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gromh factor (EGF) (20 ng/m) or |eukem a inhibitory
factor (LIF) (5 ng/m). This is representative -4 29
March 2007 WD 2005/ 021720 PCT/ US2004/ 027841 data from
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human cells in the vicinity of the hippocanpa
SuTBcng Bl icelsgreeaativel Fig. (1Ei) d cadiindzSmageldf FRENEVRA Fig.

cells in the septumof a four-week-old recipient
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[0015] Fig. 2A-G. Characterization of ES cell-derived neural precursors In
vitro. (Fig. 2A) BrdU incorporation by dissociatéd ES cell-derived neural precursors is
elevated in the presence of FGF2 (20 ng/ml) but not with epidermal growth factor

(EGF) (20 ng/ml) or leukemia inhibitory factor (LIF} (5 ng/ml). This is representative
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human alu probe are labeled with red dots (pseudo-colored). (Fig. 3C) Incorporated
human cells in the vicinity of the hippocampal pyramidal layer at P14. (Fig. 3D) ES
cell-derived cells in the septum of a four-week-old recipient mouse. (Fig. 3E} High
| power view of an individual donor cell in the hypothalamus. Note the seamless
integration between adjacent unlabeled host cells. (Fig.'3F) Donor cells in the
striatum of a four-week-old host, detected with an antibody to a human-specific

nuclear antigen. (Fig. 3G) Extensive migration of transplanted cells from the
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treated wwth FGF8, SHH and ascorbic acid (AA) at three
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Tafiuezieict mto(tlle dBFsABMIdbEdIn Qﬁ%%ﬂ'&%’%ﬂ\/\g& ge -pOSI t Ir%/eglr%nd the

stained with aronmati ¢ aci

I
a7 onnbade) " EROR nth Sehiiig 2 i Bombpieti g angaracssses.

L4} d - hyd I
(O o oot 1l G 2 P eatotto mpetear marker
ce ls n the section of adult rat
R6fich) gﬁemﬂfﬁgﬁ G 1T 2 Biotvimkr doaammisgved akoris sfmbra
%ﬁthebh ue). Bar = 50 pm [0019] Fig. 6.
ar ac’?%‘?‘%a%’ﬂiﬁdﬁefeﬂf iofl witarenEmitibedy todrmiaratbURMBHEAN {Fig. 3J)

6A. The differentiated DA neurons expressed

Bog r~d
- gends ehEr quflipalasinesrast, deiilblatisted ittean smitoay @&og
neur oect oder nal P‘Fmg the a

oi d body; NE:
5% Bﬁpéor Bk Of&ﬁ %r@;lgal i) ESeretlidetiest Astrockiarif e of a four-

Vb8 HRng ., ibie sbeietwindse humbmapagoneA L
thiabeiat withdse humaaspesiicth
Fig. 6C. GABA expregy ng lgcg(lé?s"%zreoéé%en)and

En reen
%e‘?"é glé%ﬁ AF’r(retd). Notel that il T .
%43 :ﬁ) co- expr ess:dOGABA ( rtggtdoyﬁggﬁeﬁ% atb g“‘%h'glages
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F@@Q.Fag@ 00qirf; F - derived DA
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Co- expressed
Figeaa 0T 0-e r synapto hysin (k and I,
rggd Badr?mé}fgﬁg‘%ﬁ’pcﬁaﬁ?é@] gfe@ﬂatm@e icelhablony at day nine in
the r n V|tro generated DA neurons.
Iﬁé@%‘kso pon Eg’l?n(f 'Qjé&alﬁlammmr deﬂﬁfdlﬂeﬂ@eul’dl‘tube-
release in the control and the
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resented as neans SD fromthree
m "310%%%8 OsiyedonBoxis(reddo fiig. diD. bhe iirsitosdte 6ad in FGF2

treggeper b, dxgrassed B (redh, a&cﬁgmp%éeg; )I ?—'lu e et

g.4E. En-1 (green)
expression was observed in the nestin* (red) neuroectodermal cells that were
treated by six days with fibroblast growth factor 8 (FGF8) (100 ng/ml) at day nine,
expanded in FGF8 for foqr days 4and then treated with sonic hedgehog (SHH) (200
- ng/mi) for another six days on laminin substrate). Fig. 4F. These En-1* cells (green)
were negative for Bf1 (red) in the culture treated as in Fig. 4E. The cell nuclei were
stained with Hoechst (c, d; Blue). Bar =50 ym,
[0018] Fig. 5. Differentiation of DA neurbns. Fig. 5A. About one third of the

duﬁerentnate_d cells were tyrosine hydroxylase (TH) positive in the cuitures that were
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neurons differentiated for thirty days. Passive
menbrane properties: (i) Vnmt-49 M/, Cm 15.5 pF, Rm
5. OV&Zospnrp Vrest-72 nv, C. 45 pF, Rn 885 GQCT/Ekﬂmmmu
8C. Spont aneous postsynaptic potentials in a neuron
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8 ARsF thi Ky, in cultuyre. The neuron was
\rlrg? tage cl Qn%ée"é (Faétd5 ﬁ]iﬁgﬁ%{}g’rﬁﬂeﬁ%p%'%eﬁ'l fieipediwidh paseepnal
PRI 1 1Skt ] The r urrents refl ect
i nhi bi ‘cf?@"“é@‘%ﬁ?% %ﬁ%%"%@m&% greesy indbe culture were
n ts in.thi.s [ow chloride recording
Pestivay %@T?W%@msw@q%@owﬁmme% and e, red), but some
il Al ed in panel (i). The weighted decay tine
@c}?‘ ns a(‘{}e@é Wg Feeﬂé 1(343‘1:{%"’ Ads) . Fag.raf. f Bre Thihedlis mery négutive for
égr %\{ent%}: and excitatory (n = 14 events) currents.
PGB PR psketidapamginsihpdioxyiese (DIRE) (greem) @ inset
gur r&t&f .green) was TH (e and g, red). Bar = 50 pm
?'_ fff% LPAH posigivalrdeined eeltsin thesedion o adtrablgrafiEtém. The
‘?Iﬁrﬁ@\é rostral phenotypes. ES cells, differentiated
@ Weps; staigrd wifl Sloeehist i,y EcBlaelal Bar =c80 wanar
Lﬂgrglhol og%_ in the colony center, and organized into
8k te fbiognft CoamctelimationahumearES edil-Sedvad Deneurons. Fig.
rosettes, but not the surrounding flat cells were

