEH'lerden daha sonra astrositlerde siirekli eskprese edilen glutamat tasiyicilari
(GLAST, GLT-1, Glutamin sentaz, Aldh1L1), reaktif astrositlerde eksprese edilen vimentin,
nestin, BLBP, DSD1-proteoglikan ve Tenascin-C ve yetiskin NKH'lerde ekprese edilen gesitli
gen ve proteini eksprese eder [38]. Her ikisi de bazal membranda ve CD133 (Prominin)
eksprese edilen ventrikiler apikal ylizeylerde ayni apiko-bazal polariteyi paylasmaktadir
[33, 39]. Yapilan in vivo ve primer kiiltlr ile yapilan in vitro ¢alismalarin sonucunda
RGH'lerin biylk bir kisminin ¢ogunlukla ndron olacak sekilde NEH’e benzer sekilde
farklilastigi kanitlanmistir [25]. NEH’e benzer sekilde RGH'lerde in vivo kosullarda (g farkl
nesile farklilasma goézlenmeyip sadece in vitro kosullarda biylime faktoriyle uyarim
sonucunda (6rnegin, norosfer kiltlir kosullarl) multipotent davranislara rastlanmaktadir.
Kendilerini yenilemelerine istinaden, RGH ardisik olarak farkli néron alttiplerini olusturmak
icin asimetrik olarak bolinme gegirir [40, 41]. RGH'nin gelisim sirasinda farkli néron
alttiplerini olusturma potansiyeli oldukca sinirlidir ve ge¢ dénemdeki RGH'ler serebral
korteksin derin katmanlarda erken dénemde olusan néronlari olusturamamaktadir [42].
Ayrica RGH norojenez sirasinda en fazla 8 veya 9 kez boélinme gecirmekte gliogenez
baslayacadi zaman beynin cogu bolgesinde ortadan kaybolmaktadir. Bu ortadan kaybolus
kendini tliketen simetrik noérojenik bolinmeler veya astrosit veya ependimal hiicrelere
donlisme ile olmaktadir [43, 44]. Goruldugl tzere RGH'ler, 1 kez bdlinme geciren veya
simetrik olarak bdéllindliklerinde simetrik olarak tek bir néron tipine déniisen ndral dnci
hiicrelere (6rnedin gelismekte olan 6n beyindeki bazal progenitorler) gore nesil ve
bélinme olarak daha potent hicrelerdir [39, 45]. Butlin bunlara istinaden asimetrik
bélinmeler ve farkh yavru hiicre olusturmalarina dayanarak, RGH ve NEHler néronal

progenitér hilcrelerden acgikga farkhh hicrelerdir in vivo kosullarda az sayida



bélinebilmelerine karsin (rodentlerde; NEH icin 2-4 bdliinme, RGH igin 6-8 bdlinme)
kendilerini yenileyebilme kosulunu saglamaktadir [25]. Bununla birlikte néronal progenitor
hiicreler NKH'lerin in vitro kosullardaki yetenedi olan noérosfer olusumunu
gerceklestirememekte; multipotansi ve uzun siireli kendini yenileme 6zelliginden yoksun
kalmaktadir [38].

2.3.2. Postnatal D6nemde Noral Kok Hicreler

Memelilerde dogumdan sonra beyin bdlgelerinin nérojenezi sonlanirken gliojenez
onun yerine gegmektedir ve daha baskin hale gelerek yogunlasmaktadir [27]. Bu donemde
gelecekte beyaz cevher olacak bolgede veya hemen altinda prolifere olan hiicreler yogun
bir bant olusturacak ve subventrikiler zonu (SVZ) olusturacaktir. Postnatal dénemde
SVZ'nin, retroviral tek hiicre isaretlemesiyle yavru hiicrelerde belirlemeyle cogunlukla glial
progenitdr hiicre icerdigi gosterilmistir. Isaretlenmis nesildeki hiicreler hem daginik haldeki
oligodendrosit ve éncl hiicrelerini ve astrositleri hem de tek tip glial hlicre kiimelerinden
olusmaktadir [38, 39]. Devami niteligindeki calismalarda ise Olig2 transkripsiyon
faktoriniin artmis dizeylerinin astrosit farklilasmasini inhibe ettigi ve oligodendrosit
farkllasmasina yol actigi ortaya konmustur [46]. Ayrica serebral korteks gri cevherinde
astrosit gruplarina farklilasan ve astrosit dagilimina sebep olan astrosit 6ncil hiicreleri gibi
tek hicre tipine farklilasan oncli hiicreler parankim boyunca dagimislardir [47, 48].
Ilginctir ki serebral kortekste postnatal dénemde ndronal éncii hiicrelerin bulunmaz iken
postnatal 3-11 glin arasinda hipoksiye maruz kalinmasi durumunda T-Box Beyin 1
+(Tbri+) dikenli piramidal néronlarin mevcut GFAP+ hiicrelerden olustugu gosterilmistir
[49]. Ek olarak in vitro ve in vivo duslik oksijene maruz kalinmasi postnatal serebral
kortekssteki GFAP+ hiicrelerden reaktif astrositlerin hasar yanitina benzer sekilde

multipotent ve kendini yenileyen hiicreler olusmasina yol agcmistir [49].

NG2 progenitor hiicreler simetrik ve asimetrik olarak bdlinerek yetiskin beyninde

oligodendrositler ve NG2-glia hiicre aginin olusmasini saglar [50]. Bu hicreler in vivo



kosullarda tek nesil veya iki nesile kdken olmaktadir ve mevcut fenotipini primer kulttr
kosullarinda koruyabilmektedir [51]. EGF ve FGF varligindaki norosfer kiiltiir kosullarinda

bu hiicreler ve alttipleri de multipotansi 6zelligi géstermektedir [50].

Ozellikle postnatal dénemde dentat girus (DG) ve lateral ventirkiiliin lateral
duvarinda ndrojenez devam etmektedir. Embriyonik gelisim sirasinda lateral ventrikilin
lateral duvari gangliyonik kabarti olarak isimlendiriimekte ve bazal gangliyadaki
projeksiyon ndéronlarini ve telensefalonun tiimiindeki ve postnatal olfaktor bdlge ara
noronlari olusturmaktadir [52]. Viral vektér veya genetik nesil izleme calismalari da
postnatal SVZ'deki hiicrelerin olfaktor bolgeye goc edip yerlestigini kanitlamistir [38, 48].
Bu kdkendeki hiicreler GFAP+ hiicrelerdir ve neonatal RGH'lerden kdken almistir [38].

2.3.3. Yetiskin Noral Kok Huicreler
Erken postnatal donemde dokunun olgunlasma slireci VZ ve SVZ'nin kiictlmesi ve
lateral ventrikulln lateral duvarinda Subependimal zonda (SEZ) ve hipokampal olusumun
DG kismindaki ikincil nérojenik alan olan subgrantiler zonda (SGZ) ependimal hiicrelerin
olgunlasmasi ile tamamlanmaya baslar [30, 33, 38]. Her iki alan da olfaktor bélgedeki yeni
ndron olusumlarina ve DG'deki grandler hiicre katmanina katkida bulunur ve embriyonik

ndrojenezdeki karakteristiklerini korurlar [38].

Yetiskin NKH ependimal hiicre tabakasinin altinda ve striatumun tabaninda SEZ'de
ince bir katman halinde bulunmakta in vitro kosullarda EGF veya FGF varlidinda
multipotansi 6zelligi gdstermektedir [53, 54]. Bu hiicreler en az 10-20 pasaj baoyunca
kendilerini yenileyebilmekte ve in vitro kosullarda ndron, astrosit ve oligodendrositlere
farklilagabilmektedir. Bu hicrelerin klonal analizleri in vitro kosullarda surekli-tek hiicre
canh gorlntileme yapilabilmektedir [55, 56]. Bu ydntemle yapilan analizlerde SEZ'den
elde edilen yetiskin NKH'ler biliyiime faktorli eklemeksizin kiltiire edildijinde sadece
noronlara farkhlasmis ve glial hicrelere farkhlasmamistir [56]. Ancak EGF veya FGF

eklenmesi durumunda hicreler tekrar prolifere olmaya baglamis ve gliojenik potansiyel
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kazanmistir [56]. Sonuc¢ olarak NKH'lerin godu in vivo kosullarda sadece noronlara
farklilasabilirken in vivo kosullarda biyime faktérleri de gliojenik slireglerin aktive olmasini
saglamaktadir [55, 56].

2.4. Astrosit Farklilagsmasi

Norojenik slirecin sonuna dogru gliojenik siirec aktive olur ve astrosit ve
oligodendrosit farklilasmasi baslar. Norojenik fazda ylksek miktarda eksprese edilen
Norojenin  (Ngn) gibi bHLH transkripsiyon faktdrleri gliojenik CBP/p300/Smad
transkripsiyonel kompleksini sekestere ederek ve Janus Tirozin Kinaz (JAK)/ Sinyal
transdiiser ve transkripsiyon aktive edici (Signal Transducer and Activator of
Transcription; STAT) yolagini baskilayarak gliogenez siirecini inhibe eder [57, 58]. Gelisim
sureci devam ettikge néral 6nct hicreler BMP, Lésemi inhibitor faktor (LIF)/Siliyer
Norotrofik faktor (CNTF) gibi gliojenik sitokinlerden gelen sinyallere yanit vermeye bagslar
[59]. Bu durum astroglial genlerden GFAP ve S100 kalsiyum baglayici protein B (S100B)
promotorlarindaki STAT3 baglanma noktalarinin demetilasyonu ile gercgeklesir [60-62].
Astroglial farklilasmada da néronal farklilasmadaki alt tiplerin belirlenmesi slirecindeki
degisik sinyalleme kaskatlari astrositlerin alt tiplerine fakllasmasina yol agmaktadir.
Gliojenik sirecin baslatiimasinda 6zellesme stireci baslamadan Cinsiyet belirleme bdlgesi
Y-kutusu 9 (Sex determining region Y-box 9; Sox9), Olig2 ve Serum yanit faktori (serum
response factor; Srf) gibi transkripsiyon faktérleri dnemli roller oynamaktadir [63-65].
Sox9 spinal kord gri cevher astrositleri olusumu icin gerekli iken beyaz cevher astrositlerine
fazla etkisi yoktur. Nikleer faktor-1A (NF1A) da spinal kord gliogenez sirecinin
baslangicini ve astrositik belirte¢ ekspresyonlarini (GFAP) dlizenler [66, 67]. Ayrica yakin
zamanda yapilan calismalara gére Sox9, NF1A ekspresyonunu indikler ve ikisi birlikte
astroglial gelisimde 6zellikle metabolizma ve migrasyonda rol alan genlerin bulundugu
kaskadi baslatir [68]. Ventral ndral tlipte de astrosit farkllasmasi bHLH transkripsiyon

faktorlerinden stem cell leukaemia (SCL) ile diizenlenmektedir [69]. Buna ek olarak, Pax6
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norogenezi diizenlemesine ragmen astrosit farklilasmasina oncii hiicre proliferasyonunu
inhibe ederek katkida bulunur [70].

2.5. Astrosit Dediferansiyasyonu

Astrositlerin beyin hasari ve nérodejenerasyon durumundaki inflamatuar aktivasyon
mekanizmalari literatilirde iyi tanimlanmis olmasina ragmen plastisite ve soya bagliliklarini
etkileyen faktorler acisindan daha az bilinmektedir. Ornegin, astrositik NKH'den gelen
norojenez, yetiskin memeli beyninin bazi kisimlarinda gdsterilmistir [71]. Bu bdlgelerin
disinda olgun astrositlerin fonksiyonel néronlara donustirilmesi ektopik nérojenik
transkripsiyon faktorlerinin ekspresyonunu gerektirir [18, 72-75]. Terap6tik amaclar igin,
astrositlerin genetik yeniden programlama gerekmeksizin néronlara donusttrtlmesinin
elverisli olacagi disiinilmektedir. Inflamasyon veya hastallk sirasinda, astrosit
aktivasyonu, 6rnegin, mikroglia [76-80], infiltre l6kositler [81] veya stresli néronlar (ATP;
reaktif oksijen tlrleri) [24] tarafindan salinan sitokinler tarafindan tetiklenir. Ortaya cikan
astrogliosis, ndron yenilenmesi tUzerinde hem zararli hem de faydal etkilere sahip olabilir
[1, 21]. Siddetli astrogliosisin dnemli Ozellikleri, olgun, ¢cogalmayan astrositlerin hiicre
doéngiisiine yeniden girisi ve glial skar olusumudur [1, 82, 83]. Ornegin, TNF ile
transkripsiyon faktorli Nikleer Faktor Kappa B'nin (NF-kB) aktivasyonu, astrositlerin bir
dediferansiyasyonuyla iliskili oldugu gosterilmistir [16, 84]. Bu astrositlerden bazilari
normal olarak nestin gibi NKH'de bulunan belirtegleri yeniden eksprese etmektedir [24].
Astrositlerin noéron (iretme kapasitesine sahip hiicrelere dénstlrilme potansiyeli,
gelecekteki nororejeneratif terapiler icin, ejer normalde neden in vivo olarak astrositik

soylari icinde kaldiklarinin bilinmesi durumunda kullanilabilir [38, 82].

