L TR—F#08F £ Littermate Z HW
i

(2) FEEEARYT - D) 2 ERRBEL . KENARD S
4%PFA/ 1 a2 VIV BEER CRE %R, R
THEEL. X774 S L ITEED
FEEKRLEZ, MR, HE R, BXT
%o B A L L T HF B & U
phospho—c-Met!'® 3% 135 (oMot ¢ 1230,
1234, 1235 FEOTFu I L RED D L
ZRENICERML cMet DIFEM(LERIET
%) ZHEfT L7z,

(3) TEHAY Real-time (RT)-PCR &AW T
HGF mRNA & # FEf& L71-,

(4) HGF # 232 Bk % ELISA IBIZ CTER L
7

(5) ALT(GPT) D7EMR : WAKO b5 27 35
—¥ CIT Kit ZAVWTERLE.

(6) $U HGF ik G- L 2 oOMEERE L
\Z LSRR 1T o1,

C. WFRERER

(1) FHicBITE c-Met DU B8 (GEM
b)) I EELFECT 2 £ THET 5
A%PFA BUTE E R OB O R, £ bE
£ SOD1(GI3A) ZmFEH T2 ALS EF /L b T
YAV x=y 7= A (GIH) OFEEED=
a—o o, REAYICIEMARE) U 2. B8
TAHETRN-, Fhizd - T, ER
==a2—p @ phospho—c-Met DFELfE ik
L 720 | FOREAEERNICITEEFIET
TR L7,

(2) KFigeo> —@tERZE (Lot D iFicEs
ITH—1BMED c-Met OIEMEIL : ALS E=F /L
FS RV z=w <22 (GIH) 1%, HE i
ET—BMEOFBaEELLZ =L, 120 B#
ETCIEOEPLEE LE, ThbLFH
TIIETHICES =2 — o O EMEREEN
HEITT 20120 L THBRTOBBRELIZ—
1B Tdh -7z, BT 5 —BrEasTL
DML, vacuolation MOTLEE L HE Hufg |-

DO F I dark eosinophilic hepatocyte
~OEETH 7. Z OMRBEILRFIC XA
2z 5 phospho—c-Met DRt
—iBMEICHR S 2o, —F THIROEIRIZ &
% 721> phospho-c-Met DHpARBEMIET
Lk,

(3) ELISA#EIC L B HGF # 7 BOER :
2®ZBoHEK (HE 60, 70, 80, 90, 100,
110, 120 #) (Z&VVT, M ALT(GPT) fED
ERERDLRDo-,

(4) Wils L ODRICE T 5 BN ARE
EEEBLIVERICHES —BED cMet
DY EE (&) - HE RElZBNT,

AL v T b AT & RO —@%
HEBEEZRBOEE, Zhicf#Es T,

phospho-c-Met @2 Y it )s —i@tE 258 <
b, MEZELHLOEMBIZHEST
phospho-c-Met D HFEFREMITH/HL 2o 72,

(5) #MkF X NMYEHR @ HGF mRNA & L < 1
HGF # RO BROTER : MR RZIR —
EOY 7T, HGF O—iBEOFHHFYD
5L, O time course |I phospho-c-Met
REREHEO—BMEOEE B L,

(6) ¥ HGF H{&fx 5 : Alzet mini pump %
UWTHL HGF HEREFEFHI(E 4 AR & ZE L
NERFIC 2 HRFED RN 2 BME T
=5 L. HGF-c-Met system D—iBiEMEZE
B 6 OEIMEEE TO contribution ZFE(
L7=& Z A, preliminary |ZiZHT HGF #EAEFE
FHEOREIC L, IO —BHEAERE L
b OEELEEAMES X iz,

D. #%

FHICMEEYIED = o — o 23T, IR
B ZEME - BEE LT DIz LT, B LA
N OB TH D AFIEIC >V TIZTEMT LA
—BETHY, TOBR ALT OXE® 2 bk
W T b b HELIFMRE L Fh T
BOEIETAZ LBRHLNE 2o, FERIC
B LIz B VT HLMARE (LS —iBtET

_16._




Hol, RENERTRIELLETETD
h, BELUSNOERE —BEOELOE, B
BOEHE LTV 0L THMT, BRAT
[EFBHTH A, ZOFHREOAMRIL, M
BEMEOETOH 721 T2 < BHENEMR
OEERREZRE TS 2 EELZ L OEE
BETH S, HGF |3 ALS OB E MR EE
IR L CHEMREEBER 2 T I ECNL
T, FFik, wiE, CEomafE. FERT
CLTHEET A EBXHLNERST WS,
LS, HF DZBETH D cMet DY
YRR (TR bbiEMEL) SEEELL tine
course MNESIZ—EH L TWA Z & ITRE
W, SERAEEPECL THRMNTALENRSLD
3, preliminary (21351 HGF #EREFEFHLIED
BeE5i LV, HigO—BHEMABRELHOE
AR MEM X7z, Lizh - T, HGF-c-Met
system 2SEHKEEIMNLETE - BEHEIZ AT L THE
EBLTWAHHEMELTETERVLOD,

HGF ¥R A DEBEEOP LT & LTH
BELTWS IR mR S,

E. Kt

fiFi, s L OV TR oM S ALS @
HEITEBR T B ST LT R L. F 1
SEME L7225, FHUSEE2 T ec-Met O—iBME
DESILZRD . CRbOEHIZIX
HGF-c-Met system DF GBIz,

F. fEHEfEpRi @t
HRcRzl.

G. BfFEsx

L BRCRE

1) Sumi H, Kato S, Mochimaru Y, Fujimura
H, Etoh M, Sakoda S: Nuclear TAR DNA
Binding Protein 43 Expression in Spinal
Cord Neurons Correlates With the
Clinical Course in Amyotrophic Lateral

Sclerosis. J. Neuropathol. Exp. Neurol.
68 (1): 37-47, 2009.

2) MEEST : ALS] ORI L BIEHT.
Clinical Neuroscience 26(3): 319-322,
2008.

2L.HERE

1) BB FE. MEEEN. B, EhE
=HR : ALS1 iC % TDP43 pathology (ZTFETE
T 5.8 49 B B AMEFESRS, Bk, 5
B 15 B-17 H, 2008.

2) IEE(EAT. LB, UEA, FLR—
a0 % ARE—, BB, MEER,
WAER, RIWTA, KIERFE, MEHET.
EEFERE, WMIUTEW : InvitroRiZBITH
LBHI/Ast-HIFSrAkI®F & In vitro ALSET
MR OLBTIZ. $40E B AR RES
SRLZFRS, M, 5A208-228,
2008.

3) DOEEEA. LR, LA, FLE—,
BO%, ARME—, e, NES A,
WAESE. RILBTA, KERME. MEERETF.
ek, ELEW, TR b
FALS « ALS =@ R & In vitro ALS £7 /L
LoAAICET A RRHE. $ 84 EH
FRELTE NEMHL, ¥F, TA
5H, 2008,

4) HREF. PO=F, KFAFEK, F
Bk, WiIE—. WEEN,, soEZ, &%
AHE—BR: & FCu/Zn-A—N—FF P
A LH—H (S0D1) DCys'"'DER{L & BiL
BISODIFRAAEOERL. #5615 B &FHL
2 b L AELFTES AR 6H 19-208 .
2008.

H. MM ERED HE - B8R0
L AFETIGG - 2L,

2. ERFREYE: L,

. Z0OM AL,



AT R IS (2 2 AOMIHETRSE)
ST I

EhYza )k HGF EEORMERNE G2 L5 ALS IG9EOHR

W E HAREES BILKFEREERAR

WrREE

HGF E FIZ L 4 ALS 1ML S fhbeth = o4
ERE7=—R 1 OERICEDD Z L FMRELTVLS,

AR+ (HGF) 2\fhEREHERIZREE(LIE (ALS) OET A~ R« Ty b
OWE CiHlEfh—= 2 —o R, EFEEDRL LS LIIBICBESA TV, < Ok
BEFOLRPTHZORIIERCWZnSOD b7V AV 2=y Z2BMIC LD ALS EF MR L
THMERIERDEZTR LEELORD R ZOFMEL ALS BEICEFEERA-T 28R L L8
DRSS, Lavh, BHRISHOR L ATRERO v IL— b & L TOMBENES CoOE ALS
7y bTHRESNEZOT, BRE (v—Ty b)) 24T 58N RE CORLRB LG L
g =—FtBwy MZkD ALS EF/MEMTZ S TVWVRWO T, HGF OBGH R &z 1S
KRFEORH O PWL Lo~ —FTEy ML AZFHBHET LA HVS, b R are+s b
AT U, BifEO L etitmsa 2 ) 7T