 BfosThe difefantiate@Drbnaunshs ©préised dofbs é%éct%@%ttrc {JﬂWnidbrain fate

fourteen days, the columar cells forne

revaRied bKBT:RER! EBSerhByoRIbAYERE: ﬁ%ﬁ%%taﬁﬁ%%éi@géhéﬁﬁé@

(O and Soxl (D). The Pax6' " cel
Cullture differentiatocfor (Hide WikksVRICE nEBathve dofrol. Cﬁ%:rs%q")f(}?t @%@ﬁty of

neural tube-like rosettes were positive f

ThE getls (red) i theHaHIGRs(crpresBbd! ﬁﬂ‘{"ﬂo%"g%?é@?@ EF996R2h). Fig. 6C.

stai ned nuclei. Bar = 50 pm

el Tor PP ReeL R e b AR EE VPR sl

cells. (A renti

(Gpeinool dupraated WS rodi Y. T et o1 1S col il sk pagative

neuronal generation In

fop talbiildinl(grdymh. BSV% ' cells. Treatnment of
Pax6' /Sncla(gl" lrleuroegéy'g@'lérrml cells (2"d row) resulted

0020 £ B3, YOS TG b s o

cells, expressi
oA ORI R R, ARtz prober on ot
7D-F. TH" cells (d, green) co-expressed VMAT2 (e and f; red). Fig. 7G-l. The TH'
neurons (j, green) co-expressed synaptophysin (k and |, red). Bar =25 Hm.

{0021] Fig. 8. Functional characteristics of the in vitro generated DA neurons.
Fig. 8A. Spontaneou_s and depolarization {56 mM KCl in HBSS)-induced DA release
in the control and the treated cultures at three weeks of differentiation. Data were

presented as means * SD from three experiments. *p<0.05 vs. control by the un-

paired student ¢ test. Fig. 8B, Action potentials evoked by depolarizing current
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cells were also HB9" (B). HB9* céPMarch2007

neur oect oder nal

were al so positive forfiii- tubulin (C. About 21 % of

the cells in the cluster were HB9 when the cul tures
h retino

wewe 2o0dipd R enti ated in the presence of bot i C
acid (RA) and SHH, whereas few HB9+ cells wdi(@/US2004/027841
en cultured in either RA al one, or SHH

served ( !
%?B% LO,-E Bf‘yvﬁév’? Reyroppylitfereytigted; fathirtdays Hoassies metrdrared

lei. Bar = 50 pm [0024] Fig. 11. Effect of RA
@@ﬁ%a%ﬁ%m‘@@m 5 bRk GAl (i} Vief KR MRTCPERPF, Ry
&3%?43 Sﬁ:s i@EfIi cated changes of rostrocaudal genes from

é- & 8t Sipogtanesus perisynaptiepatentials inch aédron Bifecsntiated

fag/m of FGF2 for one week in the neural induction 9

irtynsix days. EignSh: i Snomtarieolis pestbynaptie berr@D ires Be@Bni N
early and late neuroectodermal cells treated with RA
moaintainedifer thisly dayeiskcultTres T deuromess oslEiREeimBed Sekb fv
treated with RA and then differentiated for twelve
Ut K-dilisonate-bansd bipetie galutiore Ties olivar éuRenieflect inhibitory
positive for HoxC8 (D). Al the HOxCB+ cells
YRirte 289 Inward burénis refEYt exBitatoRAevenBXARKS TdwBhloride recording
&agroeﬁ odermal cells were negative for Aig2 (F).
Sqiptien. (i) dweraged ewbrith bk thelceP MBstEEY iPRshel (). The wei
differentiation for two weeks in the preesghce eo‘?’e'gmgld

deécyCtimetonistantSTaRYG 10E isSan@od ﬁzmﬁinﬂbkteé JA Q47 eVefif) and

Aig2 cells were observed when | ate neuroect 0
“inder” The T SramRRntnt" Fir e, oStan fedfaune
o or e R B W T (CRba g, R By 530t O
O or (5o NGBS ictie Bifost For CRe ebiayapetra

cluster (

P PE TR R g5 fof o el wsmrecsemal, Columnar

and pr oCesSes
Most _cells in the duster

m%@h@ﬁ'g@@?he \%@Hhﬁ&% rc,: )ang,q;gw‘int@gpﬁ@;tevf@rrga@@o The

pre
Eﬂr’ocesses after

i Li for synapsin in sonmas and
co%@&\%@g%%r%aﬁg% Pt petithe serroyqding tiat eribsiwese positive for
-9 29 March 2007 WO 2005/021720

| Pa%@%ﬁb%%éét}%%g%&&le@e BY feustees dapy, the caivmnansells formed neural

Lntained for 42 DIV. Resting menbrane potenti al

tubﬁpﬁe rgg%Fq:}\oEz #nq warecpasitiye far hoth Ppx6 (C) arsbSotafDyo The Paxs*
fAP ?_i n a neuron maintai n+ed for ‘

celis (E) in the rosettes were also Otx2 (F) but were En-1"(G). Cells in the neural

tube-like rosettes were positive for O and negative for HoxC8 (H). Blue indicates

- Hoechst stained nuciei. Bar =50 ym.