Reaktif astrositleri in vivo olarak neslini Notch sinyallemesi dizenlemekte ve
RGH’lerin ndrojeneze veya gliojeneze gidecegine karar vermektedir. Stirekli artmis Notch
dizeyleri hiicreleri RGH olarak tutmakta ve nérojenezle etkilesirken ylkselen Noggin ve
azalan Hes seviyeleri de Notch sinyallemesini inhibe ederek RGH ve NKH'lerin nérona
farkllasmasini saglar [85]. Reaktif astrositlerin norosfer kiiltir kosullarinda NKH fenotipine

gecisinde de Notch sinyallemesi rol almaktadir [86].
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Serebral korteksteki reaktif astrositlerin NKH Ozellikleri kazaniminda SHH'nin
sinayllemede énemli rolleri bulunmaktadir. SHH sinyal aracisi smoothened’in yetigkin
astrositlerde delesyonu vyapildiginda travmatik beyin hasari sonrasi reaktif astrosit
proliferasyonunun ve norosfer olusumunun azaldigi gosterilmistir [12]. SHH en yiiksek
olarak plazmada ve beyin omurilik sivisinda (BOS) bulunmaktadir ve invaziv beyin hasari
sonrasi beyin parankimine ulasabilmektedir. Bu durum amiloidoz ve néronal hlicre élimu
gibi non-invaziv hasarlarda reaktif astrositlerin neden prolifere olmadigi aciklamaktadir
[12].

Bu noktada skar olusumunun azalmasina katkida bulunan sinyal yolaklarinin da
incelenmesi gerekmektedir. Bu baglamda FGF sinyallemesi ve delesyonu skar olusumunu
azaltan GFAP ve vimentin akla gelmektedir [87]. Bu tip ara filament proteinleri memran
proteinlerini hedefleyerek FGF reseptoru (FGFR) aracil sinyallemeyi
kolaylastirabilmektedir [88]. Bu tiir sinyaller NKH ve hatta reaktif astrositlerin nérojenez

potansiyelini etkilemekte ve skar olusumunu azaltmayla yakindan baglantilidir.

Immatiir glial hiicrelerin hasarli dokuya translante edilmeleri cogunlukla faydali
etkilere sahip olmustur [89] ve transplante edilmis kdk hicrelerden salinan faktérler skar
olusumunu ve ndronal dlimud 6nlemektedir. Ayrica beyinde NKH gibi davranan reaktif
astrositlerin hasarli bdlgeye transplantasyonu da benzer etkilere yol agmaktadir [38].
Ayrica spinal korddaki ependimal hiicreler travmatik hasarla aktive olmakta, GFAP+
hicrelere farklilasmakta ve hasar bdlgesine gbé¢ ederek ndroprotektif faktorler

salgilamaktadir [90].

2.6.Kok Hucreden Elde Edilen Astrositler
Astrositlerin metabolik veya fonksiyonel calismalarinda istirahat halindeki veya
degisik aktivasyon senaryolarinda bazi zorluklara rastlanmaktadir: i) in vivo galismalarda
deneyin sonunda astrositler ve gevresindeki diger hiicre tiplerinin ayrimlanamamasi, ii)
Akis sitometri ile ayrimlanmig hicrelerle yapillan ex vivo calismalarda hicrelerin

yasatilamamasi veya tanimlanamayan aktivasyon halleri ve iii) in vitro galismalardaki
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hicrelerin karisik hiicre tiplerini icermesi ve gérece daha immatir hicrelerden olusmasi
[91]. Primer hiicre kdltiiriinde 6nci hiicreler, reaktif astrositler veya mikroglia gibi diger
hicre tipleri bulunabilmektedir. Bu yilizden, primer kiltlire alternatif olarak prolifere
olmayan ve aktive olmamis astrositlerin kdk hiicreden Uretilmesi stratejisi 6nerilmektedir
[92]. Bu yeni modelde pluripotent kdk hiicrelerden elde edilen NKH'lerin BMP4 ile inkiibe
edilmesiyle saf ve prolifere olmayan astrosit poptilasyonu 24-48 saat icerisinde elde
edilebilmektedir. Farklilastirdigimiz fare astrosit kok hiicrelerinden elde edilen mAGES
hicreleri GFAP, aquaporin 4 (AQP4) ve glial glutamat transporter-1 (GLT-1) eksprese
etmekte, ndéronal fonksiyonlari desteklemekte ve immiin yanitlara katiimaktadir [92]. Bu
protokol fare EKH ve hastaliga yatkin uyariimis pluripoent kok hiicre hatlarina
uygulanabilmektedir ve primer kiltiriin aksine hiicreler hiince dénglsiinden ¢ikmakta
nestin ekspresyonu neredeyse kaybolmaktadir. mAGES hlicrelerinin transkriptom analizleri

sonucunda da hiicrelerin kortikal astrositlere benzerligi géze carpmaktadir [92].

14



3. GEREC VE YONTEM
3.1. Arastirmanin Tipi
Arastirmamiz deneysel niteliktedir.
3.2. Arastirmanin Yeri ve Zamani
Arastirmamizin Kasim 2014-Kasim 2015 tarihleri arasinda Konstanz Universitesi'nde,
on calismalari yapilmistir. Ocak 2017-Haziran 2017 tarihleri arasinda Dokuz Eylul
Universitesi'nde kendi laboratuvarimizda yiriitilmiistir.
3.3. Arastirmanin Evreni ve Orneklemi
Hucre kltlrd calismasidir.
3.4. Calisma Materyali
Calismamizda CGR8 fare embriyonik kok hiicre hatti ve bu hicre hattindan
farklilastinlan Néral kdk hicreler (NKH) ve mAGES hicreleri kullaniimistir.
3.5. Arastirmanin Degiskenleri
Bagimh degisken: GFAP, Nestin, S100B, BLBP, Sox2, Glut-1 ekspresyon diizeyleri,
NF-kB nlikleer translokasyonu
Bagimsiz Degisken: Ruxolitinib, IL-1B, TNF-a ve IFN-y dozlari, FGF2 inkiibasyon stiresi
3.6. Veri Toplama Araclari
3.6.1. Embriyonik Kok Huicre Kuilttru
Calismada besleyici hiicreye gereksinim duymayan CGR8 fare EKH hatti
kullanilmigtir. Hicreler %0,1 Jelatin ile kaplanmig kiltir kaplarinda; %10 FBS, 2mM
Glutamax, 2 mM Sodyum piruvat, 100 puM Non-esansiyel amino asit, 50 uM B-
Merkaptoetanol, 100 U/ml Penisilin ve 100ug/ml Streptomisin ile desteklenen Glasgow'’s
MEM ortaminda 37°C’de ve %5 CO; kosullarinda idame ettirilmistir. Hlicre kiltlir ortamina
hergiin taze olarak 10*U/ml Lésemi inhibitor faktér (Leukemia Inhibitory Factor; mLIF) +
3i (2 uM SU5402, 800 nM PD184352 and 3 pM CHIR99021) eklendi. Hiicreler haftada 3

kez 1:10 oraninda pasajlandi.
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3.6.2. Noral Kok Hiicre Uretimi

CGRS8 hicrelerinin NKH'ye farklilagmasi icin hicreler %0,1 Jelatin ile kaplanmig, 10
cm capinda kiiltiir kaplarina 5.6x10° yogunlukta N2B27 ortaminda (1:1 DMEM / F12 ve
Neurobasal, N2-takviyesi, B27-takviyesi, 2 mM Glutamax, 100 uM B-merkaptoetanol, 7.5
Mg/ml insilin, 50 ug/ml Sigir Serum Albumini) ekildi ve 7 giin boyunca inkiibe edilmistir.
Farklilasmanin 7. gintnde hlicreler NKH ortamina [20 ng/ml Endotelyal blylime faktori
(Endothelial growth factor; EGF) ve 20 ng/ml Fibroblast Blylme Faktdrt 2 (Fibroblast
growth factor 2; FGF2) ile desteklenmis N2B27 ortami] alinarak 37°C'de ve %5 CO;

kosullarinda idame ettirildi. Hicreler haftada 2 kez 1:30 oraninda pasajlanmistir.

LIF / :
EKH Yash NKH MAGES
| » | » ~
| g // | g >
0. Gln 7. Gun 0. Gun 5. Gun
Bliyiime EGF/bFGF ile hiicrelerin BMP4 ile Astrosit
faktori zenginlestiriimesi Farkhlastirilmasi

Embriyonik

Noral Kok Hicre
Kok Hiicre !

Sekil 1: Hicre farklismalarinin sematik gésterimi
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3.6.3. Noral Kok Hucrelerin mAGES'e farklilagtiriimasi
MAGES hicreleri, Kleiderman ve ark.in protokoline gére NKH’lerden
farkllastinlmistir [92]. Hiicreler 100 pg/mL poli-L-Ornitin ve 200 pug/mL laminin kaplanmis
96-kuyulu plaklara 2x10* hiicre/kuyu yogunlukta ekildi. NKHler, BMP4 ile desteklenmis
N2B27 ortaminda 5 glin slireyle mAGES'a farkhlastirild.

3.6.4. mAGES Hucrelerinin Noéral kék hiicreye dediferansiyasyonu
Bes glinlik mAGES iki kez PBS ile yikandi ve 20 ng/ml FGF2 ile takviye edilmig N2B27
ortamina alindi ve ortam iki giinde bir degistirildi. Kontrol olarak hiicreler, BMP4 ve FGF2

olmaksizin N2B27 ortaminda kiiltiire edildi. Deneyler 1-10 giin araliginda yapilmistir.

3.6.5. Kantitatif PCR
Total RNA izolasyonu RNeasy mini kit (Qiagen, Germany) protokoliine goére yapildi.
RNA konsantrasyonlari spektrofotometrik olarak olglilerek ve 1 pg RNA'dan iScript II
Reverse Transcription Supermix (Biorad, Hercules, CA) kitiyle cDNA sentezi yapildi.
Kantitatif PCR, MyIQ cycler (BioRad, Hercules, CA) cihazinda SsoFast EvaGreen qPCR
Supermix kit (BioRad) kullanilarak Uretici talimatlarina goére gergeklestirildi. mRNA
dizeylerindeki degisimler AACr yontemine gore analiz edildi ve housekeeping gen olarak

GAPDH kullanildi . Kullanilan genlerin primer dizileri Tablo 1'de listelenmistir.