HHRZEE « HAIES
BLAL KRR e AR P HAT
HEHAE BB £ KBS felk #
ORI, MEFRZY RILEA'

VAL KA R B EE SR B TR AR PO

PRBRA S REPRE F R AR 5 T FEE

 MERE KR I R

* PR PR K I T A

A. BFEE®

ETTME M) = = — o 2 0 RR AR E 5E 4
R 5 HEMERFE(LEALS)ICX L Th
NETERSI-HEREET CH D MR
HWRER - (Hepatocyte Growth Factor, UL T HGF)
THRWERREOBRICHZ BRIZ L TWa,

TTIC ALS v ML TE Pt
F HGF B (thHGF) O#fEN SR 5. CH %
HARLIZOT, BEEAZH VT HGF Offife
NEEIZ L DL HREET 5 & L ICEBRA
BOBEZITI. £ORRFTIC, ALS BEIC
AR T = — X 1 |ciEdr, FMEZ HGF @
ERDEORFLI LT 5,

B. WF%E 1k

ERESN—TFIZ LB hFETOHFEICL
NET-HLAMRBE LI ALS 7 hMxtd 53U =
B+ HGF BARERERNS S THREIC
bIREERIC L EENH S o7, £<
DR T O R TEH ZORIZER CuwZzn
SOD PV AV x=u 7ML D ALS EF
MAZxF L TGP R AL T LIz b 0i3d
2 OIS ALS BEFICEERISAT A8
BLVEBEYLRHD, Lvh, BEEHORELA

- 18 -




EEOELL— R L L TOMBERES TORH
BN ALS 7 v FTHEIh-OT, BEH (=
—Etw b) (2T HHENR S CORERE
FPtE L7z, FOB%ICE b~OBREFRBRAL HiE
LTWad, v—Fty Mo Xkd ALS =T NVITHE
MENTWARWD T, HGF OEFER&HEIZIZ
BIERKFEOMBLNRELLE—TE v b
L HAFEEREET LW S,

735, TRTOBETMIEIZAS DNA iz
EBIRFHITEV F-MHERIIFBYERE

(G 72 b TR i AL L 2> A
B A BAWL T L D 2B,

C. FE#RE BLU D, £
1) EEE (w—Ft v ) o4 5 #ileRE s
TOLERER

v—Ety Mok AFHREET VIR LT
rhHGF O #filERErfiitz 5217 > 72, 400ug ©
rhHGF % fiERC 4 MR G- L2 25
(FEHERE ; n=6, XBAEE ; n=5), rhHGF 5.8
T LR HOFERBIE 2O, MRI THIFER
R O AR S s, 12 OB BRI TI
LRI LR, A% 128 % Tof,
REITEZ & N MRI &2 38 5 @Rk
—glREb o l, LEBRaTEDEZS
LM TORBAERD TV NV EE LT

($%)ERYavE F o FHGFE A M
_ BRRTTa—N

H2omm H21T H22E W H2ZYEm

(emR¥H) ———nT)
(HMRER]) ey
(Edn ) ————————d (R T

(MM ELUNRRE)
(GLP: W=D 41 RGLP: 7 —FAruk)

Foram
Bl L]
(hm)

[
H2TSER P
[ A S ——
{ HZZE R SN T ) )

EBICYLER GMP LA/~ Lz hRY o
v¥ o+ HGF BEBIERMETETWAM,
BAMiET 57200 GLP B4 L7-b
=7 A FNIHTAMERREI L AT
HBAB o TINVA,

2) (ERIZHET 57 e Fa— L OER

rhHGF |2 L % ALS (ASEITEE SR & 0% 2rEM
BOVET L, BEOEeEEHm4s s ) 7T
NEZ7=—X1 OBERIEDD - L ERE LT,
Bl XREIS L RALb—YaFt Ll H—FE
H—LitlzFa ba—LORBRMLTWA,

E. f&im

rhHGF {Z & % ALS TR PRIEJERE 21 SEIEh OTRER R 1T
ORHAE R L TVA, DAEIED ALS B
e LTRA—"—K ({F [T (RE
=% % o

G. FREs&

1. G LHEER

1) Mizuno H, Warita H, Aoki M, Itovama Y.
Accumulation of chondroitin sulfate
proteoglycans in the microenvironment
of spinal motor neurons in amyotrophic
lateral sclerosis transgenic rats. J
Neurosci Res 2008; 86(11): 2512-2523.

2) Tanaka K, Okada Y, Kanno T, Otomo A,
Yanagisawa Y, Shouguchi-Miyata J,
Suga E, Kohiki E, Onoe K, Osuga H,
Aoki M, Hadano S, Itovama Y, Tkeda JE.
A dopamine receptor antagonist
[.-745,870 suppresses microglia
activation in spinal cord and mitigates
the progression in ALS model mice. Exp
Neurol 2008: 211(2): 378-386.

3) Dagvajantsan B, Aoki M, Warita H,
Suzuki N, [tovama Y. Up-regulation of
insulin-like growth factor-11 receptor in



reactive astrocytes in the spinal cord of

amyotrophic lateral sclerosis transgenic
rats. Tohoku J Exp Med 2008: 214(4):
303-310.

4) Takahashi Y, Seki N, Ishiura H, Mitsui J,

Matsukawa T, Kishino A, Onodera O,
Aoki M, Shimozawa N, Murayama S,
Itovama Y, Suzuki Y, Sobue G,
Nishizawa M, Goto oJ, Tsuji S.
Development of a high-throughput
microarray-based resequencing system
for neurological disorders and its
application to molecular genetics of
amyotrophic lateral sclerosis. Arch
Neurol 2008; 65(10): 1326-1332.

1) Aoki M, Warita H, Mizuno H, Yuki S,
Takahashi I, and [toyama Y. Effects of
Edaravone, a free radical scavenger
approved in Japan for indications of
acute ischemic stroke, in a transgenic rat
model of amyotrophic lateral sclerosis.
19th International Symposium on
ALS/MND, Birmingham, UK. November
3-5, 2008.

2) Warita H, Mizuno H, Aoki M, and
Itovama Y. Digestion of the extracellular
chondroitin sulfate promotes an intrinsic

regenerative process in the spinal cord of
ALS transgenic rats, [6 L

3) HALES, $IE (=, RIWEA. AFHH
HFoffiEN R S RER LR Y
4G TH i ZEMEHE I FE R (L AE (ALS) 9 1E
1724045, Neuroscience 2008 [
31 [E] A AFEFFEFE AR 2008, 5 HT

4) FHE =, HARIESE, KFEHL RILTEA.
ALS &7 Ty Ml 23817 21 B P R e
B 5 49 [B] B ARS8 S, 2008. 5
i

b) HARIER, BIH (=, FEH, sk 7,
AILUFEA NIRRT EF (HGF) -
L5 ALS T MR A AR B E T R oM
[@ L

6) KEFFAC, BIH (=, HFAREE, RILEBA
ALS EFNFyMIBlTaTaTrA I Vih. -
a7 ERSFREICLAREOER F L

H. 84 HED BAIR

5 3
Ty e ALS BV (HBER)

2.

- 20 -

IR &

7L
3.
el

Foofth



MAERROHATICET LS —KEX




"D[ISNUW [RID[ANS 18I Ul Furures

1 manweyeN ‘[ 1ysoyeun,
N oulyor | 4 RIRyEMEY|

6002 ‘ssaxd 195 Ay | SAYd T AS1210%2 01 ANANOE (20 anjjaes jo sasuodsas Suuagicy fpening CpreeAny cSreyeur |

suoanau [edwesoddiy S oaye ] | Bnweyen

painina ur Anfur sixojonoxa aaye Juijeudis 3 "o10wnsIeN ‘H “1ysoyeun

P6o-€8 Jenjaoenul pue to1dasal N 241 JO UONBZI[EIO0] SN IO A Y 1deye |

8007 (1olz ‘Joanan dxq andeuds sarosdin Jo10w) mosd a1dotedap]| N CRIRYIYS] N CISENR] CH RNV
“erjSouotur Arewd ui (g ) usjoxd

p8-LL Funepnwns adeydosoew / () watoad ayi- 01 Aq | RINWENEN “Y OI0WNSIEA ]

8002 D6z '§9Y| pawolg] uonoanpold aurjolsd pue uonesdiw 1120 Jo uonenFay| apryory ‘H soyeUng ‘A “1ynzng

3 BYEUOUE ] |

6T1-5T1 “WIST[OqUIa 21aYdSOIIW ()M SIB Ul BWapa|  wanweyeN ‘g Yyoyssag Yy epiysy ‘|

00T (18 11277 19S0INaN] [21qa120 drwaydst sassarddns so1oe) imosd apooredagy| e Y 1eye ] ‘N 1Seye] ‘S oaye|
AWAOAAIP WAISAS SNOAIIU [RIIUAD U]