~ [0023] Fig. 10. Generation of motor neurons from neuroectodermal cells. (A)

Differentiation of Sox1* neurosctodermal cells for two weeks (upper row) revealed
extensive neuronal generation in the outgrowth area, expression of Isl 1, but few
HBY" cells. Treatment of Pax6"/Sox1” neuroectodermal cells (2™ row) resulted in

extensive neurite outgrowth with few migrating cells, expression of Isl 1, and a large

-8-




42 DIV, Vm-50 nV. (H) Spontaneous inward and out2dfagch 2007

synaptic currents at -40 M using K-gl uconat e-based

pi pette solution under control conditions (H). Bath

a bdashd of bicuculline (20 pM and strychnine (5

p'ﬁ‘/fb%‘fég’?égg outward currents (I1PSCs, Hii). §EH§§’£§J%W8"

a'ﬁgl i.cation of AP-5 (40 pM and CNOQX (20 pM bl ocked

RTReofin gl HBR gcalisnAbautdd?s ishi/2” diffeamsiaterifidm earfyl )

Aver aged s| PSCs and sEPSCs from the cell illustrated

‘?%‘%?%&ermﬁl qeliy weer @be HBEM{R) 0 $1B8" cklgwéreralds pusjtive for Sy

tl("{’i@pmthe recording el ectrode) and ChAT. Blue
ind&-eAbow dfsof the aplisdnl theudister wdarHBY MhenRie clilbebere

Fig. 13. Electrophysiological characterization of in

djffer eiiaipshinithe present afibeth tiscic 64 (RR) an@ BEkE WhBikas few HBO*

depol ari zing current steps (0.15 nA) in neurons

Cald wergiahedrviedwhen citifed ResitheR RANROWS, 3R SHPPAIBRS, | i? hekNEF D).

-59 nV (ai) and -70 mv (ail). (B) Spontaneous AP's in

Blueniadicates Hoeohstisttbd miclet. 285 V50 M.- 50 mV. (O

Spont aneous i nward and outward synaptic currents at

[0028] M uSicn 1K EfledpemRRA, FrOSRESIHLIRA ko RidHehAR o)

control conditions (ci). Bath application o

Ri3tRCiR ahalysss indi28tel vha FroAebRdE géﬁe%m@aﬂf F‘%g es %elis

outward currents (I1PSCs, oil). Subséquent app

that weve-Giltredl i) RARE 26NEHN @?Q?W?%ME& ih'¥fie hER iRliion

inward currents (EPSCS, cil Average

‘et GBPConTpEAEY ot flobok bbbl Abato f o918k 1S

nduRBRHRRSEAL lg#e%@dmoﬁs.ﬁ\g@%hﬁ%qk?&%qaﬂgar - 50

bi ocytin-fi neuron was
ndifoeckdd ol E | NVENTI 0027
Appel‘ i cgﬁlélﬁ%gggl n I\E&%@.gﬁg% Higgr N@ﬁ%@#‘f&"&l‘%‘*&?yﬁf
beRaman : ' m dbr ai nd, ot or neurons
FeeaRy reb R bR i eslee i Bh o s HorCs
. ral | scri bed below and i n Tabl es
- wﬁ@%ﬁ'ﬁ%@"ﬁﬁﬁ%ﬁ?’g&%f SBY aeureewodermal cells were
T/ US200 7841 [0028] Specifically, Applicants )
“95%’& 8%‘3"@1 &‘i %r Wat@eﬂ%\@ﬂbﬁﬁn‘m onegwesls anyd differeatiation for
twé Pa 6'j§9x1-) fromES cells through an enbryoi d body
WFéfsh’E 1apEsenge of i ¢1na/ml), masp celisnexpreyept iQligR (G).
c%]. gifferenti ate these early rosettes into three
Few Olig2” cells were observed when late neuroectodermal cells were treated with
RA and then differentiated under the same culture condition (H). Blue indicates

Hoechst stained nuclei. Bar = 50 pm. |

[0025] Fig. 12. Maturation of motor neurons in culture. ChAT-expressing
- cells were localized mainly in the cluster (A), and were large muitipolar celis (B).
Coniocal image showed co-localization of ChAT in the soma and processes and
HBS in the nuclei in a three-week culture (C). Most cells in the cluster expressed
VChAT (D). Many ChAT" cells were also positive for synapsin in somas and

processes laﬂer five weeks in culture (E). (F) AP's evoked by depolarizing current

-9-




Lol
S

tube-1ike rosettes that29atach2007

into forebrain dopam ne
neur ons.

different fornms of neural
then suitable for devel opnent

neurons, m dbrain dopani ne neurons, or notor
Neuronz from

TABDEwdsnGemner ati on of Do amine and Mot or
HunvSt e Enbryoni c FGFB Neural Tube- rain Li ke ROSRHR8H
ns FG2 En-t+(m dbrain) ES

i = Pax6+/ | +) .