3.6.6. Immunfloresan Boyama ve EdU isaretlemesi
Inkiibasyonu biten hiicreler %4 paraformaldehit ile fiske edildi. Fikse edilen
hiicrelere %0,1 Triton X-100 ile permeabilize edilip %10 FBS ile blokland. Ik olarak, bir
timin analogu olan EdU (5-Etinil-2’-deoksiliridin) boyamasi yapilarak hiicrelerin bélinip
boliinmedigi gosterilmistir. EdU boyamasi icin Baseclick, BCK-EdU555, (Neuried,
Germany) kiti kullanildi ve Uretici talimatlari izlenerek boyamasi yapildi. Ardindan hicreler
ilgili proteine 6zgl primer antikorla (Tablo 2) ve ardindan Alexa Fluor-488 veya Alexa

Fluor-647 konjuge sekonder antikorlar ile isaretlenmistir.
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Tablo 1: Kantitatif PCR'da kullanilan primer dizileri

Gen Adi Forward Dizi (5'>3') Reverse Dizi (5'>3')
Aldh1l1 CTCGGTTTGCTGATGGGGACG GCTTGAATCCTCCAAAAGGTGCGG
Agp4 GCTCAGAAAACCCCTTACCTGTGG TTCCATGAACCGTGGTGACTCC
Blbp GGGTAAGACCCGAGTTCCTC ATCACCACTTTGCCACCTTC
Cox-2 CCATTGAACCTGGACTGCAGAAGGC CGGAACTAAGAGGAGCAGCAATGC
GAPDH CAGGCAGCTCAGGTTGACTCTG GGATGCAGGGATGATGTTC
Gfap GCCCGGCTCGAGGTCGAG GTCTATACGCAGCCAGGTTGTTCTCT
GLAST CTCTACGAGGCTTTGGCTGC GAGGCGGTCCAGAAACCAGTC
Glt-1 GCAGCCATCTTCATAGCCCAAATG CTCATTCTATCCAGCAGCCAGTCC
GS GTGTGTGGAAGAGTTACCTGAGTGG ATGTGCCTCAAGTTGGTCTCTGC
IFN-B CTTCTCCACCACAGCCCTCTCC CCACCCAGTGCTGGAATTG
IL-1B TTTTTGTTGTTCATCTCGGAGCCTGTAG GAGCACCTTCTTTTCCTTCATCTTTG
IL-6 CCTCTGGTCTTCTGGAGTACCATAGC  GGAGAGCATTGGAAATTGGGGTAGG
iINOS TTGCCACGGACGAGACGGATAGG GGGGTTGTTGCTGAACTTCCAGTC
Nestin CTGGAAGGTGGGCAGCAACT ATTAGGCAAGGGGGAAGAGAAGGTG
Olig2 GGCGGTGGCTTCAAGTCATC TAGTTTCGCGCCAGCAGCAG
S100b GGTTGCCCTCATTGATGTCTTCCAC CTTCCTGCTCCTTGATTTCCTCCAG
TLR2 CCTCCGTCTTGGAATGTCACCAGG GAGCCACGCCCACATCATTC
TLR3 GCCCCCTTTGAACTCCTCTTC AGATCCTCCAGCCCTCGATG
TNF-a TAGCAAACCACCAAGTGGAGGAG GCAGCCTTGTCCCTTGAAGAGAA

Aldh1l1: Aldehid dehidrojenaz 1 ailesi, tye L1; Aqp4: Aquaporin 4; Blbp: Beyin lipid baglama
proteini; Cox-2: Siklooksijenaz 2; GAPDH: Gliseraldehit-3-fosfat dehidrojenaz; Glt-1: glial

glutamat transporter-1; GS: Glutamin sentetaz; IFN-B: interferon-beta; IL-1pB: interldkin-1

Beta; IL-6: interldkin-6; iNOS: Indiiklenebilen nitrik oksit sentaz; Olig2: oligodendrosit

transkripsiyon faktorti 2; S100b: S100 kalsiyum badlayici protein B; TLR2: Toll benzeri

reseptor 2; TLR3: Toll benzeri reseptdr 3; TNF-a: Tumdr nekroz faktéri alfa
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Tablo 2: Immunfloresan boyamalarda kullanilan antikorlar

Antikor Seyreltme orani  Katalog no Marka
Agp4 1:500 Sc-20812  Santa Cruz Biotechnology
GFAP 1:1000 556330 BD Biosciences
Nestin 1:500 MAB353 Millipore

NF-kB p65 1:200 Sc-372 Santa Cruz Biotechnology
S100b 1:1000 52532 Sigma-Aldrich
Sox2 1:100 651902 Covance

3.6.7. NF-kB aktivasyonunun belirlenmesi

Hicreler IL-1B (10 ng/ml), TNF-a (10 ng/ml) ve IFN-y (20 ng/ml) ve ayrica bu 3
sitokinin kombinasyonu (Complete Cytokine Mix; CCM) ile uyarildi. 30 dk’lik uyarimin
ardindan hicreler %4 paraformaldehit ile fiske edildi. Fikse edilen hiicreler %0,1 Triton
X-100 ile permeabilize edilip %10 FBS ile bloklandi. Ardindan hticreler NF-kB p65 (Santa
Cruz, ABD) antikoruyla ve ardindan Alexa Fluor-555 isaretli sekonder antikor ile isaretlendi.
Hicrelerin gorintisu Cellomics ArrayScan sayesinde yliksek ¢cozinlrllikli CCD kamera ile
alindi ve Hoescht-33342 ile yapilan niukleer boyamayla cakistirilarak odaklama yapildi.
Yapilan incelemede NF-kB aktivasyonu “nikleer translokasyon” algoritmasina gore
belirlendi [76].

3.6.8. Griess Yontemiyle Nitrit Konsatrasyonu Olciilmesi

Inflamatuar uyarm sonucu hiicre kiiltiir ortamina salinan NO miktar Griess
yéntemine gore belirlendi. 96-kuyulu plaklarda uyarim sonucunda hicre kiltlir ortami
toplandi ve analiz icin kullanildi. Orneklerde bulunan NO konsatrasyonunun belirlnmesi igin
Sodyum Nitrit'in (NaNO;) degisik konsatrasyonlariyla (0-10 uM) hazilanan standart egirisi
kullanildi. Ornekler ve standartlardan 100’er pl kuyucuklara eklendi ve Uzerilerine 25
Sulfanilamid (6,25 mM)-HCL (3M) karisimi eklenerek 560nm dalga boyunda arkaplan
absorbans degerleri Olglildii. Ardindan kuyulara 12,5 pl N(l-naftil) etilen diamin
dihidrokloriir (NEDA; 12,5 mM) eklenerek 560 nm dalga boyunda absorbans degerleri

Olgllerek konsantrasyonlar belirlendi.
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3.6.9. Resazurin indirgenmesi ile hiicre miktarinin belirlenmesi
Hicre miktarinin belirlenmesi amaciyla Resazurin indirgenmesi ydontemi kullanildi.
Resazurin normalde floresan olmayan bir madde iken hiicre igindeki dehidrojenaz
enzimleri tarafindan yikilarak floresan isima verebilen Rezorufin’e donlstlrtlmektedir. Bu
baglamda inkiibasyonu biten hiicreler (izerine son konsantrasyonu 10 pg/ml Olacak
sekilde resazurin eklendi. Hicre kiltir kabi 37°C'de 30 dakika inkilibe edildi ve 530 nm
eksitasyon ve 590 nm emisyon dalgaboylarinda floresan yogunluklar 6lctildii. Sonuclar

kontrole oranlanarak hesaplandi.

3.6.10. Hicre proliferasyonunun izlenmesi (Cell Tracking)

Prolifere olmayan mAGES hiicrelerinin tekrar proliferasyon kapasitesinin kzanadigini
gostermek icin CFSE (5-(ve 6)-Karboksifloresin diasetat suksinimidil ester) isaretlemesi
yapildi. Diferansiye mAGES hiicreleri PBS icindeki 10 uM CFSE ile 15 dk oda sicakliginda
inkiibe edilerek isaretlendi ve baglanmayan CFSE ortam ile yikanarak uzaklastirildi.
Ardindan hiicreler 1-10 glin arasinda FGF ile inkiibe edildi ve deney sonunda hicreler
Hoecsht H-33342 ile boyanarak yiksek ciktili hiicre analiz sisteminde (High Content
Screening, CellInsight CX5, Thermo Scientific, Schwerte, Alimanya) analiz edildi. Hiicre

basina elde edilen total CFSE miktarindaki azalmalara gore hiicrelerin kag kez bolindig

hesaplandi.
/& i‘\@r N b /':.VI-’:
v »‘J ‘4;‘. — /k; \‘ HO. O 0. OH
5 /’; 'y 0 o 5
e Y, ¢ s
NKH Olgun MAGES  CFSE NKH2
} > > >
0.Gin 3. Gin 0. Giin 8. Gin
 Biipa lle CFSE Isaretleme FGF2 ile Dediferansiyasyon
arkhlastirma

Sekil 2: CFSE isaretlemesi ile proliferasyon analizinin sematik gosterimi
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3.6.11. Canl hicre Gorilntileme
MAGES hiicrelerinin dediferansiyasyonu canl hiicre goriintlileme sistemiyle (Zeiss
cell observer) 37°C'de ve %5 CO, iceren kosullarda izlendi. Bu amacla hiicreler FGF2
muamelesinin 3. glntnde mikroskopa yerlestirildi ve kiltliir kabinda sabit alanlar
belirlendi. Bu alanlar 20X biyltmede her 15dk’da 8 glin boyunca AxioCamHRm kamera
sistemiyle gorintllendi. Hiucrelerin kiltir ortamindaki hareketleri ve proliferatif

davraniglari video halinde kaydedildi.

3.7. Arastirma Plani ve Takvimi

Arastirmanin takvimi su sekildedir:

Temmuz-
Arahk
2014
Ocak-
Haziran
Temmuz-
Arahk
2015
Ocak-
Haziran
2016
Temmuz-
Arahk
2016
Ocak-
Haziran
2017

CGRS Hiicrelerinin
farkhlastiriimasi

NKH
farkhlastiriimasi

mAGES
Karakterizasyonu

mAGES
Dediferansiyasyonu

Canli Hiicre
Goriintiilleme

Literatiir Okuma

Tez yazimi
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3.8. Verilerin Degerlendirilmesi
Veri analizleri Graphpad Prism’in 7.01 versiyonu ile yapildi. Dederler ortalama +
standart hata olarak verilmistir. Gruplar arasi karsilastirmalar Mann Withney U testi
kullanilarak gerceklestirildi. p degeri 0,05 ten kiigiik olan analizler istatistiksel anlamli

olarak ifade edildi.

3.9. Arastirmanin Sinirhliklari

Calismamizin tek sinirhligi sadece kok hiicreden elde edilen astrositlerde
gerceklestirilmis olmasidir. Daha gecerli ve kapsamli bir calisma olmasi icin primer astrosit
Uzerinde de deneylerin yapilmasi gerekmektedir. Ancak primer kiltlirdeki saflik problem
veya astrositlerin izolasyon sirasinda aktive olmalari sorun yaratmaktadir (Bkz. Kisim 2.6).
Bu ve yukarida sayilan benzer sebepler calismanin sinirliligi olmaktan gikmaktadir. Ayrica
kullanilan /n vitro model hayvan kullanimina alternatif olacak bir modeldir. Kdk hlicreden
Uretilen hiicrenin fareden elde edilen primer astrosit hattina denk olmasi daha 6nceki

calismalarda gosterilmistir [92].

3.10. Etik Kurul Onayi
Calisma DEU Girisimsel Olmayan Arastirmalar Etik kurulu tarafindan 3055-GOA

protokol ve 2016/32-09 karar numarasiyla uygun bulunmustur.
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4. BULGULAR
4.1.mAGES Hucrelerinde Astrosit ve NKH Belirteg Proteinlerinin Ekspresyonu

NKH’den mAGES farklilastiriimasi sirasinda NKH ve astrosit belirteglerinin mRNA ve
protein dlizeyleri degisik zaman noktalarinda incelendi. mRNA analizi icin 0, 1, 3 ve 5.
glinlerde RNA izolasyonu icin érnekler toplandi ve pozitif kontrol olarak primer astrosit
RNA’si kullanildi. Astrosit belirteci olarak GFAP, AQP4, S100B, GLT-1, GLAST, GS ve
ALDH1L1 ile NKH belirteci olarak Nestin, BLBP ve Olig2 mRNA’lar incelendi. mAGES
hiicreleri farklilasmasinda NKH belirteglerinin mRNA dizeyleri azalirken astrosit belirteg
dizeyleri artmaktadir (Sekil 3).

1%10°

Kat degisim

Il AGES Giin 0
1810 ° Bl AGES Gin 1
B mAGES Giin 3
1%10° B AGES Gin 5
[ Primer Astrositler
1%810°
1102
1810
1%10°
1%10
1910 2

GFAP AQP4 S$100p GLT-1 GLAST GS ALDH1L1 Nestin BLBP Olig2

Sekil 3: NKH ve mAGES hicrelerinde astrosit ve NKH belirte¢ mRNA dlizeylerinin zamana
bagli degisimi

NKH ve Astrosit belirteglerinin protein dlzeyinde incelemek igin hcreler
farklilasmanin 5. gliniinde fikse edildi ve Astrosit belirteci olarak GFAP, AQP4 ve S100 ile
NKH belirteci olarak Nestin ve SOX2 proteinleri boyandi. mAGES hiicreleri farklilasmasinda
NKH belirteclerinin protein diizeyleri azalirken astrosit belirte¢ dizeyleri artmaktadir (Sekil
4).
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Nestin SOX2 GFAP AQP4 S100PB

NKH

MAGES

boyama ile gosterimi

4.2.mAGES Hiicrelerinin Inflamatuvar Karakterizasyonu
mMAGES Huicrelerinin fonksiyonel karakterizasyonu igin NFkB niikleer translokasyonu,
proinflamatuar mRNA duzeyleri ve nitrit sekresyonlari incelendi. NFkB nukleer
translokasyonu igin hicreler IL-1, TNF-a ve IFN-y ve ayrica bu 3 sitokinin kombinasyonu
(Complete Cytokine Mix; CCM) ile uyarildi. NFkB translokasyonu olan hiicrelerin orani
toplam hucre sayisina oranlanarak hesaplandi. Uyarim sonucunda mAGES hucrelerinin
yaklasik %80’inde NFkB translokasyonu gergeklesmistir (Sekil 5).