€TO1-t101 S[199 waAls [ranau jo uonestyaads jerodwa ay ur fj pue H oury()

007 (6) 11 DOUBIISOINAN dINMEN] 111=dNOD 10) uawasmbay] | iyezewyg ‘S eInuweyeN ‘H eyen

‘s||20 Jojtuadoad s "H ouey() ‘n anqos ‘A eueio

L60£-980¢ [BINAU paALIAP-[[22 §7 A wawdojorap waisAs 'S ST Y Iunzioy] Y njoud t

8007 o7 HIERRUEIN snoAJau [enuad jo uonenidesar jrrodwal-onedg| INezeWIYS “y ol0WNSIBIA ©A BPRNO)

-]
E:2. 0 2 FEWE UEVe > ¥

H—CHECIDHOEWER

X¥Ey

-21 -




“SIE DIUABSURI) SISOID[OS |RIDIR|

“S1Bd D1UDSuRL] SISOIIIS [B1lR]
arydonoAwe jo pioa jeuids aip

01€-€0€ srydonofwe jo p1od jeurds 211 ul $2)L201SE DAIORAL U] Ul $2IAD00SE * A BWIBAOI] “N I§nzng

2007 (FW1T pay dx3 [ nyoyo |, 101daoas [[-10198) YImoid ayij-urpnsul jo uonendai-dn) || e N oy ‘g uesiueleadeq]

[ BPaYy] A BweADl| ‘S ouepeH ‘N

DOy "H EENSQ ") 20uQ g iYjoy

201 [apoll §7Y Ul uoissasfosd =1 edng [ el -1yonsnoys

9R€-8LE a) sajedniw pue p1oa jeurds ul UONBALOE BITOLOIW A emesideus gty owoin

9002 (D11T joanap dxg sassaiddns /8 ¢~ 1suodeiue doydasar sunwedop v ‘L oouuey A BpEY() "M BYRUR [
'sjel dIuaFsuen sisodaos [ee] srydonole

€TST-TIST ul SUOINAU JojoL [eulds JO TUALIOINALDOIIWE AL} " A BLWEAO]

8007 (11)98 S2y 19S0MNaN u1 sueak|Foajold 28NS UNIOIPUOYD JO UONBINLLNIDY YA IOV ‘H BILBAN “H ounzijy

Te6le

800T (£)9z 19SOINJN [edlul|n AR 7 ) (0 1SV A0 2y
's1s012]2s [eaa1e] srydonofwe ul

Li-LE ASINOD [BIIUI]D A YIIM SIJB[ALIOD SU0INAU Piod [eulds S BPONES ‘A Y01 ‘H wanuilng

6007 (1) 89 joanan dxz joyiedonan | ur voissaadxy ¢ watold Suipuiq YN YV fBajanN “ A TUBWIYOOA S O1BY ‘H 1ung
quatudojanap
FuLnp WaIsAs SNOAIAU 3SNOLW Y Ul UONE|NSal

|enuasa)yp  :auad aseuafixolp-¢'z ueydoydAn o H “1ysoyeun |

6007 ‘ssaxd wm ‘523 19S0INAN JO SJUBLIBA [2A0U JO UONEBZIIAIIBIRYD PUB UOTIRIIJNUIP] ‘L CBINWEYEN A CTRURY

-}
E2 FEWS NNV EXE =




800T

[OANAN] YoIy

“SISOIO|DS [BIDIR]
siydonoAwe jo s3130ua3 tepndajow o1 uonestjdde

S11 pue SIaplosip [earFojoinau 10) waysAs Fuiouanbasas
paseq-Aeurosniu indydnosyi-yay e jo wawdojara(]

‘S ins

' 0100) ‘N BMBZIYSIN D) angog
‘A Dynzng A BWEAGY ‘S BWRARINGA
‘N BMEZOWILS ‘A 1OV “() RIDpOU()
"W OULYSTY ‘| BMWRNNSIRIA ‘[ INSIA|
"H BINIYS] "N jas " A IYSBYBNE |

HEHR

FEWER

A S X8

2%

_23_
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ABSTRACT

Neural stem/progenitor cells (NS/PCs) can generate a wide
variety of neural cells. However, their fates are generally
restricted, depending on the time and location of NS/PC
origin. Here we demonstrate that we can recapitulate the
spatiotemporal regulation of central nervous system (CNS)
development in vitro by wsing a neurosphere-based culture
system of embryonic stem (ES) cell-derived NS/PCs. This ES
cell-derived neurosphere system enables the efficient deri-
vation of highly neurogenic fibroblast growth factor-respon-
sive NS/PCs with early temporal identities and high cell-fate
plasticity. Over repeated passages, these NS/PCs exhibit
temporal progression, becoming epidermal growth factor-
responsive gliogenic NS/PCs with late temporal identities;
this change is accompanied by an alteration in the epigenetic
status of the glial fibrillary acidic protein promoter, similar

to that observed in the developing brain. Moreover, the
rostrocaudal and dorsoventral spatial identities of the NS/
PCs can be successfully regulated by sequential administra-
tion of several morphogens. These NS/PCs can differentiate
into early-born projection neurons, including cholinergic,
catecholaminergic, serotonergic, and motor neurons, that
exhibit action potentials in vitro. Finally, these NS/PCs dif-
ferentiate into neurons that form synaptic contacts with host
neurons after their transplantation into wild-type and dis-
ease model animals. Thus, this culture system can be used to
obtain specific neurons from ES cells, is a simple and pow-
erful tool for investigating the underlying mechanisms of
CNS development, and is applicable to regenerative treat-
ment for neurclogical disorders. STEM CELLS 2008:26:
J086-3098

Disclosure of potential conflicts of interest is found at the end of this anicle.

Neural stem/progenitor cells (NS/PCs) can proliferate o self-
renew and are multipotent; that is, they can generate the neurons
and glial cells constituting the central nervous systems (CNS).
They are expected to be useful in the study of neural develop-
ment and to provide a varety of neural cells for regenerative
treatments of neurological disorders. However, because their
fates are gencrally determined and restricted spatiotemporally, a
given NS/PC cannot generate all of the cell types existing in the
CNS. For example. early NS/PCs generate neurons but not glial
cells, whereas later and adult NS/PCs generate both neurons and
glial cells; these late NS/PCs, however, do not normally produce
early-born neurons, such as forebrain cholinergic, midbrain do-
paminergic, and spinal motor neurons. Moreover, they cannot
respond to cues for regional specification [1, 2].

Neurospheres and other methods for culturing NS/PCs in
vitro have been reported and are widely used [3-5]. In these
culture systems, NS/PCs are usually derived from the brain at
mid 1o late gestation or from the adult brain, both of which are
easy 10 manipulate and yield NS/PCs in large quantities, but
these NS/PCs have limited plasticity. On the other hand. the
culture of early embryonic brain requires special dissection
techniques, and only a limited number of NS/PCs can be ob-
tained from each brain. Furthermore. it is impossible to expand
these early NS/PCs maintaining their early identities. Thus, it
would be valuable to establish a culre sysiem for generating
NS/PCs with early temporal identities and high cell-fate plas-
ticity from ES cells and to be able to control the spatiotemporal
identities of the NS/PCs in vitro.

Several methods have been reported for deniving neural cells
from mouse embryonic stem (ES) cells [6-14]. However, each

Author contributions: Y.0.: conception and design, financial support, collection and assembly of data, data analysis and interpretation,
manuscript writing, final approval of manuscript: A.M., R.E.. and A.K.: collection and assembly of data, data analysis and interpretation:
T.5.: conception and design, collection and assembly of data, data analysis and interpretation, manuscript writing: 5.1.: collection and
assembly of data: Y.1: provision of study materials: G.S.: financial support: H.O.: conception and design, financial support, manuscript
writing, final approval of manuscript

Correspondence: Hideyuki Okano, M.D., Ph.D., Department of Physiology, Keio University, School of Medicine, 35 Shinanomachi,
Shinjuku-ku, Tokyo, 160-8582, Japan. Telephone: +81-3-5363-3747; Fax +81-3-3357-5445; e-mail: hidokano@sc.itc.kein.ac.jp Received
March 25, 2008; accepted for publication August 12, 2008; first published online in STEM CELLS Express August 28, 2008, available online
withoul subscription through the open access option. ©AlphaMed Press 1066-5099/2008/530.00/0 doi: 10.1634/stemeells. 2008-0293

STEM CELLS 2008;26:3086-3098 www.StemCells.com



Okada, Matsumoto, Shimazaki et al.

method directs the induction of only certain types of neural cells
with specific temporal and spatial identities, such as forebrain
progenitors, dopaminergic neurons, motor neurons, cerebellar
neurons, and neural crest cells. In addition, the differentiation
protocols are quite varied, and therefore the methods used must
be changed according to the desired cell type. Moreover, the
requirement for different conditions means that neither the char-
acteristics of NS/PCs with different spatial or temporal identities
nor the possible associations between temporal and spatial iden-
tities can be evaluated within the same culture system. Further-
more, most of these culture protocols have a risk of contamina-
tion by undifferentiated cells, non-neural cells, and feeder cells
or rely on a long and complicated protocol to obtain particular
cells.