%ﬁ%&%ﬁ? g"é in‘egugo 'Sﬁg%('ﬁly?am@éém@ﬂm | Ressing ateribraee potential
ag)x_ ?@Zﬁ. (Pax6+1Sox1- 4-6d Like Rosettes ine

é’ 87 D-8nd720 mY (i) {G) Srontanepusidditsin aTheueon Mafithined for

%é& stg(ﬁes Neur ons (Pax6+/soxt+) Hox+ inalcord
e V" Phade () Boontaneonsinvardand ousiad syimaptiekligems at -40
bgl ow, | ch describes Phases | and 2 for }
"JE NSNS A-HlcaBparkaned pinettesldionnmdenosntrol abhditichsTHE O Bath
descrj bes various internediate products that
aRaEwt@amf bictigwlinel20 1M ane sirpeHnimes(5qiMpibal dutward currents
( evesiao__)n}sgt@ﬁ TAE;Epéhgenerati on of DIO m ne and Mot or

- deuenstrapplidation oEABSEED (_g{j@g
Propagation of enbryonic st eﬁggel Igsm)z:{'ﬂzl&l eveﬁ%%ﬁ%ﬂ%?log¥ed

thenkesriniag irsveird corrents (EPSTY, 269, iPJ\@ériade Qﬁvstt%e‘ﬁgﬁ' sﬁ?gésn from

cells in the formof neural tube-liké rose

the qadilistpteshin pahelH1aQPDbUSE IruhGaNeH3 16 (iR MG he

culture conditions into either fore

reseudingelectmadt)aad CHAT, Blidd neur ans _
-11 29 March 2007 WO 2005/%%%%’%%”@@& nliciel B3P = 50

CHm.

[0026] Fig. 13. Electrophysiological characterization of in vitro generated
motoneurons. (A) AP's evok'ed by depolarizing current steps (0.15 nA) in neurons
maintained for 42 DIV. Resting membrane potential (Vm) —59 mV (ai) and ~70 mV
(aii). (B) Spontaneous AP’s in a neuron maintained for 42 DIV, Vm -50 mV. (C)
Spontaneous inward and outward synaptic currents at 40 mV using K-gluconate-
based pipette solution under control conditions (ci). Bath application of bicuculiine
(20 HM) and strychnine (5 M) blocked outward currents (IPSCs, cii). Subsequent
application of AP-5 (40 uM) and CNQX (20 pM) blocked the remaining inward
currents (EPSCs, ciii). (D) Averaged sIPSCs and sEPSCs from the cell illustrated in

panel c. (E-F) After recording, the coverslip cultures were immunostained with

; | ChAT, showing that a biocytin-filled neuron was positive for ChAT. Bar = 50 pm.

DETAILED DESCRIPTION OF THE INVENTION

[0027] Applicants herein disclose a method for generation of dopamine
(forebrain and midbrain) and motor neurons from human embryonic stem cells, The

preferred methods are generally described betow and in Tables 1-3,




PCT/ US20 04/0 2 784 1 [0030] As stated above, t RP&arch2007
i nvention includes two main enbodi nents. One

enmbodi ment is the procedure for generating a

synCRPYPHEY popul ation of neural stemcells Jfar
neuroepithelial cells) in the formof neural tUube PIREF784

r[06281 es aggeci .on  of. neuroepithelial markers
Pax®6, Soxl,sgnégt%é?]g', i%ﬂgﬁgﬁi@é}lps% ithed ofidiffesentiating early

"royétedy (PRkERS popul ation of cells that are at
t he sarr(e kﬁ%ﬁ%@n?ﬁ@%%ﬁyﬂg@ Piveid hodyinteromdiate. By

Idifere Rkl ' results in heterogeneous
differe ntPr }é?\t{ﬁ?%é‘wpﬁ’.ﬂ%‘? S Cadifieieptinte asetearisoseitos into three

G (i)l n Aol s .fromprogenitors to

di fferentl a@ggﬁhazgﬁgﬂ@ resetiep that gethng iseifablefos éevelopment
mt@hﬁébra]?%‘/. x1" early neuroepithelial cells at an
early stage oM §‘%“a %“?'@oﬁ@rawémp@mammm, ocalotet rlrchs.
| ater stage. In either stage, we do not see any

di fferentiated neurons. This synchroni zed dével opnent
will allow a directed di f¥ABldnfi ati on toward a

Wnal fate, as described in this
aion of Db pewdi) and Motos ReWbE TR RN EMbrybme Stelreane®

of further differentiation of The Teuroeprtierts
cells to specialized ppegir ons s m dbggj,n .
dopani ne neur ons, ' Uggﬁﬂg&b%e neurgﬁlg ang Midbrain
spi nal notor neurops. 49032] pla Sy bel ow, descli {oBamine
a preferred nethodjof obtaingpgqGells of the pr es &igirons
'%veng,i on. T e 3|incl wdes botI(1 geHeraI culture broth
nmponeéft s, Garly Basettesh e—BNea@EGbRY S| m Lar cultulge .
br 8hs, and48r i ea@sbd-prest h (fiERhekeand LT 0 orebrain
conponents. Wen applicants pgkg, o neural cell Dopamine
cul ture medi um y cultureamqe,@mfwents are sui t Aspans
The sections bel ow enphasi ze the cul ture conponents
necessary for corr i I Réirdl FbeoN. [0%@] In Motor
general, a suitable @sdi um i|gkedRa¥etg®dl UM USE
growi ng neural cells. The fphbwpsitng references (Iyﬁ"ﬂ?s

G, et—at——suprar—1995; Ckdvetfspilcordpt al ., supra,
{1996, Mijtaba, T., et al., su ra, 1999; BrustiTe, O
et al . —supr 4999:—Zhang S: C ¢t al, J.

9 = I
Neur osci . Red Nasg1421-429, 2000; Zhahl, S piges®l al |'
[00;.{?80. I\I%I[ -12 ------- -- ---- 29 March 2007
5/ 02 CantTrabE A0 Tabe2Z Bdibw, which describes Phases 1 and 2 for
enerati i
9 g dopamine and motor neurons. Table 2 also describes various

intermediate producis that Applicants consider to be markers of suitable

development.