100 A

kkkk

*kk*k

80 1 *kk*k

60 -

40

hiicre sayisi [%]

20

NFgB transloke olan

Kontrol TNF-q IL-1 IFNy CCM

Sekil 5: mAGES Hucrelerinde inflamatuar uyaranlarla NFkB niikleer translokasyonu
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MAGES hiicrelerinde proinflamatuvar mRNA'larin dizeylerinin belirlenmesi igin
farklilastinlmis hicreler 4 saat boyunca CCM ile uyarildi ve RNA izolasyonu yapilarak IL-
1B, IL-6, TNF-q, iNOS, Interferon-beta (IFN-B), Cox-2, TLR2 ve TLR3 mRNA'lari amplifiye
edildi. Uyarim sonucunda mAGES hicrelerinin primer astrositlere benzer bir patternde pro-

inflamatuvar yanit verdigi belirlendi (Sekil 6).

1%10 °y ) Bl NkH
Bl nAGES
* B Primer Astrositler
1310 ‘4
*
3
1810 1 . . .
E
o *
i)
o 1310 %4
[a]
; *
X
1%%10 "4
1310 °
1810 '

IL-1p8 IL-6 TNF-a iNOS IFN -8 Cox-2 TLR2 TLR3

Sekil 6: NKH, mAGES ve Primer astrositlerde CCM ile uyarim sonucu pro-inflamatuar

belirtec mRNA'larinin degisimi

Inflamatuar yanitlarin degerlendiriimesi amaciyla inflamatuar uyarim sonucu hiicre
kiltir ortamina salinan Nitrit (NO,) konsantrasyonu Griess yontemiyle &lclldu.
Farkhlastirlan mAGES hicreleri IL-18, TNF-a ve IFN-y ve ayrica bu 3 sitokinin
kombinasyonu (CCM) ile 72 saat inklibe edildi ve hicre kiltir ortami toplanarak NO;
belirlendi. Olglim sonucuna gore hiicrelerin sadece CCM ile uyarim sonucunda NO
salgiladikleri belirlendi (Sekil 7).
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Sekil 7: mAGES'da inflamatuar uyarim sonucunda Nitrit (NO;") salinimi

4.3.mAGES Hiicrelerinin Dediferansiyasyon Kapasitesi

MAGES hiicrelerinin dediferansiyasyon kapasitesini incelemek (izere hicreler 20
ng/ml FGF ile 8 gline kadar inkilibe edildi. Bu stire boyunca hiicrelerdeki GFAP ve Nestin
dizeyleri immunfloresan boyama yontemiyle incelendi. Elde ettigimiz gorintilere gore
GFAP protein dlizeyleri zamanla azalirken Nestin ile boyanan hiicre sayisi artmaktadir
(Sekil 8 ve 9). Ayrica normalde hticre dénglsinden ¢ikan bu hicreler tek hiicre dongusiine
girerek prolifere olmaya baslamiglardir (Sekil 9). Canli hiicre gérintlileme deneylerimizde
de FGF ile uyarilan hiicrelerde proliferasyonun meydana geldigi, ancak normal kosullarda

hiicrelerin boliinmedigi gosterilmistir (Sekil 10).
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Sekil 8: FGF ile uyarim sonucu Astrosit ve NKH belirteglerinin immunfloresan boyama ile
gOsterilmesi
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Sekil 9: FGF2 ile dediferansiyasyonda hiicre proliferasyonu ve astrosit-NKH belirteclerinin
zamana bagh degisimi

FGF

Sekil 10: Canli hiicre gorintileme yontemiyle dediferansiyasyon sirasinda
proliferasyonun degisik zaman noktalarindaki gortintileri
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MAGES dediferansiyasyonunda prolifere olan hicrelerin kbkenini belirlemek amaciyla
ve hiicrelerin kag kez boliinerek prolifere oldugunu gostermek amaciyla CFSE ile
isaretlenen hiicreler degisik sirelerde FGF ile inkiibe edildi ve inkiibasyon sonunda
hiicrelerdeki toplam CFSE yogunlugu olglildi. CFSE yogunlugundaki azalma hiicrelerin
mitoz bollinme gecirdigini gostermektedir. Elde ettigimiz sonuca gore 8. giine dogru CFSE
yogunlugu iyice azalmis (Sekil 11) ve hicrelerin 1'den fazla kez bdliinme gecirerek

prolifere oldugu saptanmistir (Sekil 12).
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Sekil 11: CFSE ile isaretli mAGES hicrelerinin FGF ile degisik zamanlarda inkiibasyonu
sonucu elde edilen CSFE yogunluk histogramlari
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Sekil 12: CFSE yogunluguna gore hesaplanan hiicre boliinme sayilari
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Tam bunlarla birlikte astrosit belirteclerinden GFAP, AQP4, S1003, GLT1, ALDH1L1,
GLAST ve GS ile NKH belirteclerinden Nestin, BLBP, Sox2 ve Olig2'nin mRNA dizeyleri

gPCR ile incelendi. FGF ile inkiibe edilen hiicrelerde zamana bagli olarak astrosit belirtecleri

azalirken NKH belirteclerinin arttigi gdzlenmistir (Sekil 13).
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Sekil 13: Astrosit ve NKH belirteclerinin mRNA dlizeylerinin dediferansiyasyon sirasinda

zamana bagl degisii
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MAGES dediferansiyasyonu sirasinda hiicrelerin inflamatuar 6zellikleri azalmaktadir.
Bu durumu NFkB translokasyonunun dlglimesi ile belirledik. 8 gine kadar FGF ile
dediferansiye olan mAGES hucreleri CCM ile 30 dk boyunca uyarilarak NFkB
translokasyon protokoll uygulandi. Elde ettigimiz sonuca gore dediferansiyasyonun 5.
gununden itibaren NFkB translokasyon yanitlari azalmaktadir (Sekil 14).
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Sekil 14: Dediferansiyasyon sirasinda NFkB niikleer translokasyon yanitinin degisimi

4.4. Reaktif Astrositlerde mAGES Dediferansiyasyonu
mMAGES hiicrelerinin inflamatuar uyaranlar ve bunlarin degisik kombinasyonlariyla
dediferansiyasyonun nasil etkilendigi resazurin indirgenmesi, EdU, GFAP ve Nestin
boyamalariyla incelendi. Sitokinlerin tek uygulanmalari dediferansiyasyonu az miktarda
baskilarken kombinasyonlarinin additif etki gosterdigi belirlendi (Sekil 15). Ayrica CCM ile
uyarim ve IFN-y uyarimi ayni oranlarda baskilamistir. Bu bulguya goére baskilayici etkide

temel rolii olan sitokinin IFN-y oldugunu distinerek sinyal mekanizmasi arastirildi.
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Sekil 15: Inflamatuar uyaranlarin mAGES Dediferansiyasyonuna etkileri

4.5.STAT1 sinyallemesinin astrosit dediferansiyasyonundaki rol(

Astrosit dediferensiyasyonunda inhibitor etkinin IFN-y kaynakl oldugu
dislnildigiinden etki mekanizmasinin STAT1 araciligiyla olup olmadigini belirlemek igin
JAK1/2 inhibitoér molekiilii olan Ruxolitinib (1 nM-10 uM) ile interferon sinyal yolagini
baskiladik. Elde ettigimiz sonuclara gére CCM uyarimi sonucu 8 giin boyunca FGF2 ile

indliklenen proliferasyon ve Nestin ekpresyonu azalmis, azalan GFAP ekspresyonu ise
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artmistir. Ancak Ruxolitinib kullandigimizda hiicreler tekrar prolifere olmus, Nestin

ekspresyonu artmis ve GFAP ekspresyonu azalmistir (Sekil 16).
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Sekil 16: Ruxolitinib'in CCM ile baskilanan astrosit dediferansiyasyonuna etkisi

Ayrica, IFN-y uyarimi sonucu 8 glin boyunca FGF2 ile indliklenen proliferasyon ve

Nestin ekpresyonu azalmis, FGF2 muamelesi ile azalan GFAP ekspresyonu ise artmistir.

Ancak Ruxolitinib ekledigimizde hicreler tekrar prolifere olmus, Nestin ekspresyonu
artmis ve GFAP ekspresyonu azalmistir (Sekil 17).
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Sekil 17:Ruxolitinib'in IFN-y ile baskilanan astrosit dediferansiyasyonuna etkisi
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5. TARTISMA

Post-mitotik astrositler yalnizca belirli durumlarda yeniden hiicre déngistine girerek
prolifere olmaktadir [12, 24]. Ancak astrositlerin dediferansiyasyonu ve ndrona yeniden
farklilasmasi genetik olarak yeniden programlanmayi veya in vitro modellemesi gok zor
olan patolojik kosullari gerektirmektedir. In vitro nérosfer modeli calismalarinda nérojenik
hicrelerin ortaya cikisinin lezyon bdlgesindeki astrositlerin direk dénlsiminden ziyade
kok hicrelerin lezyon bolgesine go¢ etmesi sonucu olabilecedi ortaya konmustur [12, 17,
93-95]. Bizim calismamiz ise astrosit dediferansiyasyonunun farzedilen mekanizmasi ve
Ozelliklerinin tanimlanmasinda karsilagilan zorluklari ortadan kaldirmaktadir. Bu ylizden
molekiiler biyolojik ve gen mihendisligi yaklagimlarini kullanmadan olgun astrositlerde
hiicre dongisiine yeniden girisini kanitlayabilecegimiz farkli bir deneysel yaklasim
kullanildi. mAGES astrosit kiltlirlerindeki ylksek orandaki homojenite; hticre tipi,
fonksiyonu ve plastisitesindeki degisikleri uzun zaman diliminde kantitasyona minimal
dizeydeki karisiklik ile olanak saglamaktadir. mAGES hiicrelerinden FGF2'ye maruz
birakilarak dediferansiye edilen ndrojenik NKH benzeri NKH2 hicreleri kendilerini
yenileme, fenotip, proliferasyon 6zellikleri ve bipotent farklilasma kapasitesine sahiptir.
Ozellikle mAGES hiicre kiiltiiriinde pasajlama islemi gerekmeksizin sadece ortam
degistirilerek noronlara farkhlastinlabilmektedir [92]. Bu sekildeki bir donisimde
transdiferansiyasyon olmadan iki basamakli bir farklilagma olmaktadir: i) mAGES hicreleri
NKH2'ye dediferansiye olmakta (8 giin, FGF2 ile) ve ii) NKH2 hicreleri nérona
farklilastinimaktadir (14 gin).

Primer hiicre veya diger karmasik hiicre kiltiir sistemlerinde dediferansiyasyonun en
temel sorunu mevcut kdk hicre populasyonunun dislanamamasidir. mAGES hiicrelerinin
tamamen karakterize edilmis olmalarina ragmen [92], astrositlerinin tiiminin NKH2'ye
farklilasmasinin  dogrudan kanitlanabilmesi oldukga ©6nem tasimaktadir. CFSE
seyrelmesiyle hiicre bélinmesi analizi ve canli hiicre gériintiileme ydntemleri direkt olarak
hicre bélinmelerini dlgerek yaklasik %90 oraninda hiicrenin deney yapilan zaman

araliginda yeniden hiicre dongisine girdigini gosterdi. Bu denli yiksek bir oran NKH2
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olusumunda diisiik bir oranda mAGES hiicre grubunun dislanabilirligini ve uygun kosullar
saglandiginda yilksek verimle astrositlerin dediferansiye oldugunu gostermektedir.
Literatiirle kiyasladigimizda ise Sirko ve ark. tarafindan 2013 yilinda yayinlanan galismada
kesici-delici alet yaralanmasi modelinde fare beyinlerinden izole edilen astrositlerin
yalnizca %22,5'i nérosfer olusturabilmistir [12].