To solve these problems, we examined whether we could
recapitulate in vivo CNS development in vitro and established a
simple ES cell culture system in which purified early NS/PCs
are derived as neurospheres and their spatial (rostrocaudal and
dorsoventral) and temporal identties are regulated in a single
culture system. This system provides a powerful in vitro model
for investigating the mechanisms underlying early CNS devel-
opment and the pathogenesis of neurological disorders and will
be applicable to regenerative therapy for neurodegenerative
disorders.

ES Cell Culture and Differentiation

Mouse ES cells (EB3) grown on gelatin-coated (0.1%) tissue culture
dishes were maintained in standard ES cell medium and used for EB
formation in the presence of noggin or retinoic acid (RA) as de-
scribed previously with slight modifications |15, 16). For primary
neurospheres, the EBs were collected on day 4 (high-RA) or day 6
(noggin or low-RA), dissociated, washed twice, and cultured in
suspension at 5 % 10°~1 % 10° cells/ml in media hormone mix
(MHM) medium with 20 ng/ml fibroblast growth factor (FGF) 2
(PepraTech Inc., Rocky Hill, NJ, htip://www peprotech.com) for 7
days. For secondary and tertiary neurospheres. the neurospheres
were dissociated and cultured at § % 10* cells/ml in MHM with
FGF2 and/or epidermal growth factor (EGF) (PeproTech). To assay
differentiation, neurospheres were plated on poly-L-omithine/fi-
bronectin-coated cover glasses and allowed to differentiate without
growth factors for 5-7 days, The culture protocol is detailed in the
supplemental online Materials and Methods.

Lentivirus Transduction and Clonal Neurosphere
Formation

For clonal neurosphere analysis, primary neurospheres were initi-
ated from dissociated EBs transduced with lentivirus expressing
either Venus or monomeric red fluorescent protein (mRFP) under
the EFla promoter (pCSIl-EF-Venus or pCSI-EF-mRFP) [17].
Venus- and mRFP-labeled primary neurospheres were dissociated,
plated at a 1:} ratio at a cell density of 0.5-1 % 10* cells/ml, and
cultured for 10-13 days in the MHM with 0.8% methylcellulose
(22223-52; Nacalai Tesque, Kyoto, Japan, http://nacalai.co.jp) and
20 ng/ml FGF2 to form secondary neurospheres as described pre-
viously [18, 19].

RNA Isolation and Reverse Transcription-
Polymerase Chain Reaction

RNA isolation and reverse transcription (RT)-polymerase chain
reaction (PCR) were performed as described previously [16]. The
amount of ¢DNA was normalized 1o B-actin mRNA. Total RNA
from embryonic day (E) 11.5 whole embryos was used as a positive
control. Real-time RT-PCR was performed using MX3000P (Strat-
agene, La Jolla, CA, http/iwww stratagene.com), with SYBR Pre-
mix ExTaq (Takara, Otsu, Japan, http://www.takara.co.jp). Data are
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expressed as the amount of mRNA relative to that of neurospheres
derived from E14.5 stnatum. Primer sequences and PCR cycling
conditions are listed in supplemental online Table 1.

Immunohistochemical Analysis

Immunohistochemical analyses for cultured cells (immunocyto-
chemistry [ICC]) and embryonic tissues (immunohistochemistry
[THC]) were performed as described previously [16]. Detailed con-
ditions for the ICC and IHC are in the supplemental online Maie-
rials and Methods. For statistical analysis of the ICC results, at least
60 colonies/cover glasses were examined, and the number of colo-
nies thal immunoreacted with each antibody was counted and ex-

1 pressed as the percentage of the total number of colonies.

Bisulfite Sequencing

Sodium bisulfite treatment of genomic DNA was performed as
described previously [20] with slight modificauons, as described in
supplemental online Materials and Methods. The DNA fragment
containing the Stat3 recognition sequence was amplified by PCR,
the products were cloned mto the pGEM-T easy vector (Promega.
Madison, W1, http:/iwww promega.com), and 10-14 clones ran-
domly picked from cach of four independent PCRs were sequenced.

Patch-Clamp Recording Procedure

ES cell-derived neurospheres were allowed to differentiate for
10-14 days on poly-L-omithine/fibronectin-coated cover glasses,
on an astrocyte feeder layer, and processed for patch-clamp analysis
as described in the supplemental online Materials and Methods.,

Transplantation of ES Cell-Derived Neurospheres
and Immunohistochemistry

Low-RA neurosph were planted into wild-type Sprague-
Dawley rats (CLEA Japan, Inc., Tokyo, hutp://www.clea-japan,
com) or amyotrophic lateral sclerosis (ALS) model rats harboring a
mutant human SODT** gene [21, 22] at approximately 90 days of
age. The procedure for the transplamation is described in the sup-
plemental online Materials and Methods. All of the animal experi-
ments were conducted according to the Guidelines for the Care and
Use of Laboratory Animals of the Keio University, School of
Medicine.

Neurosphere Culture System from Mouse ES Cells
That Mimics In Vivo CNS Development

The easiest way o generate various types of specific neural cells
in vitro is to establish a culture system in which the spatiotem-
poral identities of NS/PCs can be manipulated to mimic in vivo
CNS development. With this goal in mind, we established an ES
cell culture system that efficiently and easily generated NS/PCs
(Fig. 1A).

First, ES cells were dissociated and cultured-in suspension
as EBs, which contain progenitor cells of the three germ layers.
We dissociated the EBs and selectively expanded the NS/PCs in
serum-free medium containing FGF2 as neurospheres [3). To
enrich for NS/PCs in the EBs, we added noggin, which inhibits
bone morphogenetic protein (BMP) signals and is involved in
forebrain formation [23-26], or RA, a neural inducer of ES
cells, during EB formation. RA is also a caudalizing factor that
is important in the formation of the hindbrain and rostral spinal
cord [27, 28]). We previously found that noggin and a low
concentration of RA (107" M: low-RA) induces more nestin™
and Sox1" neural progenitors, whereas a high concentration of
RA (107" M: high-RA) induces more SllI-tubulin® postmitotic
neurons [16]. Therefore, we expected to obtain more neuro-
spheres from EBs treated with noggin or low-RA. To confirm
this idea, we first examined the efficiency of neurosphere for-
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Figure 1. Neurosphere formation from mouse ES cells. (A): Three protocols for deriving neurospheres from mouse ES cells through EB formation. EBs
were cultured in suspension in bacteriological dishes for 6 days in the presence of noggin or low RA (107" M). RA was added on day 2 of EB formation
The EBs were then dissociated and cultured i suspension for 7 days to form neurospheres in serum-free medium (media hormone mix) contwning FGF2,
Primary neurospheres were dissociated and cultured in suspension agam with FGF2 and/or EGF to form secondary and teniary neurospheres. EBs cultured
for 4 days with high RA (107° M) also formed neurospheres but not secondary neurospheres. To regulate the dorsoventral identity, Shh-N, Wnit3a, or BMP4
was added during primary neurosphere formation in some experiments. (B, C): EBs eated with various doses of recombinant mouse noggin-Fe (B) or
various concentrations of RA (C) were dissociated and cultured with 20 ng/ml FGF2 at a density of 1 % 10° cells200 wliwell in an ultra-low cluster 96-well
plate (Costar) for 1 week, and neurospheres larger than 50 wm in diameter were counted. Data are presented as the percentage of total cells plated that formed
neurospheres (n = 5, mean = SEM). (D): Representative morphologies of primary, secondary, and tertiary neurospheres. Scale bar = 200 pm. (E): Reverse
transcriptase-polymerase chain reaction of undifferentinted and lineage-specific markers in ES cells, EBs treated with noggin or low RA, and primary and
secondary neurospheres, Towl RNA from embryonic day 11.5 whole embryos was used as a positive control. Abbreviations: BMP, bone morphogenic
protein; CM, conditioned medium; EB, embryoid body: ES, embryonic stem: EGF, epidermal growth factor, FGF, fibroblast growth factor; RA, retinoic acid;

Shh-N, sonic hedgehog N-terminal peptide; Wnt, wingless.

mation from EBs treated with various doses of noggin (0-10
pg/ml) or RA (0-2 % 107" M). As expected, EBs treated with
more than | pg/ml noggin or with low-RA (10" M) generated,
respectively, 2.6- and 4.0-fold more neurospheres than the con-
trol EBs, and those treated with high-RA (107 % M) generated
fewer neurospheres (70% of control) (Fig. 1B, 1C).