TABLE 2

Generation of Dopamine and Motor Neurons from Human Embryonic Stem Celis

Propagation of i
Phase 1 gation of embryonic stem cslls and development of these cells i -
ulation of neural stem cells in the form of neural tube-like rosﬁlfsl.mo snehronized

Phase 2 Development of phase 1 cells through differential culture conditions into either forebrain

dopamine neurons, midbrain dopamine neurons or imotor neurons.
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Acad. Sci. USA 96:4089-4094, 1999; Svendsen, C. N.2?March2007
al ., Exp. Neurol. 137:376- 388, 1996; Carpenter, MK,
et at, Exp. Neurol. 158:265-278, 1999; Vescovi, A L.,

et wQtops/02kep. Neurol . 156: 71-83, 1999) use the sane or
simlar medias. 1. Differentiation of neuroepifCH&S044027841 -

bhey (neu t cells) fromhuman ES cells [0034]
'(f?e gjenera)t:"‘légtﬁ]Fe argﬁgﬁft@ésdl“(wpﬂ Hicludes hwo mairémbsdiments. One
fehbB L0 :0f. _enbryoi d. bodies in suspension culture
for %%Q@éé;@,e R %‘Fq:]éH(fﬁe@f gpnergting ? ayno:):;:drﬁz.l%'e:pzdpmzaﬁgggg neural
3% ro factors, preferably or :
f oe?ﬁ ?8@3918%%‘%% el (cels)iim thetform obmewzal tabe-t#as Fose 898N
gg&%ggggo* umar .and organi ze into a rosette form (Fig.
A i § "HRoeniihglial oxarkess PagGiBoxd hnein, Musashi-1. Nl W
Yo ecshng%r. . 2001) FGF4 and FGF9 are also suitable
gr ot h™PSUPBRE” Meenms pomatiasficetisithat aid 4 the shies e

ttes express a neural transcription factor Pax6
SeeTonsTetual stags, as eprasstHie thase inciiced by RRCkhiBh el ATt of
r%gxrl %F%%S 9C, D). W call these rosettes "early |
[ oS COr RIS slifesertiatiomdye. ahp ealture abhtuing Rditd de‘}é)bgmental stages
fm)nol ayer of columar cells without a |lunmen. Every

IR Brageats iy differsptisted miemrusy in thes@bs Bre, Wéesée%@'erf
00

%%g%lﬁg)tfton&gf early rosette cells is at |east
agenewoepithelaade! & ut diesrlyCith +JdIgge
early rosettes for 4-6 days wl| Ieadﬁ?%o}rgr%?g?i on of

NREteRithaligheells ke latersstage sin(dither st;gé,fw@ & 85“5%? Fi i 9E) .
orne |

The neural tube-like rosettes ar pl e

diffgyentistedfnearns mTag ) | uren. The cells
diiifgxt he rosettes efp?@ggl%gggplaﬁge@@ﬁéﬁvﬂﬁgﬂ%”rﬂéﬁ'@c i g.
enkatipn Bwhrd ; ssign from earl
r oset ttépsn t‘g %eﬁ%élaa%;ﬁ%g?‘w'&égr %e?f EES%PE@:;" &“b%épplma@n.
[00a untgp cul tur ndition in the
pr ZE ence o? sl@:é(g?g %’@jﬁ’gﬁéigm%@@ ngg*ﬁhﬁbd'ﬁemﬁﬂ@mlbf the

naurodpithelad] c8sQ8 kna 'IPM:I 037] The process of
" neuroepithell al%p‘%ltl:'l'¥I er e'iﬁq'f i ¢ 35 Bidbrin depaminecneurons,
i ke rosettes, takes 14-16

fofed j ; [ _t,ube-
oda)r‘/egifﬂ Bdlj—%nhlgﬁé E%&@égﬁgdﬁ@a‘ mefar rewronsom a 5.5 day- ol d
supra 1998). -13

gdggj'ane 0. {Thongon, J. A, et al.,
: 29" Mar c%@ge%”émmzfm@‘emnwmmm d3l18 efthe
ithelial cells fromhuman ES

rdsB p of neuroe

cells 1n our e S bt ohagts 1§
presefit HEROR! ﬁ%ﬁnu deg petaenemipaituzs brath cotrpohBts Lhat can
 be RIS, devel oprent “takes in a human

y similar cu ture broths, and critical growth factor and timing

components. When applicants refer to neural cell culture medium, many culture
components are suitable, The sections below emphasize the culture components
necessary for correct differentiation.
[0033) In general, a suitable medium is any medium used for growing neural
cells. The following references (Bain, G., et al,, supra, 1995; Okabe, S., et al
supra, 1996; Muijtaba, T., et al., supra, 1999; Brustle, 0., et al., supra, 1999; Zhang

8.-C., et al., J. Neurosci. Res. 59:421-429, 2000; Zhang, S.-C., et al., Proc. Natl
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enbryo. In normal human devel opment, neural tube 2P dfamah 2007
at 20 -21 days. Thus, neuroepithelial differentiation
fromhuman ES cells mrrors normal hunan enbryo

dewe) ApBRLy (Zhang, S.C., J. Hematother. Stem Cel |
Res. 12:625-634,2003). [0038] The two-stage PCT/US2004/027841

euroepi thelial devel opnent, as evidenced by
Mhm- 86:4PBAA894 1990 Svendseh, €. Nalet alit Expe Neurol, 137:376-
gﬁgressi on patterns has not been described before.

6l SRCaIpRNten M.K. et ah, EXmWeutoh 158: 285 785 9890;M¥escovi, AL., et
neur oepi thelial cells when neural tube forns at the
8lghxpy of. 115674 S, 199%rskitsdsame bi Silsfilar mediagi ce
(Peony, et al., Devel opnent 125:1967-1978, 1998).