Bazi calismalarda ise astrositlerde proliferasyonun uyariimasi icin EGF'nin gerekli
oldugu belirtilmistir [6, 7]. Ancak mMAGES hiicrelerinde fonksiyonel EGF reseptori
bulunmasina ragmen bizim calismamizda sadece FGF2 uygulamasi dediferansiyasyonu
indUklemistir. Ayrica primer astrositlerle yapilan calismalarda FGF2 inkibasyonu ile
hiicrelerin tekrar hiicre dongisline girerek prolifere oldugu gosterilmistir [8-10].
Calismalar arasindaki bu sekildeki uyumsuzluklar hiicrelerin olgunluk diizeyine gére farkl
sinyalleme sistemlerinin aktive olmasindan kaynaklanabilmektedir. Bu baglamda EGF'nin
daha az farklilagsmis hticrelerde, primer astrosit kultliriindeki bazi alt popullasyonlarda etkili

olabilecegi disiintilmektedir.

Calismamiz sonucunda elde ettigimiz bulgular FGF2'nin sinir sistemi gelisimi [96] ve
akut MSS hasarlarindaki rolleriyle [13] uyumludur. FGF2 kok hicrelerde NKH
proliferasyonunu uyarmakta ve travmatik hasar veya iskemi sonrasi rejenerasyonu
ilerletmektedir [13, 97, 98]. Akut noérotravma vakalarinda artmis olan FGF2 bu durumlarda
goriilen astrosit proliferasyonu ile koreledir ancak Parkinson hastaligi gibi kronik
ndérodejeneratif hastaliklarda FGF2 diizeylerinin dlslik olmasi [99] dolayisiyla astrositler

prolifere olamamaktadir [12].

mMAGES kullanimina alternatif olarak tam olarak farklilasmis saf astrosit poptilasyonu
elde etmek icin uygulanacak yontem akim sitometrik hicre dizilemedir (6rn. Aqp4/GLT-1
pozitif hicreler). Fakat bu islem serum maruziyeti (beyin hicreleri icin fizyolojik olmayan
bir durum) ve astrositlerin tripsin muamalesiyle kulttir kabindan kaldiriimasini
icermektedir. Bu islemler astrositleri aktive etmekte ve hiicre karakteristiklerini

degistirmektedir [1, 21, 100]. Calismamizin bulgularn yukarida saydigimiz dis etkenlerin
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ornegi olarak patolojik olarak etkili maddelerin dediferansiyasyonu baskilayici etkisini
gostermis ve bunlardan IFNy’nin rolind basariyla saptayarak istenmeyen etkilerini
dogrulamistir. IFNy ve CCM, STAT1 vyolagini aktive ederek dediferansiyasyonu
baskilamakta ve JAK/STAT yolagi inhibitdrli Ruxolitinib ise bu etkiyi baskilayarak FGF ile
indlklenmis proliferasyonu devam ettirmektedir. Ancak STAT1 ve FGF2 sinyallemeleri
arasindaki molekiler badlantilarin  ortaya cikarlmasi  gerekmektedir.  Astrosit
dediferansiyasyonu; yalnizca in vivo infiltre olan hicreler [81, 101] veya mikroglia [102,
103] tarafindan (retilen sitokin IFNy tarafindan degil, mikroglia tarafindan yiksek
miktarda salgilanan pro-inflamatuar molekillerden TNF ve IL-1 [76-80] tarafindan da
inhibe edilmektedir.

37



6. SONUC VE ONERILER

Sonug¢ olarak calismamizda astrositlerin, yeni néronlara farklilasma kapasitesine
sahip NKH'lere donlismesi sirasinda immiin yanitlarin siireci nasil etkiledigi ve bu etkiyi
hangi yolak Uzerinden gosterdigi ortaya cikarildi. Calismamizda gelistirdigimiz sistem,
bulgularimiz i1siginda yeni hedeflerin tanimlanmasina ve MSS patolojilerinde astrositlerin
ndronlara donlstirtlmesi icin yeni ilac adaylarinin taranmasini kolaylastiracak ve daha

sonra in vivo etkinlik denemelerine 6n bilgi saglayacaktir.

Ayrica dediferansiyasyonun IFNy ile inhibe edilmesi mekanizmasinin Ruxolitinib ile
geri doniusiimiinde FGF2 yolagi ile JAK/STAT yoladi arasindaki molekiiler etkilesimlerin

aciga cikariimasi yeni ilag hedeflerini ortaya cikaracaktir.
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ABSTRACT

Conversion of astrocytes to neurons, via de-differentiation to neural stem cells (NSC), may be a
new approach to treat neurodegenerative diseases and brain injuries. The signaling factors affect-
ing such a cell conversion are poorly understood, and they are hard to identify in complex disease
models or conventional cell cultures. To address this question, we developed a serum-free, strictly
controlled culture system of pure and homogeneous “astrocytes generated from murine embryon-
ic stem cells (ESC).” These stem cell derived astrocytes (mAGES), as well as standard primary astro-
cytes resumed proliferation upon addition of FGF. The signaling of FGF receptor tyrosine kinase
converted GFAP-positive mAGES to nestin-positive NSC. ERK phosphorylation was necessary, but
not sufficient, for cell cycle re-entry, as EGF triggered no de-differentiation. The NSC obtained by
de-differentiation of mMAGES were similar to those obtained directly by differentiation of ESC, as
evidenced by standard phenotyping, and also by transcriptome mapping, metabolic profiling, and
by differentiation to neurons or astrocytes. The de-differentiation was negatively affected by
inflaimmatory mediators, and in particular, interferon-y strongly impaired the formation of NSC
from mAGES by a pathway involving phosphorylation of STAT1, but not the generation of nitric
oxide. Thus, two antagonistic signaling pathways were identified here that affect fate conversion
of astrocytes independent of genetic manipulation. The complex interplay of the respective signal-
ing molecules that promote/inhibit astrocyte de-differentiation may explain why astrocytes do not
readily form neural stem cells in most diseases. Increased knowledge of such factors may provide
therapeutic opportunities to favor such conversions. STEM CELLS 2016;34:2861-2874

SIGNIFICANCE STATEMENT

Making use of completely growth arrested, mature stem cell-derived murine astrocytes
(mAGES), we demonstrate here the reprogramming of such cells into neural stem cells by
FGF2, and attenuation of this process by inflammatory cytokines. The findings shed light on
the factors and signaling mechanisms involved in astrocyte plasticity, with respect to regenera-
tive processes in the brain that depend on astrocyte derived neural stem cells.

During inflammation or disease, astrocyte
activation is promoted by cytokines released
from, for example, microglia [14-18], infiltrat-
ing leukocytes [19], or stressed neurons (ATP;
reactive oxygen species) [20, 21]. The resultant
“astrogliosis” may have both detrimental and

INTRODUCTION

Astrocytes are well-recognized for their inflam-
matory activation upon injury, but less is
known on factors that affect their plasticity
and lineage commitment. For example, neuro-

genesis from astrocytic neural stem cells has
been demonstrated in certain niches of the
adult mammalian brain [1-4]. Outside these
niches, conversion of mature astrocytes into
functional neurons requires expression of
ectopic neurogenic transcription factors [5-13].
For therapeutic purposes, conversion of astro-
cytes to neurons without genetic reprogram-
ming would be favorable.

STEM CELLS 2016;34:2861-2874 www.StemCells.com

beneficial effects on neuron regeneration [22,
23]. Important features of severe astrogliosis
are the re-entry of mature, nonproliferating
astrocytes into the cell cycle, and the forma-
tion of glial scars [23-27]. For instance, activa-
tion of the transcription factor NF-kB by TNF
has been shown to be associated with a de-
differentiation of astrocytes [28, 29]. Some of
these astrocytes re-express markers normally
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found in neural stem cells, such as nestin [20, 30, 31]. The
potential of astrocytes to be transformed into cells capable of
generating neurons may be used for future neuroregenerative
therapies, if more becomes known why they normally stay
within their astrocytic lineage in vivo [24, 32, 33].

Mature astrocytes do not normally proliferate in the intact
brain [23, 34], but several molecules that induce cell cycle re-
entry and reversion to stem cells have been described [35].
These comprise nucleotides [36, 37], and growth factors such
as EGF [38, 39], FGF2 [40-42], or sonic hedgehog (SHH) [43].
Pioneering work by Magdalena Gotz and colleagues found
that SHH also de-differentiated astrocytes in certain mouse
injury models. Astrocytes exposed to this factor and isolated
even from uninjured brains could be converted into self-
renewing and neurogenic neural stem cells in vitro, although
neurogenesis could not be demonstrated in vivo [44].

The reason for the failure of astrocytes to form neurons
in vivo might be the release of inhibitory factors during
inflammation or disease [45]. Such signals could either pre-
vent de-differentiation and cell cycle re-entry [46], or they
may favor astrocyte lineage commitment over neurogenesis
(e.g., bone morphogenetic proteins (BMPs) [47, 48], or notch
signaling [49]). Several factors that promote [28] and inhibit
de-differentiation and neurogenic conversion may be released
simultaneously in disease models [44, 45], and this makes it
hard to identify targets that would allow pharmacological trig-
gering of endogenous de-differentiation and neurogenesis
from astrocytes [10, 50].

An alternative approach to in vivo disease models are
well-controlled cell cultures. We have recently established an
in vitro system of pure and post-mitotic “murine astrocytes
generated from embryonic stem cells” (mAGES) [51]. These
cells show transriptomic, metabolic, and functional (glutamate
uptake, glutamine release, response to cytokines) properties
similar to primary astrocytes. As they can be maintained in
medium without serum, their inflammatory activation state is
very low, and the culture system allows the addition or
removal of single factors under strictly controlled conditions.
We tested several factors for their capacity to de-differentiate
mMAGES to NSC and found that the addition of FGF2 induced
cell cycle re-entry and a full conversion of astrocytes into neu-
rogenic NSC. This system was used to explore underlying sig-
naling pathways. Moreover, we used the system to identify
inflammatory factors that inhibit neurogenic conversion of
astrocytes. IFN-y (IFNvy) and the JAK-STAT pathway triggered
by this cytokine were identified as important counter-
regulators of de-differentiation.

MATERIALS AND IMETHODS

Full details are given in Supporting Information

Differentiation/Preparation of Neural Stem Cells,
mAGES, and Primary Astrocytes

NSC and mAGES were differentiated from murine embryonic
stem cells (mESC) and maintained as described earlier [51]. In
brief, NSC were maintained in N2B27-medium [1:1 DMEM/
F12 and Neurobasal-medium,  N2-supplement, B27-
supplement, 2 mM Glutamax, 100 uM B-mercaptoethanol,
7.5 pg/ml insulin, 50 pg/ml BSA] supplemented with 20 ng/
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ml EGF and FGF2. NSC were re-plated in N2B27-medium sup-
plemented with 20 ng/ml bone morphogenetic protein 4
(BMP4) and differentiated into mAGES for 5 days. If mAGES
were cultured for longer periods, medium containing 10 ng/
ml BMP4 was changed every other day. Preparation of prima-
ry astrocytes [14, 17] is described in Supporting Information.

De-Differentiation of mAGES to NSC2

Five days-old mAGES were washed twice with PBS, and
N2B27-medium supplemented with 20 ng/ml FGF2 was
added. Medium was changed every other day. Experiments
were performed on day 1-10. As control, cells were cultured
in N2B27-medium without BMP4 and FGF2. To further main-
tain mAGES-derived NSC2, cells were re-plated at a density of
10,000 cells per cm? in N2B27-medium supplemented with 20
ng/ml FGF2 (*EGF) on gelatin-coated dishes. Medium was
changed every other day, and cells were passaged twice a
week equal to original NSC.

Differentiation of NSC/NSC2 into Neurons

NSC2 were seeded at a density of 30,000 cells per cm? in
N2B27-medium supplemented with 10 ng/ml FGF2 on poly-L-
ornithine-hydrobromide/laminin coated plates. On day 2, FGF2
concentration was reduced to 5 ng/ml. On day 4, N2B27-
medium without FGF2 was added. Medium was changed every
other day. Experiments were performed on day 14-21.

Quantitative RT-PCR, Immunocytochemistry, and EdU
Labeling

Quantitative PCR (qPCR) and immunocytochemistry have been
performed as described before [51]. Primers and antibodies
are listed in Supporting Information. To detect DNA synthesis,
cells were incubated for 48 hours with 10 uM of the thymi-
dine analog 5-Ethynyl-2’-deoxyuridine (EdU) (Baseclick, BCK-
EJU555, Neuried, Germany), then fixed, permeabilized, and
stained according to the manufacturer’s instruction. Antigen-
positive cells (1,000 cells/condition) were counted by the
automated screening microscope Celllnsight CX5 (Thermo Sci-
entific, Schwerte, Germany) using the predefined algorithm
“target activation.”