To confirm whether these neurospheres were derived from
NS/PCs, we examined their self-renewal and multipotency.
Most of the single primary noggin or low-RA neurospheres that
were cultured at low density (2.5 % 10" cells/ml) and deposited
into 96-well plates (single neurosphere/well) generated second-
ary neurospheres (103/133 [77%] and 115/122 [94%], respec-
tively, from more than two independent experiments). More-
over, both types of ES cell-derived neurospheres could be
passaged repeatedly to form tertiary neurospheres (Fig. 1D),
indicating that they could self-renew.

We also examined the differentiation potentials of noggin
and low-RA neurospheres grown at low density (<25 x 10*
cells/ml at plating) by subjecting 5-day differentiated neuro-

spheres 10 immunocylochemical analysis with markers for neu-
rons (N) (Bll-wbulin), astrocyies (A) (ghal fibnllary acidic
protein |[GFAP]). and oligodendrocytes (O) (04). Most of the
colonies from primary neurospheres contained neurons only
(93.4% and 74.5% in noggin and low-RA neurospheres, respec-
tively). whereas only a small number contained glial cells,
When single primary neurosphere-derived secondary neuro-
spheres and tertiary neurospheres cultured at low density (2.5~
5 % 10* cells/ml) were differentiated using the same method,
they generated more colonies containing glial cells, and the
proportions of multipotent colonies (NAQO colonies) increased
gradually in the secondary and tertiary neurospheres (Fig. 2A
2C; supplemental online Fig. SIA-S1C). This sequential gen-
eration of neurons and glial cells also corresponds well with in
vivo CNS development, in which neurons are generated first and
ghial cells later [1, 29]. Notably. colonies that only generated
neurons (N colonies) were observed in up to 44.9% of the
secondary noggin neurospheres, whereas all of the colonies
from secondary low-RA neurospheres contained glial cells, sug-
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Figure 2. Prnmary and secondary/tertiary neurospheres cormresponded to early and late neural stem/progenitor cells, respectively. (A=C): Primary,
secondar d tertiary neurospheres derived from low-RA-treated EBs culred ar low density (= 2.5 X 10* cells/ml) were allowed 10 differentiate
for § days followed by immunocytochemical analysis for SlI1-tubulin (neurons), GFAP (astrocytes), and O4 (oligodendrocytes). The frequency of
colomies consisting of neurons, oligodendrocytes, and astrocytes is presented as the percentage of total colonies (B, C), More than 80 colonies from
at least two independent expenments were examined. Scale bar = 50 pm. (D): Expression of mRNAs of growth factor receptors (Fgfr and Egfr) in
EBs and in pnmary and secondary low-RA neurospheres was analyzed by real-time reverse transcription-polymerase chain reaction. Data are
presented as the expression relative to that in neurospheres derived from EI14.5 striatum (n 5. mean = SEM:; =, p < .01, ==, p < .05). (E):
Neurosphere formation rate in the presence of FGF2 and/or EGF. Low-RA-treated EBs and primary and secondary neurospheres were dissociated and
plated onto ultra-low cluster 96-well plates (coaster) at a density of 1 * 10* cellsr200 pliwell to form pr ry, secondary, and tertiary neurospheres,
respectively, in the presence of FGF2, EGF, both FGF2 and EGF, or no growth factors. Neurospheres larger than 50 pm in diameter were counted
on day 7, Data are presented as the percentage of plated cells that formed neurospheres (n = 3-5, mean = SEM). (F, G): The methylation status of
CpGs around the Stat3 recognition sequence (TTCCGAGAA in F) of the GFAP promoter in ES cells and in primary and secondary neurospheres was
examined by bisulfite sequencing. The proportion of unmethylated cytosines in the five CpGs (— 1568 to — 1460) around the Stat3 recognition
sequence {(— 1518 to —1510) (asterisks in F) is shown in (G) (n = 4, mean = SEM; », p < 05; »=, p < 01, onc-way analysis of variance)
Abbreviations: A, astrocytes; E, embryonic day, EB, embryoid body, ES, embryonic stem, EGF, epidermal growth factor, FGF, fibroblast growth
factor; GF, growth factor; GFAP, glial fibrillary acidic prowein; N, neutrons; O, oligodendrocytes; RA, retinoic acid

gesting that the low-RA neurospheres preceded noggin neuro- cells expressing Venus or mRFP (both introduced via lentivirus)
spheres in their temporal differentiation properties (Fig. 2: sup- were homogencous with regard to the expression of Venus,
plemental online Fig. S1) mRFP, or no fluorescence (wild type). However, some non-

We also performed a clonal neurosphere analysis in which clonal chimeric neurospheres, composed of a mixture of Venus-
secondary neurospheres were formed for 10-13 days in medium positive, mRFP-positive, and fluorescence-negative cells, were
containing 0.8% methylcellulose, which forms a semisolid. We also observed (24.1 = 2.7 and 15.1 = 6.2% of the secondary
previously reported that this method effectively prevents neu- noggin and low-RA neurospheres, respectively, n = 4), Differ-
rosphere aggregation, resulting in clonal neurosphere formation entiation studies of these clonally derived neurospheres revealed
[18. 19]. In fact, more than 70% of the secondary neurospheres that more than half of them exhibited a multipotent character
that formed from mixed cultures of wild-type cells along with (NAO) (supplemental online Fig. 52), indicating that the sec-
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ondary neurospheres could be initiated from NS/PCs that were
multipotent. These results also suggested that neurogenic NS/
PCs dernived from ES cells could generaie gliogenic NS/PCs
during repeated passages of the neurosphere culture.

We also examined the expression of cell type-specific mark-
ers in ES cell-derived neurospheres by RT-PCR. Both noggin-
treated and low-RA-treated EBs expressed markers for neural
progenitors (Sox/), along with markers for undifferentisted ES
cells, such as Nanog, Eras, and Oct3/4 (Fig. 1E). In contrast.
primary and secondary neurospheres derived from EBs treated
with either agent expressed much lower levels of markers for
undifferentiated ES cells or other lineages, including markers
for endoderm (Pdx/), mesoderm (Nka2.5), and epiderm (Ck-17).
These results indicate that the repeated formation of neuro-
spheres from single-cell suspensions in serum-free medium fa-
cilitates the selection of NS/PCs and the elimination of un-
wanied undifferentiated and non-neural cells.

Primary Neurospheres and Secondary/Tertiary
Neurospheres Have the Properties of Early and Late
NS/PCs, Respectively

Because the long-term expansion of ES cell-derived neuro-
spheres through repeated passages resulted in a sequential gen-
eration of neurons and glial cells similar 1o that seen in vivo
(Fig. 2A-2C; supplemental online Fig. SIA-S1C), we next
focused on the temporal specification of ES cell-derived NS/
PCs, characterizing them by several other temporally restricted
properties of NS/PCs seen in vivo,

In vive, NS/PCs initally proliferate only in response 10
FGF, and then acquire responsiveness 10 EGF when the EGF
receptor is expressed at mud gestation [30, 31]. We therefore
first studied the expression of the involved receptors by NS/PCs
and their responsiveness to these growth factors during neuro-
sphere formation. Real-time RT-PCR analysis showed that
Fgfrl and Fgfr2 were constantly expressed by EBs, primary
neurospheres, and secondary neurospheres. In contrast. Egfr
expression was low in EBs and primary neurospheres but was
dramatically upregulated in the secondary neurospheres (Fig.
2D; supplemental online Fig. S1D). Consistent with these re-
sults, EBs and primary neurospheres efficiently gencrated pri-
mary and secondary neurospheres only in the presence of FGF2
and not EGF. but tertiary neurospheres could be efficiently
formed in the presence of either FGF2 or EGF (Fig, 2E; sup-
plemental online Fig. S1E), These resulls suggest that this in
vitro system also recapitulates the temporal change in growth
factor responsiveness that oceurs during NS/PC development in
vivo,