_glence_ we believe the finding of sequential Pax6 and
ox 1 Liigfealiation of neumgpittelialaes (rizatdl atem délfs) @beiHdn@in B8 cells
dqﬂﬁ&urmn S cells is novel and may be unique to
ns. Thee gengationsyiieuraepitheliabidlis ddviohlesdaimation of embryoid
represent the earliest neuroepithelial cells thus far
&5t siReNsPh sultunedor 4Balays,ifdliweddgnrmetdnt cHRFE it el S
is relevant to the present invention in that the
Reesepee sharowttastas mirefeedtiaF GER bt BGFB, foP8-5ddys¥when cells in the
rosettes, but not the Pax6+/ Soxl + neuroepi t'heli al
cester of eachrdeionydecaine tcohwenriar kad basalzedto £LAReREform (Fig. 1A.
efficiently induced to becone neurons carrying
Fish 8 Fign8A, BXidBee Zhesg, @t Ak NathA BiofeehRAY, 2001 5 #elE43hd FGF9
m dbrai n dopami ne neurons and spinal nDtor neurons
a(eTalbd suiable growtipfaetopy.. [ 0039] Every differentiating ES
cell colony fornms neural tube-like rosettes. The
[0936] oepi ThelcbRy ; t t. 70-9Q% of .t he
t Ot!’:ﬂ di ffer enﬁrgfgg%c@?%s%%f%ﬁg(ﬁx b %%é a ictiral ran8tripton
faetit FeRp bl @ § . neural tube-like
rosettes c anh(%))clee)&’gelj;rE %P }3@3 d F ﬁ?%ﬁ‘é@s{% {'%tg:l%ﬁ{or %Pf‘ﬁ(ﬁ 39 :(QCRN D).
WeaRflehddedb! o ' » ifferential  adhesio
TosasOaty BRERGy BEaRs hel abas pan? Sd i by

(described in U
e o GBI e, ¥R5C il Qo gossesses cary
. "W th ol th .
roS i e Ral Wil Plohiet 228V <3pte Calsis ehigBstitn % ob ha totalcols

icatio
[0

ractgl;dr%tglcs |n?d|t|onto bei ng a neuron: a
nt hesi ze, ., rel ease, and uptake a neural transmtter.
forfﬁ/ !tuge-‘ﬁﬁe b '

Spdci fi L PR oF thege serly fsattes fond-Gdaysowill yeaddo
ation of néura rosettes (Fig. 1B, Fig. 4B, Fig. 9E). The neural tube-like

rosettes are formed by muiltiple layers of columnar celis with a clear lumen. The
cells in the rosettes express Sox1 in addition to Pax6 (Fig. 4C, Fig..9 F,G, H). The
progression from early rosettes to neural tube-ike rosettes takes about 4-6 days
under our serum-free culture condition in the presence of FGF2, FGF4, FGF8, FGF9
- at 10 - 20 ng/ml or RA at 0.001 — 1 pM.

[0037] The process of neuroepithelial differentiation, from ES celis to
formation of neural tube-like rosettes, takes 14-16 days. Human ES cells are

_derived from a 5.5 day-old human embryo (Thomson, J.A., et al., supra, 1998).
| | -13- - |




[0042] The first step in generating mdbrain dopafiMasch2007
neurons is the induction of a mdbrain identity.
Treatment of the Pax6'/Soxl- early rosette cells, but
no 6' / Sox1+ neural tube-like rosette_cells,

Oty 0l 2065102773 r esul t RCTUS2004/027841

with FG-8 (50-200 ng/m) for 6-7 days
fficient differentiation of the cells to progenitors

Rage. b evalopmenohneuroepitheliaicefit from Huamnd?S cdlisdn ait @dture
I SEn-l) and Pax 2 (Fig. 4E, F) and down regul ati on
IS cepparas well tedhe £ —21(dayg thedddveldpAaBiakddm Shanad
step is to culture the m dbrain progenitors in the
Ynbeende nomhal umian degelgpment, (&l tub8 AR MO A1 dHE. Thus,
6-7 days, then in the regular neuronal
RfUroepidetial giffeventiatidin fram(medn BS celamingdes sl Huhin embryo
Table 3) for additional 2 weeks wuntil dopam ne
dryelapmentiGXheingpS. Py & Henedtbtiier. Sterh €28 Red5%9:655-584 J0pBR
differentiated cells will beconme dopam ne neurons.
[pO8B]4] A Thetws-stage dedrbepitidliblald | WG Syaf j bed
in Table 3. [0045? Th% d%lgfaarhblﬁigvﬁgﬁﬁ%ﬁté%g‘%rﬁgss ,
idpRolobigal treMsidambti ' |

synt hggi s of dopa%ﬁﬂgehagﬁfté@}ﬁ%{tﬁ? ﬁ%#@ﬁ?ﬂ@?b %"g&r&%ﬁ% g%been
deScribear b ra e PG ' l.The do i ne
neu;ons express %ﬁd%hxgﬁgggb%q?r&)%ﬁg eﬁgﬁiegs%@%_

n@&oeﬁﬁhe]kf@éﬂ%%ﬂeﬁtﬂeﬁﬁlEfb%tfgfn?s ik s {n% t{xrf%ﬁ'{ﬁo%% Fafish,

m dbr ai n dopam ne neur on eve{iopman

RS TIPS 0819, 40 BSBER B g 185 e, v

Coexpressi o
-15 3" 29 March 2007

bRlisvs e E’Z‘g%‘il Bﬁﬁec%%%gf%%lgﬁ'ﬁ %"éh $Xprgasian alpRg nguissnithelial

J i ndi Fig. 613).

IFEHBET R HRarTS £s RaYel =nd mayha Shiaws 8 hmansp ditienc
area of the m dbrain.