Measurement of Viability/Proliferation

Resazurin reduction and release of lactate dehydrogenase
(LDH) were measured according to standard protocols [52].

Live Imaging and Single Cell Tracking

De-differentiation of mAGES was followed by time-lapse video
microscopy on a Zeiss cell observer at 37°C. Phase contrast
images were taken every 15 minutes from day 3-10 using a
20x phase contrast objective and an AxioCamHRm camera. In
addition, mAGES were transfected for single cell tracking with
a retroviral vector encoding DsRed, as described earlier [53].
Pictures of the red channel were taken every 0.5 hour with a
10x objective. Single cell tracking and the generation of con-
secutive lineage trees was performed using Timm’s Tracking
Tool as described earlier [54, 55].

CFSE Labeling and Measurement of Label Dilution in
Adherent Culture

Adherent cultures of mAGES were incubated with 10 uM
CFSE (in PBS) for 15 minutes, and washed thereafter. De-
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differentiation was initiated by addition of 20 ng/ml FGF2. At
the end of the incubation, cells were stained with H-33342,
and total CFSE intensity per cell was measured in live cells by
an automated screening microscope (Cellinsight CX5, Thermo
Scientific, Schwerte, Germany). As control, CFSE-labeled astro-
cytes were maintained in medium without growth factors. To
define the classes of non-dividing and dividing cells, a thresh-
old has been set, which comprises 95% of the cells in control
cultures. To normalize the data with regard to the starting
population (day 0), cells were grouped into cells that have
divided once, twice, or three times. Label-dilution factors per
cell were used to back-calculate numbers of divisions, assum-
ing a serial log2 intensity reduction per cell division.

Statistical Analysis

Experimental data are based on three “biological replicates”
(different cell lots/differentiations); each of these data points
being the means of several “technical replicates” (repeated
measures/wells within one experiment), unless otherwise stat-
ed. Data are presented as means = SEM. Statistical analysis
was performed using ANOVA with GraphPad Prism, followed
by Dunnett’s post hoc test, unless otherwise indicated.

RESULTS

Cell Cycle Re-Entry of Mature Astrocytes under
Defined Conditions

To investigate cell cycle re-entry of murine astrocytes, cells
were exposed to the growth factors EGF and FGF2, and incor-
poration of the thymidine analog EdU was measured to
detect DNA synthesis/proliferation. Standard primary astro-
cytes [14, 17], normally maintained in medium containing
10% serum, were cultured in N2B27-medium without serum
to exclude effects of other growth factors. In such cultures,
some basic proliferation was observed, and this was increased
by exposure to EGF for 8 days (about 10% of cells). FGF2
induced proliferation of a significantly larger fraction of cells
(Fig. 1A, 1B), and EGF attenuated the response to FGF2.
Affected astrocytes under these conditions divided once or
twice within 10 days, and then exited the cell cycle again.
Observations beyond that time frame were not pursued, due
to the difficulty to maintain our primary cultures without
serum and endothelium-derived factors [56] for more than
two weeks (data not shown).

As second experimental system, homogeneous cultures of
murine astrocytes generated from embryonic stem cells
(mAGES) [51] were used. In such cells, no basic proliferation
was observed at all, and added EGF had no effect. However,
most of the cells started to proliferate when exposed to FGF2
(Fig. 1C, 1D), and EGF did not blunt this effect. Cell cycle re-
entry was sustainable, as mAGES exposed to FGF2 for 8 days
could be replated and further expanded in N2B27-medium
containing FGF2 (Supporting Information Fig. 1). Thus, mAGES
as well as primary astrocytes re-enter the cell cycle in
response to FGF2, although the time course and re-entry effi-
ciency differed between both cell types.

Conversion of mAGES to Neural Stem Cells by FGF2

Phenotypic changes associated with cell cycle re-entry were
investigated by immunocytochemistry. Standard primary

www.StemCells.com

astrocyte cultures, as also observed by others [57-59], always
contained some nestin-positive cells (neural stem cell marker),
and some glial fibrillary acidic protein (GFAP, astrocyte mark-
er)-nestin double-positive immature astrocytes. Upon FGF2
exposure, nestin-staining increased, while GFAP expression
decreased. This switch from a genuine astrocytic phenotype
to a more immature precursor cell type was also observed in
mAGES (Fig. 1B, 1D; Supporting Information Fig. 2A, 2B). In
the latter cultures, star-shaped astrocytes with fine radial pro-
cesses adopted hypertrophic processes (typically seen in reac-
tive astrocytes) within the first few days of FGF2 exposure. At
day 6, they adopted a bipolar morphology with two elongated
processes, and finally the typical morphology of neural stem
cells (NSC) was observed (Supporting Information Fig. 3).
Thus, astrocytes exposed to FGF2 did not only re-enter the
cell cycle, but also generated neural stem-like cells (NSC2),
which could be maintained (by FGF2 or by FGF2 plus EGF) in
a self-renewing state for >14 passages (Fig. 1E, Supporting
Information Fig. 1).

A quantification of this conversion showed that EdU incor-
poration and downregulation of GFAP started from day 5 to
6. Upregulation of nestin expression started directly after
FGF2 exposure, and increased continuously (Fig. 2A, 2B).

The mMAGES cultures were selected for further studies on
cell cycle re-entry as they are more homogeneous, show no
basic proliferation and no need for serum. To ascertain that
all cells in these cultures were fully differentiated astrocytes,
mAGES were cultured for one month in BMP4-containing
medium, under conditions in which transiently-silenced pre-
cursor cells are unlikely to survive [60]. The subsequent with-
drawal of BMP4 and exposure to FGF2 resulted in a
conversion into NSC2 with the same time course and efficien-
cy as with 5-days old mAGES (Fig. 2C). Removal of BMP4 did
not induce a de-differentiation within 8 days as shown by a
lack of EdU incorporation. Moreover, we repeated the process
with mAGES derived from three single cell clones of NSC, and
with iPS-derived mAGES. In all cultures nestin and EdU incor-
poration were upregulated by FGF2, while GFAP-expression
was downregulated (Fig. 2D). Thus, conversion of mAGES to
NSC2 required FGF2 and was generalizable for various NSC.

Need for FGF2 Signaling, but not EGF, for mAGES
De-Differentiation

For investigation of the signaling events involved in the con-
version of mAGES into NSC2, phosphorylation of key proteins
was quantified in the absence or presence of pathway-specific
kinase inhibitors (Fig. 3A). An increased phosphorylation of
ERK (pERK) and AKT (pAKT) was observed in response to FGF2
(Fig. 3B); levels of phosphorylated p38, JNK, or c-jun did not
change (Supporting Information Fig. 4A). SU5402 (inhibitor of
the FGF receptor (FGFR1) tyrosine kinase) inhibited the FGF2-
induced phosphorylation of ERK and AKT (Fig. 3B, 3C) at non-
cytotoxic concentrations (Supporting Information Fig. 4B). This
was paralleled by an inhibition of the de-differentiation of
mMAGES in the presence of FGF2, as seen from reduced prolif-
eration, inhibited EdU incorporation, and reduced expression
of nestin (Fig. 3D, 3E). Thus, FGF receptor kinase activity was
necessary for the conversion of mAGES to NSC2.

While Ly294002 (inhibitor of AKT phosphorylation) did not
affect the response of mMAGES exposed to FGF2 (data not
shown), the MEK1/2 inhibitor U0126 (prevention of pERK
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Figure 1. Cell cycle re-entry of mature astrocytes under controlled conditions. (A): Primary murine astrocytes were exposed to 20 ng/ml

FGF2 or 20 ng/ml EGF or combinations thereof for 8 days. The nucleoside analog EdU (10 pM) was added during the last 48 hours. EdU incor-
poration into the DNA was visualized by immunocytochemistry, and the number of EdU-positive nuclei was counted by an automated
screening microscope (1000 nuclei/condition). Data are means * SEM for three cell preparations. ***, p <.0001; *, p < .01 (Tukey’s post-
test). (B): Representative images are shown for cells treated as in (A). Left: EdU incorporation was visualized by immunocytochemistry
(green), and nuclei were stained with H-33342 (red). Right: GFAP (green) and nestin (red) were visualized by immunocytochemistry, and
nuclei were stained with H-33342 (blue). (C): Three different lots of MAGES were treated and analyzed as in (A). In control cultures (N2B27,
serum-free medium without additional factors), less than one cell per condition was found to be EdU-positive (< 0.1%). Data for cells
exposed to growth factors are as indicated (given as means = SEM). ***, p <.0001; ns, not significant (Tukey’s post-test). (D): The mAGES
were immunostained as in (B); a scale bar and color keys are displayed on the images. (E): Summary of the experimental procedure and find-
ings of A-D: FGF2 drives the transformation of GFAP-positive, nonproliferating astrocytes (here exemplified by the pure and defined popula-
tion of MAGES to proliferating nestin-positive neural stem cells (here called NSC2). Abbreviations: EdU, 5-Ethynyl-2’-deoxyuridine; GFAP, glial
fibrillary acidic protein; mAGES, murine astrocytes generated from embryonic stem cells; NSC2, neural stem-like cells.

formation) (Supporting Information Fig. 5A) inhibited the FGF2-
induced proliferation of MAGES (Supporting Information Fig. 5B).
U0126 also inhibited DNA synthesis in mMAGES exposed to FGF2
(Supporting Information Fig. 5C) at non-cytotoxic concentrations
(Supporting Information Fig. 5D), while FGF2-induced upregula-
tion of nestin was not affected (Supporting Information Fig. 5C).
This suggests that FGF receptor-induced phosphorylation of ERK,
but not AKT, drives cell cycle re-entry, but not necessarily acquisi-
tion of other stem cell properties (nestin regulation).

Since other studies described rather an involvement of EGF
than FGF2 in the de-differentiation of astrocytes, we investigat-
ed a putative role of endogenously produced EGF [38, 39]. The
EGF receptor kinase inhibitor gefitinib inhibited EGF-induced
phosphorylation of ERK and AKT at non-cytotoxic concentration
of 0.1 pM (Fig. 3F, Supporting Information Fig. 6A), while

©AlphaMed Press 2016

phosphorylation of ERK and AKT induced by FGF2 was not
affected (Fig. 3F, Supporting Information Fig. 6D). To test if any
indirect EGF receptor activation is necessary for the de-
differentiation of mAGES, cells were coexposed to FGF2 plus
gefitinib (1 uM). The EGF receptor inhibitor had no effect on
EdU incorporation, nestin expression (Fig. 3G), or proliferation
(Supporting Information Fig. 6B, 6C). Thus, EGF is neither suffi-
cient (Fig. 1C) nor necessary for the conversion of mAGES into
NSC2.

Characterization of NSC2 as Multipotent
Neural Stem Cells

After having found that NSC2 are able to self-renew (>14
passages), we investigated their developmental potency with
respect to neurogenesis and gliogenesis: when NSC2 were
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Figure 2. Conversion of mAGES to neural stem cells by FGF2. (A): Cultures of mAGES were exposed to 20 ng/ml FGF2 for 1-9 days,
before they were fixed. EdU was added 48 hours prior to termination of the experiment. The percentage of EdU-positive nuclei was
determined. (B): GFAP and nestin were visualized by immunocytochemistry in cells treated as in (A). The percentage of positive cells is
displayed. (C): As shown in the schematic, NSC were differentiated for 30 days to mAGES by exposure to BMP4, before they were
exposed to FGF2 (0 or 20 ng/ml) for 8 days. EdU was added to the medium for the last 48 hours. GFAP and nestin were visualized by
immunocytochemistry. Nuclei were stained with H-33342. FGF2 induced a conversion of fully mature mAGES into NSC2. Note that
exposure of NSC to BMP4 for 5 days leads to homogeneous cultures of nonproliferating mAGES; long-term differentiation was chosen
to render unlikely the presence of remaining NSC. (D): Embryonic stem cell-derived NSC (pool), three single cells clones of these NSC
(#1-3), and induced pluripotent stem cell (iPS)-derived NSC were differentiated to mAGES (the left side of the diagram shows a typical
phenotypic outcome for pool cells). Such mAGES were exposed to FGF2 for 8 days, and incubated with EdU for the last 48 hours. GFAP,
nestin, and EdU-incorporation were visualized by immunocytochemistry, and the percentage of positive cells was determined by an
automated screening microscope (means = SEM). Abbreviations: EdU, 5-Ethynyl-2’-deoxyuridine; GFAP, glial fibrillary acidic protein;
mMAGES, murine astrocytes generated from embryonic stem cells; NSC, neural stem cells; NSC2, neural stem-like cells; n.d, not
detectable.