Our results so far showed that the temporal changes in
differentiation potentials and proliferation in ES cell-derived
NS/PCs were similar to those of embryonic NS/PCs. These
changes are thought 1o be regulated in vivo by epigenetic
mechanisms such as DNA methylation and chromatin modifi-
cation, at least in part. To examine these mechanisms in our
system, we focused on the methylation status of CpGs around
the Stat3 recognition sequence in the GFAP promoter. This
region is methylated during neurogenesis, at around E11.5-12.5
in mice, and gradually demethylated during gliogenesis, after
E14.5, to regulate the transcription of the GFAP gene and
astrocyte differentiation [20. 32. 33]. By bisulfite sequencing.
we found that the proportion of unmethylated CpGs around the
Stat3 recognition sequence (— 1568 o — 1460) (Fig. 2F) grad-
ually increased in the primary and secondary noggin and
low-RA neurospheres (Fig. 2G). Thus, temporal epigenetic
changes in the ES cell-derived neurospheres also recapitulated
those seen in vivo,

_28_

Central Nervous System Development In Vitro

Regulation of Rostrocaudal Identities by Noggin and
Various Concentrations of RA in ES Cell-Derived
NS/PCs

Because noggin and RA are involved in the formation of the
rostral and caudal neural tube, respectively. we next examined
whether exposure 0 noggin or various concentrations of RA
during EB formation could alter the rostrocaudal identities of
the neurospheres that were subsequently derived. We found that
noggin neurospheres expressed forebrain to midbrain markers
(Foxgl, Owl, Ot2, and Enl), whereas low-RA neurospheres
were caudalized 10 some extent, expressing hindbrain markers
(Pax2, Ghx2, Hoxbl, Hoxa2, and Hoxh4) as well as forebrain to
midbrain markers (Fig. 3A). However, neither type of neuro-
sphere expressed spinal cord markers such as Hoxed and Hoxc6,

Although high-RA-treated EBs cultured for 6 days acquire
the caudal spatial identities of the hindbrain 1o spinal cord
region [16] but do not form neurospheres efficiently because of
the high proportion of postmitotic neurons in the EBs (Fig. 1C),
we expected to obtain neurospheres with more strongly caudal-
ized characteristics from EBs treated with high-RA but cultured
for shorter periods (4 days) (Fig. 1A). This protocol resulted in
the formation of some neurospheres (high-RA neurospheres)
from the high-RA-treated EBs, but they formed at a lower
frequency than under the other conditions. These neurospheres
mainly expressed markers for the hindbrain to the rostral spinal
cord (Pax2, Gbx2, Hoxbl, Hoxa2, Hoxb4. and Hoxed) and did
not express forebrain markers. Unfortunately, these high-RA
neurospheres rarely formed secondary neurospheres, suggesting
that they did not contain many NS/PCs. which can self-renew.
but rather consisted largely of committed progenitors and post-
mitotic neurons (progenitor spheres).

This regulation of marker expression correlating with the
rostrocandal axis was confirmed by subjecting S-day differen-
tiated neurospheres to immunocytochemical analysis for Ol
(forebrain to midbrain), Pax2 (midbrain 1o spinal cord), and
Hoxbd (hindbrain and spinal cord) (supplemental online Fig.
S5A). Approximately 70% of the colonies from noggin neuro-
spheres contained Otx 1™ cells, whereas few or none contained
Pax2™ or Hoxb4" cells (Fig. 3B, 3C), suggesting a forebrain-
to-midbrain identity. In contrast, many colonies from low-RA
neurospheres contained Pax2™, Hoxb4 ", and Otx1 " cells (fore-
brain-to-hindbrain identity), and high-RA neurospheres gener-
ated Pax2™ and Hoxb4™ but not Otx1™ colonies (hindbrain-to-
spinal cord identity). These data indicate that the caudalization
of NS/PCs in neurospheres could be driven by RA added during
EB formation in a concentration-dependent manner. These ros-
trocaudal marker-positive cells were also positive for neural
progenitor markers, such as Sox1/2/3 and hSox (supplemental
online Fig. 83) ([34, 35]), or the neuronal marker NeuN,
confirming that they were neural cells (Fig. 3B). Moreover,
noggin and low-RA neurospheres differentiated into many
neurons that were glutamic acid decarboxylase (GAD67)-
positive (GABAergic) or choline acetyltransferase (ChAT)-
positive (cholinergic), and small numbers of neurons that were
tyrosine hydroxylase (TH)-positive (catecholaminergic) or se-
rotonin (5-HT)-positive (serotonergic). In contrast, the high-RA
neurospheres differentiated into GAD67" and ChAT™ neurons
but not into TH™ or 5-HT™ neurons (Fig. 3D, 3E). There was no
significant difference in the frequency of differentiation into
GAD6T" or ChAT™ neurons between the noggin and low-RA
neurospheres. The generation of these neuronal subtypes shows
overall consistency with the identity of neurons generated in the
corresponding rostrocaudal region in vivo. Thus, the rostrocau-
dal identity of ES cell-derived NS/PCs was controlled by ad-
ministering noggin or various concentrations of RA during EB
formation.
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Figure 3. Regulation of rostrocaudal regional identity in embryonic stem (ES) cell-denived neural stemvprogenitor cells. (A): Reverse transcniption

polymerase chain reaction analysis of the expression of rostrocaudal marker expression in ES cell-derived neurospheres derived from noggin-,
low-RA-, and high-RA-treated embryoid bodies (EBs). Towal RNA from E11.5 whole embryos was used as a positive control. (B, C): ES cell-derived
neurospheres were differentiated en bloc for 5 days and immunostmned with rostrocaudal markers Otx 1, Pax2. and Hoxb4. The frequency of colonies
containing immunopositive cells is shown as the percentage of 1otal colonies (D) (n 5. mean = SEM: =, p {11). Scale bar 50 pem. (D):
Neuwrotransmitter subtypes of neurons that differentisted from neurospheres derived from EBs treated with noggin, low-RA, and high-RA

Representative photographs showing relatively high amounts of marker-positive cells in a parucular field are shown. Scale bar
Quantification of neuronal subtypes in primary neurosphere-derived neurons (n
GAD, glutamic acid decarboxylase; GFAP, glial fibrillary acidic protein; 5-HT, serotonin; RA, retinoic acid; TH, tyrosine hydroxylase
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Dorsoventral Regulation of ES Cell-Derived NS/PCs
In addition to the rostrocaudal axis, we next attempted to control
the dorsoventral identities of ES cell-derived NS/PCs by adding
several secreted factors during neurosphere formation, including
Sonic hedgehog (Shh), wingless (Wnt) 3a, and BMP4, which act
as morphogens in dorsoventral specification in the developing
neural tube [2, 36]

Because the neuronal subtypes and the dorsoventral axis are
determined during the neural fold and neural tube stages in vivo
by Shh from the ventral notochord and floor plate and by Wnts
and BMPs from the dorsal roof plate [2, 36] and because this
follows the determination of the rostrocaudal axis (duning gas-
trulation in vivo or EB formation in vitro) [2, 27, 37], we added
Shh, Wnt3a, and BMP4 during neurosphere formation

www.StemCells.com

30 pm. (E):
3). Abbreviations: ChAT, choline acetyltransferase; E, embryonic

As with BMP4, only small-cell clusters (ragged “spheres™)
were formed, and very few spheres were formed from noggin-
treated EBs (supplemental online Fig. S4). Therefore, we ex-
amined the effects of some hedgehog N-terminal peptide
(Shh-N) and Wnt3a on the expression of dorsoventral markers
of the forebramn in noggin neurospheres, and the effects of
Shh-N, Wnt3a, and BMP4 on the expression of caudal dorso-
ventral markers in low- and high-RA neurospheres

Noggin nevrospheres expressed Nka2./, a marker for the
basal forebrain (supplemental online Fig. SSB). in an Shh-N
concentration-dependent manner, generating 692 = 8.2%
Nkx2.1" wventral colonies with 300 nM Shh-N (Fig. 4A, 4D,
4E). On the other hand, these neurospheres expressed Paxt and
Emx!, markers for dorsal telencephalon (supplemental online
Fig. S5B), in a Wnl3a concentration-dependent manner, gener-
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pm. (F): Low-RA neurospheres were differentiated for S days and immunostained for Isl-1/2 and HBY, markers for ventral somatic motor neurons and with
the neuronal marker Dex. Scale bar = 20 pm. (G): Immunocytochemical analysis of differentiated neurospheres treated with dorsalizing factor, Wnt3a or
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to differentinte and then were immunostained for Bm3a, Phox2b, and peripherin. Wni3a-treated neurospheres differentiated into Bm3a® sensory neurons,

whereas more than 85% of the peripherin™ newrons from the BMP4-treated neurospheres were Phox2h” autonomic neurons. Scale bar = 20 uum. Abbreviations
BMP4, bone morphogenic protein 4; Dex, doublecorting RA, retinoic acid; Shh, sonic hedgehog, Shh-N, sonic hedgehog N-terminal peptide; Wnt. wingless
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ating 84.0 * 3.1% Pax6" dorsal colonies with 50 ng/ml Wni3a
(Fig. 4A, 4D, 4E). The expression of Gsh2 and Dilx2, which are
found in the mid forebrain (supplemental online Fig. S5B), was
not significantly aliered by any of the treatments, and Gsh2’
colonies were generated in the presence or absence of Shh-N or
Wntda (Fig. 4A, 4D, 4E).