PR B0 HRuld B SERIE kShrecdit e partist vantunthainbeclsitaus far

. ' urons, .geperated in our culture systemare
| 'd%?'ﬁ%?aﬁﬁe&ﬁ%%{ﬁ‘ﬂ'eﬂa@fgﬁaaﬁ% of these celisds elgvant islbripreseyt

. those.i Ege9 substantial nigra, the dopam ne neurons
am(q{ﬁupn an E’ﬁ Paxb+/Sox1- neuroepithelial cells in the early rosettes, but not

the Pax6+/Sox1+ neuroepithefial cells in the neural tube-like roseties, can be

| efficiently induced to become neurons carrying positional identities other than

forebrain such as midbrain dopamine neurons and spinal motor neurons (Table 1,
see above). | o

[0039] Every differentiating ES cell colony forms neural tube-like rosettes.
The neuroepithelial cells represent at least 70-90% of the total differentiated cells.
[0040] The neuroepithelia cells in the form of neural tube-like rosettes can be
purified through treatment with a iow concentration of dispase and differential

adhesion (described in U.S. Serial No. 09/960,382).
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Par ki nson' s di sease. [0050] The dopani ne neur ons 29 March 2007
possess c-ret, a receptor for GONF (Fig. 7A, B, O, a

grow h factor required for survival and function of
[ 0051] The dopam ne neurons al so

doRghdd urons.
expraggé%%ﬁl\/%m (Fig. 7D, E, F), a transporte®Glageopedss
for storage and rel ease dopam ne. They al so express

PAT tionf nkidbain dopatni fier necessary for

A
%3pam’ ne uptake after rel ease. Thus, the dopani ne

fibns gérfunctiopal nenranuwiticpdtentiat trayapeatic pppiRatien must possess
necessary machinery for synthesis, storage, release,
#rlens) praiRdditional blearactarhstios It siditibpRoHeliR) a RG] a Ehéific
dopam ne neurons express synaptophysin (Fig. 7) for
HosHtivasi identisy andstheappadity tJ bpthesize, rélb8sal@hd Qptake a neural
potentials and can secrete dopam ne in response to
fEansmiffest i on (Fig. 8). Therefore, the dopam ne neurons
are functional. 3. Generation of spinal notor neurons
- [p04R]3] T_méhéﬁrssf_,teptr@:eneraﬁggﬁﬁaﬁbir{%p%miﬁ@hel{ﬂaﬁsog the induction
neurons is the induction of a spinal cord (cau aI%
of demnitibtajn id@ntitat TRAtmEHt of R P8 Soxe: @g‘ﬂy?ﬁe@éﬁ%ﬁ% ®bt fot the

cells, but not the Pax6+/ Sox|l+ neur

Par6 ¥Bbe! *erlita tubbiifte rd@A: celld, y&gﬁ‘t?lfeéggsﬁgﬂl%ohdg% g?rf &7 days

6-7 days results in efficien

reselt i $iciBAINRELRitEn bPHe BIDKSRDaer R Bt ks midprain

transcription factor Hox genes 'su _
o e o e ato LA e LAY PoPe TRl 1) G o gogigaton
AR VB ure the spinal cord
1OBASBZG. ndPfispki et i dro Fibsangrospaionds sprosence
| Of%roﬁgé{gdt@gﬁ%gc@ﬁ% 250 “a}él?l)‘ﬁ\‘é‘ia'dq%??ﬂ%g%%ﬁ? indhe ?;u?ar;‘m%furonal
B ERG Lot hafdesitaas natabiHadiiansl 2 weeks

r@ﬂ%{%l qnal 7-10 days until spinal notor neurons _
u agyne neeas davelon f Riefasably atrleast 36Yaafithe total differentited

escribed in Table 3. [0056] In a preferred

ce dieceme dopeminearaura®¥ of the total differentiated

cel | s beconme spinal notor neurons. The motor neurons
[00441 ess Apsferred differeatiatinanddio is described in Table 3.
[0045] The dopamine neurons express TH, AADC, but not DbH and PNMT
{(Fig. 5) enabling the synthesis of dopamine but not the further metabolism to
~ norepinephrine or nephrine.
- [0046] The dopamine neurons express En-1, pta3, Nurr1, and Lmx1b (Fig.
6A, B), transcription factors that are required for midbrain dopamine neuron
development.

[0047] The dopamine neurons do not express GABA (Fig. 6C). Coexpression

with GABA is the feature of dopamine neurons in the olfactory bulb.
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(Fig. 10), transcription factors that are speci f i283drgh 2007
expressed by spinal cord notor neurons. The notor
neurons al so express HoxBl, HoxB6, HoxC5, HoxC8, but

Nao 2§096aksal N markers rx2 and Bf-1 or m dbrain
marker En-1 (Fig. 1 1A, C, D, E), indi cating’%rﬁ’e? 004/02784%
[ 0057] The not or

[hﬁgg are spinal nptor neurons. > D
bns e B? degargnaNepong doTehexBessaltibhdin fRigebi2y e
pecessary for synthesizing the notor neuron
Goapeansionayithaeathindia fsothe deatuirof doparine neaconsris thel tegamental
express VAChT (Fig. 12E), suggesting that the notor '

Fea pbihedaidbrirore and uptake the transmitter
acetylcholine. [0058] In addition, the notor neurons

B04less sTogalisérnthemibgve kal)red ndicafeothBRihk @opaiine neurons
synapses. They can fire action potentials (Fig. 13).
geRefaédhingur chiture spstem are aridiainaiopalritROiduesIR, mové cloaue
data showi ng that the notor neurons release

ressashliol dhosedn trasswsanyial]ad?@ythuae mhe .@ﬁ&{ﬁhhm}te ‘ri]’éest in

For ebrai n Neurons [ 0059 n anot her enbodi nent,

Partdissomis disaeget i on is a nethod of differentiating
primate ES cells (preferably human ES cells) into