exposed to BMP4, they adopted the typical star-shaped mor-
phology of astrocytes within 3 days, and expressed GFAP and
aquaporin 4 (Aqp4) to a similar extent as mAGES (Fig. 4A,
4B). The resultant astrocyte population was therefore termed

www.StemCells.com

“mAGES2.” To investigate the neurogenic potential of NSC2,
they were re-plated on poly-ornithine/laminin, and FGF2 was
gradually withdrawn from the medium to allow spontaneous
differentiation. After 14 days, the culture consisted of 60%
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Figure 3. Need for FGF2 signaling, but not EGF, for mAGES de-differentiation. (A): Overview of inhibitor targets and signaling pathways
affecting de-differentiation from mAGES to NSC2. (B): Cultures of mAGES were preincubated for 30 minutes with SU5402 (10 puM), and
exposed to FGF2 (20 ng/ml) for 20 minutes. Cell lysates were analyzed by Western blot for AKT and ERK, and their phosphorylated
forms (pAKT, pERK). (C): Densitometric quantification of the ratio between phosphorylated and un-phosphorylated proteins from three
experiments as in (B). ***, p <.0001; **, p <.001 (vs. FGF2). (D): To measure proliferation, mAGES were exposed for 8 days to O (ctrl)
or 20 ng/ml FGF2 plus increasing concentrations of SU5402, and resazurin reduction was used as surrogate measure of cell number. The
data indicate the percentage of increased resazurin fluorescence signal (proportional to cell number) relative to ctrl conditions. (E): Nes-
tin protein and EdU incorporation were visualized in mAGES treated as in (D), and incubated with EdU for the last 48 hours. Positive
cells were counted by an automated screening microscope. (F): The mAGES were preincubated for 30 minutes with Gef, and exposed to
20 ng/ml EGF or FGF2 for 20 minutes, before AKT, ERK, and their phosphorylated forms were determined by Western blot. (G): The
mMAGES were exposed for 8 days to 0 (ctrl) or 20 ng/ml FGF2 plus increasing concentrations of gefitinib; EdU was added for the last 48
hours. EdU incorporation and nestin protein were visualized by immunocytochemistry. Positive cells were counted by an automated
screening microscope. Data are means = SEM. Abbreviations: EdU, 5-Ethynyl-2'-deoxyuridine; Gef, gefitinib; GFAP, glial fibrillary acidic
protein; mAGES, murine astrocytes generated from embryonic stem cells; NSC2, neural stem-like cells.
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differentiated into either astrocytes (mAGES2) with BMP4 for 3 days (A, B) or into neurons (C, D, E). (A): Phase contrast images show
typical neural stem cell morphology of NSC and NSC2 and astrocytic morphology of mAGES and mAGES2. (B): Resentative immunofluo-
rescence images of mMAGES2, generated from NSC2 by exposure to BMP4 (for 3 days): GFAP (green), and either Aqp4 or nestin are
shown (red). Nuclei were stained with H-33342 (blue). (C): NSC2 were differentiated into neurons by a stepwise reduction and subse-
quent withdrawal of FGF2 for 14 days. After fixation, TUJ1( red) and either GFAP or nestin (green) were visualized by immunocytochem-
istry. Nuclei were stained with H-33342 (blue). (D): Either NSC or NSC2 were differentiated into neurons and stained as in (C). Then, the
percentage of antigen-positive cells was counted by an automated screening microscope in three different experiments (data are
means = SEM). (E): Phenotyping of neurons generated from NSC2 by coimmunostaining for BllI-tubulin (TUJ1, red) and NeuN (green).
Black/white images show individual fluorescent channels for clarity; the colored composite image combines both channels. Abbrevia-
tions: Agp4, aquaporin 4; EdU, 5-Ethynyl-2’-deoxyuridine; GFAP, glial fibrillary acidic protein; IFNvy, interferon-y; mAGES, murine astro-
cytes generated from embryonic stem cells; NSC, neural stem cells; NSC2, neural stem-like cells; TUJ1, BllI-tubulin.
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BllI-tubulin-positive (TUJ1) neurons, and about 30% GFAP-
positive astrocytes (Fig. 4C, 4D). Nestin expression was found
to decrease to 20% after an additional week’s culture (not
shown). Conversely, most TUJ1-positive cells expressed the
post-mitotic neuronal marker NeuN in the nucleus (Fig. 4E). In
summary, NSC2 were found to be multipotent stem cells, giv-
ing rise to astrocytes and neurons with the same differentia-
tion efficiency as the original NSC population.

Comparison of NSC2 with NSC Concerning Gene
Expression and Function

To further characterize the phenotype of NSC2, several cell
type marker genes were selected, and their expression levels
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were compared with those found in mAGES and NSC (Fig.
5A). All astrocyte markers were lower in NSC/NSC2 than in
MAGES. The glutamate transporter Glt-1 (SLC1A2) and the
calcium-binding protein S100B were even lower expressed in
NSC2 than in NSC. Neural stem cell markers (Nestin, Blbp,
Olig2) were upregulated in NSC2 (and NSC) compared with
mMAGES. Thus, gqPCR analysis confirmed the similarity of NSC2
with NSC.

Next, expression of over 34,000 genes (covered by 45,000
probesets) was measured in mESC, NSC, mAGES, and NSC2 by
microarray hybridization. Principal component analysis of
global gene expression showed clustering of NSC2 and NSC
samples as opposed to distinct groupings for the mESC and
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Figure 5. Comparison of primary (NSC) and secondary (NSC2) neural stem cells for gene expression, metabolism and inflammatory

competence. (A): Expression levels (mRNA, measured by gPCR) in NSC, NSC2, and mAGES of astrocyte markers (Gfap, Aqp4 (aquaporin),
Glt-1 (SIc1A2, glutamate transporter), Kird.1 (inwardly-rectifying potassium channel), Aldh1L1, S100b), or NSC markers (nestin, Olig2,
Blbp). ***, p <.0001; **, p<.001; *, p <.01; ns, not significant (vs. NSC2). (B): Transcriptome data (microarray) obtained for murine
embryonic stem cells (mESC), NSC, mAGES, and NSC2. The 2D principal component analysis plot shows 4 biological replicates of each
cell type and the 95% confidence interval as shaded ellipses. (C): Heatmap of gene expression values for known astrocyte (blue) and
NSC (red) marker genes (listed vertically) [51]. Z-scores of normalized expression data plotted for four NSC, four mAGES, and three NSC2
samples (listed horizontally). Blue colors represent low, red colors high expression, with z-scores ranging from 1.4 to —1.4. Full gene
names and corresponding expression values are listed in Supporting Information Fig. 7. (D): Cells were exposed to a cytokine mix (=10
ng/ml TNFe, 10 ng/ml IL1B, 20 ng/ml IFN+y) for 30 minutes, and immunostained for the transcription factor NFkB. Cytosol/nucleus ratio
of NFkB was measured by an automated screening microscope to identify cells with NFkB nuclear translocation. (E): Citrate was mea-
sured in the supernatant after 3 and 24 hours to calculate citrate release (normalized to total protein content). (F): Glucose/lactate con-
centrations were measured in the supernatant after 3 and 24 hours. Uptake/release rates (normalized to total protein content) were
calculated. Data are means = SEM from two biological replicates. Abbreviations: mAGES, murine astrocytes generated from embryonic
stem cells; mESC, murine embryonic stem cells; NSC, neural stem cells; NSC2, neural stem-like cells.
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Figure 6. Evidence for generation of NSC2 from differentiated astrocytes. (A): Two working hypotheses on the origin of NSC2 have
been formulated for further testing. Hypothesis-1: putative nestin-positive quiescent stem cells (red) within the mAGES population
(<1%) are stimulated by FGF2 to proliferate (green nuclei), while original mAGES (blue) die. Hypothesis-2: FGF2 induces cell cycle re-
entry of a large subpopulation of mAGES (green nuclei); these convert to GFAP ' /nestin ™ -positive cells, and later to nestin*/GFAP~ NSC.
(B): Experimental design to investigate the phenotype of transition cells: mMAGES were exposed to FGF2 (0 (blue)/20 ng/ml (red)) for up
to 7 days; EdU was added for the last 48 hours before immunostaining. (C): Cells were treated as in (B). EdU"/GFAP™, and EdU™/GFAP™
cells were counted by high-content imaging. (D): The experiment described in (C) was performed with Agp4-staining instead of GFAP.
(E): The mAGES were exposed to FGF2 (20 ng/ml) for 10 days, and the percentage cells (from original population) that divided at least
once during this period was scored. To identify dividing cells, two different methods were used. Left: mAGES were stained with CFSE
before the experiment; quantification of CFSE-fluorescence per cell after the experiment was used to identify cells that had divided 0, 1,
2, 3 or several times, based on label dilution. Right: live-cell continuous time-lapse imaging (tracking of 84 DsRed-transfected single cells
was used (details in Supporting Information Figs. 10, 11). All data are means = SEM of three (left) or two (right) biological replicates.

Abbreviations: Agp4, aquaporin 4; CFSE, carboxyfluorescein; EdU, 5-Ethynyl-2-deoxyuridine; GFAP, glial fibrillary acidic protein.

mMAGES samples, and thus demonstrated the close similarity
of NSC2 and NSC (Fig. 5B). This was further confirmed by
analysis of significantly differentially expressed genes (DEG):
no DEG was found for the NSC/NSC2 comparison.

For a targeted comparison, genes identified previously to
distinguish astrocytes from neural stem cells [51] were selected.
A heatmap of their normalized expression values, extracted
from the microarray data, confirmed the similarity of NSC2 and
NSC, and their pronounced differences to mAGES (Fig. 5C).

The high proportion of astrocyte genes in the above com-
parisons may obscure minor differences between the NSC popu-
lations. Therefore, we used a recently-identified set of in vivo
NSC-specific genes [32] to compare NSC2 with NSC and mAGES.
More than 70% of these marker genes showed higher expres-
sion in NSC2/NSC than in mAGES (Supporting Information Fig.
8), demonstrating conformity of NSC2 and NSC. The remaining
30% showed high variability in mAGES samples, and were here
not suitable to clearly distinguish NSC from mAGES.

After this detailed phenotyping, functional comparisons
were performed on the basis of features already known to
differ between NSC and mAGES [51]. First, inflammation-
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related signaling was explored. Cells were exposed to an
inflammatory cytokine mix (TNFe, IL1B3, and IFNy) for 30
minutes, and NFkB translocation was measured. NSC2/NSC
showed no response at all, while more than 90% of the cells
in MAGES/mAGES2 cultures showed NFkB translocation into
the nucleus (Fig. 5D). Thus, NSC2 are clearly not reactive
astrocytes. A comparison of the metabolism showed that
mMAGES2/mAGES released citrate, and exhibited similar glu-
cose consumption and lactate release rates (Fig. 5E, 5F). In
contrast, NSC/NSC2 did not release citrate and showed higher
metabolic rates compared with mAGES/mAGES2. These data
confirm a complete conversion from an astrocytic to a neural
stem cell identity, when mAGES are de-differentiated to NSC2.

Evidence for Direct NSC2 Generation from
Differentiated Astrocytes

Although the mAGES population comprises >99% astrocytes
(GFAP-positive) [51], it cannot be entirely excluded that NSC2
arise from a minor subpopulation of nondifferentiated cells
that is re-activated by FGF2. Therefore, two competing
hypotheses may explain the generation of NSC2 (Fig. 6A): the
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first assumes that some cells within the mAGES population
did not differentiate into mature astrocytes upon exposure to
BMP4, but rather stayed in a dormant stem cell state. They
may start to proliferate upon exposure to FGF2, and overgrow
the mAGES. The second hypothesis assumes that a large pro-
portion of mAGES re-enters the cell cycle, and convert into
NSC2.

For hypothesis-1 to be true, the original mMAGES would need
to die upon exposure to FGF2, in order to make space for the
expanding NSC, and to explain the observed loss of GFAP-
positive cells. Therefore, we carefully examined signs of cell
death, and we also measured release of LDH into the medium
as integral measure of putatively ongoing cell death. No indica-
tion of cell death was observed (Supporting Information Fig.
10A). Hypothesis-1 would be strengthened, if quiescent stem
cells could be identified. However, we did not identify any
CD133" cells, and the mAGES cultures were homogeneously
Ki67 ", p27+, within the range of our detection limits [51].