Similarly, in low- and high-RA neurospheres, 30-300 nM
Shh-N induced ventral markers such as Nkx6.l, Olig2, and
Nkx2.2, and 5-50 pg/ml Wnt3a upregulated the expression
levels of dorsal markers, including Pax3 and Pax7 (Fig. 4B,
4C). Although the control low-RA neurospheres normally ex-
hibited mainly ventral identities (Fig. 4B) and gave rise to
mainly Nkx6.1" ventral colonies (824 + 5.9%) and fewer with
the Pax3™ dorsal identity (25.7 = 2.9%), 300 nM Shh-N in-
creased the proportion of Nkx6.1" ventral colonies to 96.7 +
1.5%, and 50 ng/ml Wni3a increased the Pax3 " dorsal colonies
to 51.4 + 58% (Fig. 4D, 4E: supplemental online Fig. S5C).
Note that some colonies from low-RA neurospheres contained
HB9" and Isl-1/2" ventral somatic motor neurons, regardless of
the culre conditions (Fig. 4F; data not shown). In contrast,
high-RA neurospheres exhibited more dorsalized characteristics
(Fig. 4C). Whereas high-RA neurospheres gave rise 1o 444 =
11.7% Pax3" dorsal colonies and a small number of Nkx6.1"
ventral colonies in controls, 300 nM Shh-N induced a significant
number of Nkx6.1" ventral colonies (61.2 + 10.9%), and 50
ng/ml Wntda increased the Pax3" dorsal colonies (65.5 =
9.3%) (Fig. 4D, 4E). Although Shh-N and Wnt3a could regulate
the dorsoventral identities of ES cell-derived NS/PCs in all three
types of neurospheres, the effects of these factors on dorsoven-
tral identities in low-RA neurospheres was relatively small
compared with those seen in noggin- or high-RA neurospheres
(Fig. 4A-4E).

Finally, we examined whether Wnt3a and BMP4 directed
ES cell-derived neurospheres into the neural crest lineages.
Although Wnt3a increased the expression of dorsal markers,
including Pax3 and Pax7, it only slightly upregulated markers
for neural crest lineages, Slug and Snail, in contrast to BMP4,
which strongly upregulated Slug and Snail (Fig. 4B, 4C). Con-
sistent with these resulis, only a small number of cells in
Whnit3a-treated neurospheres appeared to be differentiated into
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peripherin © peripheral neurons and SMA* smooth muscle pro-
genitors, as in control cultures, whereas virtually all of the cells
that differentiated from BMP4-treated spheres expressed periph-
erin or SMA (Fig. 4G). Moreover, Wnt3a-treated neurospheres
generated Brn3a™/peripherin® sensory neurons and a small
number of Phox2b " /peripherin® autonomic neurons, whereas
most of the peripherin® neurons derived from BMP4-treated
low- and high-RA neurospheres were Phox2b " autonomic neu-
rons (858 = 5.0 and 89.2 = 0.6%. respectively) and none at
all were Brn3a™ sensory neurons (Fig. 4H). These results
were consistent with the in vivo effects of Wni3a and BMP4
on neural crest stem cells [38]. Taken together, these results
indicate that our culture system provides a variety of neural
progenitors with a wide range of temporal and spatial iden-
tities, including those of the neural crest lineages (summa-
rized in Fig. 5).

ES Cell-Derived Neurospheres Differentiated into
Electrophysiologically Functional Neurons That
Formed Synaptic Contacts In Vitro

To test whether the neurons generated by our in vitro system
are actually functional. neurospheres were allowed to differ-
entiate for 1014 days without growth factors on an astrocyte
feeder layer, and then the differentiated neurons were sub-
jected to electrophysiological analysis by the whole-cell
patch-clamp technique (Fig. 6). Voltage-clamp recordings of
individual neurons revealed transient inward and sustained
outward currents (Fig. 6C) (data not shown). From their
activation voltages and time courses, we identified the tran-
sient inward current as a Na® current and the sustained
outward current as a delayed rectifier K* current (Fig. 6C—
6F). The transient Na® current was tetrodotoxin-sensitive
(data not shown). The injection of a sustained positive current
induced the repetitive firing of action potentials in all of the
neurons tested (n = 6) (Fig. 6D). Similar results were ob-
tained in neurons derived from low-RA neurospheres. in
which a transient Na" current was recorded under voltage
clamp in 20 of 22 neurons tested, and depolarization (single
or multiple action potentials) was induced by the positive
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Figure 6. Electrophysiological properties of embryonic stem cell-derived neurons. Newrospheres derived from noggin-treated embryoid bodies were
dissociated and differentiated on poly-1-omithine/fibronectin-coated cover glasses, on an astrocyte feeder layer for 10-14 days, before electrophys-
iolo alysis. (A, B): The cell used for the recorded data in (C) and (D) is shown in differential interference contrast and fluorescence (Lucifer
yellow) micrographs. Scale bar = 10 pm, (C): A transient Na ™ and a sustained K° current were detected under voltage clamp (holding voltage, —60
mV,; command voltage, from —80 1o 50 mV; 10-mV step). 1-V curves in panels (E} and (F) correspond w0 X and Y in (C). X represents the transient
Na” current and Y the sustained K™ current. (D): Repetitive firing of action potentials was detected when a depolanizing current was injected under
the current clamp (—50, 0, 50, and 100 pA from the bottom)

current in 3 of 4 neurons tested (data not shown). These under a ubiquitously expressing promoter (CAG-EGFP ES
results indicate that the ES cell-derived NS/PCs generated cells) and derived low-RA neurospheres from it. Because a
electrophysiologically functional neurons. portion of low-RA neurospheres produced HB9 ™ somatic motor

We also asked whether these neurons could form synaptic neurons (Fig. 4F), we cocultured these neurons with C2C12-
conmtacts in vitro. We generated an ES cell line genetically derived myotubes. EGFP* ES cell-derived neurons showed

P) neuromuscular  contacts  labeled by  rhodamine-conjugated
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Synaptophysin
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Figure 7. Low-RA neurospheres differentiated into NeuN™ neurons, and when transplanted into rat lumbar spinal cord, formed synaptic contacts
with the host neurons, (A): Low-RA neurospheres denived from CAG-enhanced GFP embryonic stem cells were transplanted stereotactically into the

ventral lumbar spinal cord of Sprague-Dawley rats, Scale bar

after transplantation. Insets show higher magnifications of cells positive for both Gi
GFP-positive grafted cells did not differentiate into CNPase-positive oligodendrocytes (D), Scale bar
series of 0.5-um optical sections with a confocal laser microscope from

synaptic connections of transplanted cells were studied by captunn,

synaptophysin- and GFP-immunostained sections, Higher magnification images are shown in J and K. Scale bar
2" ¥ -evelic nucleotide 3'-phosphodiesternse; GAD, glutamic acid decarboxylase; GFAP,

Abbrevistions: ChAT, choline acetvitransferase, CNPase,

| mm. (B=H): The rats were processed for immunohistochermical analysis 2 weeks

nd NeuN (B), GFAP (C), or subtype-specific markers (E-H)

100 pm for low magnification. (I-K): The

20 wm (1), 10 um (J, K)

glinl fibrillary acidic protein; GFP, green fluorescent protein: 5-HT, serotonin, NeuN, neuronal marker, TH, tyrosine hydroxylase

ce-bungarotoxin, suggesting that these neurons could form syn-
aptic contacts in vitro (supplemental online Fig. $6)

Cell-Derived NS/PCs Survived and Differentiated
into a Variety of Neuronal Subtypes That Formed
Synaptic Connections in Rat Spinal Cord

Finally, we transplanied low-RA neurospheres derived from
CAG-EGFP cells into the ventral lumbar spinal cord of
approximately 90-day-old Sprague-Dawley rats to assess the in
vivo differentiation potentials of the ES cell-derived NS/PCs
Two weeks later, the rals were sacnificed and processed for
immunochistochemical analysis. The transplanted cells survived
in the ventral spinal cord as cell clusters (Fig. TA). In the trealed
rats, the ES cell-derived NS/PCs differentiated into NeuN~
neurons and GFAP™ astrocytes in some animals, but never into
2" 3"-eyclic nucleotide 3'-phosphodiesierase (CNPase)-positive
oligodendrocytes (Fig. 7B; supplemental online Table 2). The
neurons were mostly GAD™ (GABAergic), and there were
relatively few ChAT™ (cholinergic), TH" (catecholaminergic),
or 5-HT™ (serotonergic) neurons (Fig. 7B-TF; supplemental
online Table 2). Moreover, the EGFP™ neurites of the trans-
planted neurons were extensively labeled for and surrounded by
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the presynaptic marker synaptophysin, indicating the formation
of synaptic contacts with host neurons (Fig. 71-7K). Similar
results were obtained when low-RA neurospheres were trans
planted into the lumbar spinal cord of ALS model rats harboring
the mutant human SODI%** gene [21. 22], although their
differentiation properties in vivo varied somewhat from animal
to animal (supplemental online Fig. 57, \prplc:mm.ll online
Fable 2). Thus. our ES cell-derived neurosphere culture system
could be applicable to regenerative therapy for neurological
disorders