Hypothesis-2 would be supported, if intermediate cell
stages would be identified that combine properties of astro-
cytes and proliferating cells; for example, GFAP- and/or Aqp4-
positive astrocytes should be observed to re-enter the cell cycle
and incorporate EdU into DNA upon exposure to FGF2. For this
purpose, cells double-positive for EdU and an astrocyte marker
were identified at different time points during the 8-day de-dif-
ferentiation process (Fig. 6B). At all timepoints, most of the pro-
liferating (EdU-positive) cells coexpressed GFAP and/or Aqp4
(Fig. 6C, 6D). After day 7, the proportion of GFAP and EdU
double-positive cells decreased, consistent with the downregu-
lation of GFAP after prolonged FGF2 exposure. These data indi-
cate that mature, GFAP- and Aqp4-positive astrocytes re-
entered the cell cycle in response to FGF2.

Three imaging approaches were used to gain further
insight: first, we used an established method of fluorescent
label (CFSE) dilution [61] (adapted to adherent culture) to cal-
culate the percentage of dividing cells. A histogram of total
CFSE intensity in 20,000 cells showed that label intensity
decreased in 72% of the cells in FGF2-exposed cultures (to
indicate at least one division), compared to control cells not
exposed to FGF2. Taking into account the quantification of
label dilution steps (2x, 4x, 8x) in cells, and calculating back
the respectively increased cell numbers at the time point of
analysis, we found that >50% of the mAGES originally present
at day 0 had divided at least once (Fig. 6E, Supporting Infor-
mation Fig. 10B).

Second, to confirm the CFSE-labeling data, and to directly
follow mAGES division, live cell time lapse imaging was per-
formed. The mAGES were transfected with DsRed to track sin-
gle cells (using Timm’s Tracking Tool, which has been
developed to track freshly isolated neural stem cells in vitro
[54, 55]) (Supporting Information Fig. 11B, 11D, Supporting
Information Video 1). Lineage trees were produced for 84
cells, of which 42 (50%) divided during 10 days of FGF2 expo-
sure. Many of the cells divided once (19%), while another
large subpopulation (19%) divided >3 times (Supporting Infor-
mation Fig. 10C). Most of the cells (60%) started their first
cell division on days 6-8 of FGF2 exposure (Supporting Infor-
mation Fig. 10D), which is consistent with EJU incorporation
starting to increase at day 5.

As third imaging approach, we followed the cells by phase
contrast time-lapse microscopy in low density cultures, to
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make sure that the entire population could be captured. This
independent set of experiments also showed that around 50%
of the mAGES (flat cells with a star-shaped morphology) divid-
ed (Supporting Information Fig. 11A, 11C, Supporting Informa-
tion Video 2). After two to three divisions, cells changed their
appearance and adopted a morphology similar to that of NSC
(Supporting Information video 2, Supporting Information Fig.
3). No cell division was observed in control cultures main-
tained in medium containing no factors (Supporting Informa-
tion Video 3). Thus, a large body of evidence supports
hypothesis-2.

Blocking the Generation of NSC2 from mAGES by IFNy
Signaling

To investigate how de-differentiation of astrocytes may be
affected by mediators present in a pathological environment,
mMAGES were exposed to inflammatory cytokines (TNFq, IL1[3,
IFNvy) during de-differentiation with FGF2. For a first overview,
resazurin reduction was measured to assess cell proliferation
in response to FGF2. TNFa or IL1$3 alone did not reduce pro-
liferation, but a combination of both cytokines was effective.
IFNy, alone or in combination with other cytokines, also
attenuated the proliferation of mAGES (Fig. 7A). These data
were confirmed, when EdU incorporation was measured: the
complete cytokine mix (CCM) or various combinations of the
three cytokines reduced DNA synthesis to a large extent (Fig.
7B). IFNa or IFNB did not show any effect on the FGF2-
induced de-differentiation of mAGES (not shown). Thus, the
IFN+y receptor specifically affected astrocyte de-differentiation,
in addition to its effect described directly on quiescent NSC
[62]. Notably, the downregulation of GFAP and the upregula-
tion of nestin during de-differentiation were affected by the
same cytokine combinations as for proliferation/DNA synthe-
sis, but the overall effect size was smaller (Supporting Infor-
mation Fig. 12).

As IFNy alone was sufficient to inhibit the de-
differentiation of mAGES, its mechanism of action was further
explored. No effect of nitric oxide (NO) due to induction of
inducible nitric oxide synthase (iNOS) after cytokine exposure
could be observed, as tested by several iNOS inhibitors (L-
NNA, AMT, 7-NINA) or NO-donors in mAGES during exposure
to FGF2 (data not shown). Ruxolitinib (Rux), an inhibitor of
JAK1/2 (Fig. 3A), was used to test the role of the JAK/STAT
pathway. In mAGES exposed to FGF2 plus IFNy or CCM,
cotreatment with ruxolitinib prevented the attenuation of pro-
liferation, and of EdU incorporation, which is otherwise trig-
gered by IFNy or CCM (Fig. 7C, 7D, Supporting Information
Fig. 13A, 13B). Western blot analysis revealed that the same
concentration of Rux, which showed strong effects on cell
fate (1 uM), also completely blocked phosphorylation of
STAT1 after short-term exposure to IFNy or CCM (Fig. 7E, 7F),
or after prolonged exposure (Supporting Information Fig.
13C). We also found that neither IFNvy nor ruxolitinib affected
upstream FGF2 signaling (phosphorylation of ERK) (Supporting
Information Fig. 13D). From this, we conclude that the JAK/
STAT pathway, triggered by IFNvy, attenuates astrocyte de-
differentiation downstream of FGF2 receptor surface expres-
sion and proximal signaling (Fig. 3A).
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ml FGF2 for 8 days. FGF2-exposed cells were cotreated with 20 ng/ml IFNy and various concentrations of ruxolitinib (Rux). EdU was
quantified as in (B). (D): The experiment was performed as in (C), with CCM instead of IFNvy. (E): The mAGES were preincubated for 30
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formed as in (E), with CCM instead of IFN+y. The experiment was repeated once with similar result. Abbreviations: CCM, complete cyto-
kine mix; EdU, 5-Ethynyl-2-deoxyuridine; IFNvy, interferon-y; pSTAT1, Phospho-STAT1.

likely, various mechanisms contribute to the astrocyte activa-
tion/de-differentiation observed in vivo, and they are paral-
leled by large heterogeneity within the astrocyte population
and the NSC [22, 62, 68, 71, 72]. We chose here a simplified
experimental approach that allowed direct and quantitative
studies of cell cycle re-entry of mature astrocytes, not manip-
ulated by molecular biology approaches. The high homogenei-
ty of the mMAGES astrocyte cultures used here allowed
quantifications of cell type, function, and plasticity over long

It is widely accepted that postmitotic astrocytes may re-enter
the cell cycle under certain conditions [20, 44]. However, de-
differentiation of genuine astrocytes into neural stem cells
and their conversion into neurons usually requires genetic
reprogramming or pathological situations, like trauma, excito-
toxicity, or stroke [50, 62-69]. It has been suggested that
migration of cells from the stem cell niches to the lesion site

also contributes [70] to the in vivo emergence of neurogenic
cells (identified by in vitro neurosphere assays [44, 67]). Most
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time spans and with little background noise. This facilitated
the identification of an FGF2 receptor pathway (involving
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tyrosine kinase activation and ERK phosphorylation) as a sig-
nal for cells to resume proliferation. The neurogenic NSC2
derived from mAGES astrocytes upon FGF2 exposure resem-
bled NSC concerning self-renewal, phenotype, metabolism,
proliferation behavior, and bi-potent differentiation capacity.
Thus, the type of neurogenic cells generated here does not
resemble reactive astrocytes (that may divide once or twice in
the brain, and retain many astrocytic markers), but rather
exemplifies full reversion to an NSC-like state. Notably, cul-
tures of mAGES could be converted into neurons without any
re-plating steps, and only by change of medium conditions
within about three weeks (not shown). However, this conver-
sion of astrocytes to neurons in a cell culture dish is not to
be confused with trans-differentiation [73]; in our system,
mAGES first de-differentiated into NSC2 (10 days; +FGF2),
and afterwards generated neurons (14 days; -FGF2).

A central issue of all de-differentiation studies with prima-
ry cells or other complex cell cultures is the exclusion of a
major role of an already present stem cell population, or of a
transgene affecting the cell cycle [29]. Although mAGES have
been carefully characterized and phenotyped for the absence
of cells with quiescent NSC markers [51], it was important to
provide direct evidence that a majority of astrocytes in the
cultures transformed into NSC2. Co-staining of EdU and Aqp4
suggested that indeed mature astrocytes re-entered the cell
cycle. CFSE-label dilution and live imaging of mAGES cultures,
as a direct measure of cell division, further confirmed the cell
cycle re-entry of about 50% of the cells (within the experi-
mental time span observed). This high percentage (a) excludes
the proliferation of only a minor subpopulation within mAGES
cultures as major cause of NSC2 formation, and (b) corrobo-
rates a high efficiency of astrocyte de-differentiation under
optimal conditions. For comparison, 22.5% of the astrocytes
isolated from murine brains after stab-wound injury were able
to form neurospheres [44].

In some studies, EGF has been shown to induce prolifera-
tion in astrocytes [38, 39]. This was not confirmed here,
although mAGES expressed functional EGF receptors (Fig. 3A).
Even an indirect contribution was excluded, as de-
differentiation of mAGES was possible in the presence of non-
cytotoxic, but effective concentrations of the EGF receptor
inhibitor gefitinib. In view of these findings, it may be worth
investigating in models that have been assumed to be EGF-
dependent [38], whether production of endogenous FGF2
after exposure to EGF [39] would provide the pivotal signal
for proliferation of cells. In fact, primary astrocytes have been
observed to re-enter the cell cycle in response to FGF2 [40-
42]. Discrepancies between studies may be due to different
signaling systems being employed, depending on the maturity
status of cells: EGF may have a more important role for less
differentiated cells, and such cells are found as a subpopula-
tion in primary astrocyte cultures.

The findings of our study are consistent with the broad
role of FGF2 in neurodevelopment [74] and acute CNS injuries
[45]. The cytokine stimulates proliferation of NSC in stem cell
niches [45, 75-77], and it improves regeneration after trau-
matic injury or ischemia [78, 79]. The high levels of FGF2
found in acute neurotrauma correlate with a proliferation of
astrocytes in such conditions, while low or absent regulation
in chronic neurodegenerative diseases, such as Parkinson’s
disease [80], correlate with a failure of astrocytes to
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proliferate [44]. The importance of FGF2 (in contrast to EGF)
on NSC maintenance and astrocyte differentiation inhibition is
in good agreement with earlier findings on rat [81]. However,
terminally-differentiated astrocytes generated by exposure of
rat NSC to BMP4 did not de-differentiate upon exposure to
FGF2, and thus behaved differently from mAGES.

To obtain a pure population of fully differentiated astro-
cytes, an alternative to mAGES is the use of primary cultures
in combination with FACS sorting or panning for genuine
astrocyte markers [56, 82]. In our hands, the required manip-
ulations and culture conditions led to a slight inflammation-
like activation of (untreated) astrocytes, and such conditions
largely change their properties [22, 23, 83]. The findings pre-
sented here, confirm the pronounced effects that external
inflammatory factors may have: for instance, the model sys-
tem established here allowed for the identification of IFNvy as
one of the pathologically-relevant inflammatory factors likely
to attenuate the de-differentiation of astrocytes in many dis-
ease models. IFNy (and complete cytokine mix) inhibited the
de-differentiation of mAGES by a phosphorylation of STAT1,
while inhibition of the JAK/STAT pathway by ruxolitinib
restored FGF2-induced proliferation. The exact interference
between STAT1 phosphorylation and FGF2 signaling needs fur-
ther examination (Fig. 3A). The astrocyte de-differentiation
was not only attenuated by IFNvy, a cytokine produced in vivo
from infiltrating cells [19, 84] and from microglia [85, 86], but
also by the very common combination of microglia-derived
[14-18] inflammatory factors TNF plus IL-1. In our study, IL-1
or TNF alone did not attenuate de-differentiation. This may be
due to an intrinsic property of such NF-kB-inducing cytokines
to rather support de-differentiation of astrocytes [28, 87].

CONCLUSION

In summary, we have presented here evidence for defined sig-
naling pathways that antagonistically control the conversion
of astrocytes to NSC, that is, cells capable of forming new
neurons. The experimental system developed on the basis of
these findings may be used to identify targets, and possibly
to screen for new drug candidates that foster the conversion
of astrocytes to neurons in CNS pathologies, and that could
then be tested in vivo for their efficacy.
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