DISCUSSION

In the present study, we successfully developed an in vitro
system for the efficient derivation of NS/PCs from mouse ES
cells, whose temporal and spatial identities can be controlled
simultancously. By applying the neurosphere method (3], we
selectively and easily cultured NS/PCs with early temporal
identities and high plasticity and achieved a precise wide-range
recapitulation of in vivo CNS development in vitro. This is the
first report of an ES cell differentiation system that broadly and
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closely mimics in vivo CNS development using a single culture
protocol to generate NS/PCs,

We used noggin and RA for neural induction, which also
respectively determined the rostral and caudal identities of the
NS/PCs, Several lines of evidence have suggesied a model in
which the default positional fate of the neural plate is the rostral
brain, with factors such as RA, FGFs, Wnts, and growth differ-
entiation factors (GDFs) inducing the caudalization of neural
cells in early vertebrate development [39]. One report demon-
strated the effective induction of rostral neural progenitors with
a combination of Dickkopf-1 and LeftyA [ 10]; here, we chose to
use noggin instead, because BMP antagonism is cssential for
mammalian forebrain development [25, 26). In our present
study, noggin rearment of EBs dose dependently increased the
number of neurospheres by inhibiting BMP signals in the se-
rum-containing EB medium. Moreover, consistent with the
above-mentioned model, caudalizing signal-independent noggin
neurospheres adopted rostral identities. On the other hand, RA
promotes the neural differentiation of ES cells concurrently with
the caudalization of neural progenitors in EBs in a concentra-
tion-dependent manner in vitro: low RA produces more neural
progemitors with slightly caudalized identities around the mid-
brain to hindbrain, and high RA induces postmitotic neurons
with caudal neural tube identities rather than proliferative neural
progenitors | 16]. RA also causes cell cycle arrest in neuroblas-
toma cells by increasing the level of cyclin-dependent Kinase
inhibitors, such as p27%"' through downregulation of the ubig-
uitin-proteasome-dependent degradation pathway [40]. Thus,
the efficient generation of neurospheres from low-RA-treated
rather than hmgh-RA-treated EBs in the present study was con-
sistent with this concentration-dependent effect of RA on neural
induction from ES cells. Moreover, we oblained neurospheres
with caudal identities in an RA concentration-dependent manner
by using the low-RA neurosphere protocol (forebrain, midbrain,
and hindbrain) and the high-RA/shon-exposure protocol (hind-
brain and spinal cord). These results indicated that the rostro-
caudal identity in primary neurospheres could be preserved from
that acquired in the EB stage. except that the low-RA neuro-
spheres exhibited not only midbrain-to-hindbrain but also fore-
brain identity. Taking into consideration the effect of RA on cell
cycle arrest, these findings suggest that the rostral NS/PCs, a
relatively minor population in the low-RA-treated EBs, were
selectively expanded in the neurosphere condition.

In the developing CNS, distinct NS/PCs with different tem-
poral identities are generated, depending on the developmental
stage. The earliest are leukemia inhibitory factor-dependemnt
primitive NS/PCs (E5.5-E7.5) and FGF-responsive (but not
EGF-responsive) NS/PCs (EB.5-E11.5), which have the poten-
tial to generate carly-born neurons; the latest are EGF-respon-
sive NS/PCs with gliogenic potentials that cannot generate
carly-born neurons [1, 29-31, 41). In addition, although ES
cell-derived NS/PCs that are identical to primitive NS/PCs have
been reported, these cells do not show a transition into EGF-
responsive NS/PCs unless stimulated by an exogenous Notch
signal [9, 41]. In contrast, our neurosphere culture system suc-
cessfully enables the sequential generation of NS/PCs with early
and late temporal identities just as in vivo, and it could clearly
recapitulate the iemporal transition of neurogenic early NS/PCs
into ghiogenic late NS/PCs and the acquisition of EGF respon-
SIVENEss.

The gradual increase in the number of unmethylated CpGs
in the GFAP promoter region, which regulates the timing of
GFAP expression [20, 32, 33]. from undifferentiated ES cells to
secondary neurospheres, suggests that in vivo developmental
changes in the epigenetic status of this region are also recapit-
ulated to some extent in our system. Despite the remarkable
augmentation of differentiation into GFAP® astrocytes from
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secondary neurospheres, the increase in unmethylated CpGs was
not as dramatic. It is possible that cells of the neuronal lineage
within the neurospheres masked this change in stem cells.

It is also noteworthy that the acguisition of ghogenic poten-
tial in the noggin neurosphere cultures was delayed compared
with that in the low-RA neurosphere cullures (Fig. 2A-2C;
supplemental online Fig. S$1A-S1C). This is consistent with in
vivo development, in which the acquisition of later identities in
the caudal neural tube precedes that in the forebrain [29-31, 42,
43], indicating another advantage of our culture system, the
simultaneous recapitulation of temporal and spatial specifica-
Hon

We also showed that dorsoventral identity can be controlled
by the administration of Shh-N. Wnt3a, and BMP4 during the
neurosphere formation. The dorsoventral identity in noggin neu-
rospheres was sharply regulated by Shh-N and Wnt3a, but the
neurosphere-initiating  progenitors from low- and high-RA-
treated EBs seemed relatively less competent to respond to these
factors. We previously showed that EBs treated with low-RA
express more of the active form of Shh-N and are ventralized
and those treated with high-RA express less Shh-N and acquire
a dorsal identity [16]. Thus, low- and high-RA neurospheres
exhibited the default identities of ventral and dorsal neural
tubes, respectively. On the other hand, BMP4 had a drastic
effect. BMP4 induced neurospheres that largely adopted neural
crest lineages, generating peripherin® peripheral neurons and
a-SMA " smooth muscle cells. Given that BMP2 and BMP4
praomote cell death and inhibit the proliferation of rat early
cortical progenitors in vitro [44], this difference between BMP4
and other factors in the magmiude of their effects on NS/PCs,
including negative effects on neurosphere formation and the
potential to differentiate inlo neural crest lineage cells, may be
explained by a mechanism of selective survival. Focusing on
neural crest development, because BMP2/4 and Wntl/3a play
important, concerted roles in the formation of the dorsal neural
tube. including the neural crest. and are respectively involved in
the generation of Phox2b” autonomic and Bm3a® sensory
neurons in vivo [36, 38], the differentiation of Phox2b" auto-
nomic and Brn3a™ sensory neurons from neurospheres treated
with BMP4 and Wnt3a, respectively, was consistent with the in
vivo development of the peripheral nervous system (PNS),
demonstrating the possible application of our cultre system to
the generation of neural crest lineages, including the PNS.

Another importam finding of this study is that low-RA
neurospheres differentiated into GAD'. ChAT®, TH", and
5-HT" neurons both in vitro and when transplanted into the
lumbar spinal cord of adult rats (Figs. 3 and 7: supplemental
online Fig. 7; supplemental Table 2), indicating that these ES
cell-derived NS/PCs may have maintained their in vitro-ac-
quired identities of mainly midbrain to hindbrain even after
transplantation into the more caudal in vivo environment. Inter-
estingly, the low-RA neurospheres generated some GAD”
GABAergic neurons (20%—40%) but relatively few ChAT"
cholinergic neurons (up to 5%) in vivo (Fig. 7E, TH; supple-
mental online Fig. §7G, 8§7), STK, 57N; supplemental online
Table 2), even though they differentiated into many GAD'
GABAergic and ChAT™ cholinergic neurons in vitro (Fig. 3D,
3E). It 1s well known thal neurons that make contact with their
target cells and form the appropriate synaptic circuitry selec-
tively survive better than those that do not form such connec-
tions in the nervous system [45-47]. Thus, it is reasonable to
speculate that GABAergic interneurons derived from the grafted
low-RA neurospheres might have been able to form synaptic
contact with their target cells, which are abundant within the
host spinal cord [48] and thereby survived well even in vivo, On
the other hand. grafted neurosphere-derived cholinergic neu-
rons. including motor neurons, might not have been able (o
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