[0050Fbr ai THeAfRaIIRe ndRMOpSsseld &FH&T é‘%c\éggogrt g _qe"@g.' A, B,

neural precursors suitable for nervous

Ope S G R BB 4000

One woul d preferably begin t
opgeye forrpgi e heuflGRAM. r ratilaqn...To
{gen}e/rate fg]rdg)grgg]?‘r?m neeurons,&%g%a%A?§Z§Q%Q'$'IFQ'aare
[t 4 - 6 days with FGF2 and ar.
rdsBREF el fbr Bihags APVco aBpaing. Jolelesiegiess DA
LAl opam ne neurons_and the anal yses for
FE 7S I A RRBE s ren ot Aorarbna SRS PEoBfaase iThus, the
. descri bed f.or m dbrain dopam ne neurons. The
Adg NGy B pheTrieclf bur SR SYatarh Rbaass negsspary machinery
Lcul ar _period and the features of dopam ne
foﬁ%{ﬂ&%%is.' SE%&)%T&??F@» end yptake ob therfrapsmiteridopgming: ebr ai n
éi%aam ne._nheurons, is the induction of a mdbrain .
[099Rdnt i ¢ y Therflepamian neurons lexpreas syrnaptogihysiadFigy 7) fos frmetion of
cells wth FGF2 (10-20 ng/m) for 6 - 7 days results
Synapsest i dier san firef dadion potentialsrandicah lsecretd dspartife in response to
progenitors that express forebrain transcription
stimylafion {Figf 8)1 TEnedef@kex the dopamine neurons are functional.

3. Generation of spinal motor neurons

[0053] The first step in generating spinal motor neurons is the induction of a
spinal cord (caudal) identity. Treatment of the Pax6+/Soxi- early rosette cells, but
net the Pax6+/Sox1+ neural tube-like rosette cells (Fig. 10A), with RA (0.001-1 uM)
for 6-7 days resuits in efficient differentiation of the cells to progenitors that express
spinal cord transcription factor Hox genes such as HoxB1, HoxB6, HoxC5, HoxCs,

but not forebrain markers Otx2 and Bf-1 or midbrain marker En-1 (Fig. 11A,C, D, E)
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[ 0061] The second step is to culture the forebraidMarch2007
progenitors in the presence of sonic hedgehog (SHH,
50-250 ng/m) for 6 - 7 days, then in the regul ar

newmnadio2rgpf ferentiati on medium for additional 2
weeks until dopami ne neurons devel op. 35% of PEHYS2004/027841

%ﬂsﬁ differentiated cells becone dopam ne neurons.
Pescr i Vs tHeope PieRis torcistune the spinal cerd Progenitors in the

AF%IFi cation _Serial No. 09/970, 382, describes a
PrSeRcs asonirberaghog (R1612) 500258 ighmt)doS 7 clals td indece a
grefe_rably a human ES cell line, is first obtained
FirgiFeshagseaitr ciamctenyasodvidennediby Bpresdibn bi ORyREFig. 11 F, G,
%gscri bed in Thonson, J. A, et at, Science

2 Wanestigtioprfactopggyresaed by.oBly veatrahieukaiproderitdid, #38 in the
and 6, 200,806 or by other methods suitable to obtain
E2gpiar payrongl dilergnijation onedium For iyt ditig Rl 7 - 20 dayd \htit SRhatichdtor
to proliferate in an undifferentiated state after
Ryenseelopcul ture for at |east el even nonths and
lﬁbgélerabl y twelve nonths. The enbryonic stemcell I|ine

al soA prefeatd differentiliidn mydi i ture,

to formtrophoblasts and to d?lgé]g%gﬁtg?;&#g"?g%gggi 18 29

[8856]h 200 d\@e?&%@/&mgerﬁ%/%% 99¢/ %Z@ﬂ&#q@%w@ma cells

tissue derived fromall three ryonic ger

heeonte dpinal mors PeeiRsATHe M&%P@gseer%%?ﬂsnﬁ‘s‘j?ﬁﬁq 'gﬁ’d Lim3

are then cultured. In a prefer

(Figet®ntranscriphat fa8fdrs ﬁﬁﬁar%ﬁph«gﬁﬁgﬁ Ieg(%r%%‘%f@fgﬁnﬁ%h c@rd motor

feeder layer of irradiate

nemnons. TREHAOEISU PR S HoRh S SR no

bel ow and in Thonson,

v 3343, 780, and_ 6,200 806. Ve al
e aARSle D02 nd i T ARG E ok B B o).

envi sion t
inkd I - Q64] The ES cell colonies are
i %ﬁg}ﬁgiﬂﬁgﬂgéﬁ?lﬂ%‘%ﬂ"‘%ﬁ@?ﬁadherent cul tures by
t men i di spase and grown in a suspension as
(o5 TE  o e i e CURE o s Sk Ioe o, 42ACH. B ya asyme
j . preferably for four days as descri bed _
n%:%?éoa\f@ ft{l‘ggét)gﬁesﬁwg t&%@“&% &eyiearapgmittar edetylcholindi. Ufhe motor
nd gé]t ai’ni ng FGF2 ﬁref_erably at 20 ng/m, to generate
sRlse,exress ¥ACHE (Fight2R): suggestingfthat e nustopeaesl sa9ktore

ium are as described in Table 3. However, nany

the e
a"&%ﬁ’(&dga franswilep aeatylcholine.
[0058] tn addition, the motor neurons express synapsin (Fig. 1 2F) for
formation of synapses. They can fire action potentials (Fig. 13). Therefore, the

motor neurons are functional. We have data showing that the motor neurons

- release acetycholine, as analyzed by HPLC.

4. Generation of Forebrain Neurons
[0059] In another embodiment, the present invention is a method of

_differgntiating primate ES cells (preferably human ES cells) into forebrain dopamine

. neurons, preferably transplantable neural precursors suitable for nervous system
-17 -




are suitable. In general, a suitable nmediumis afy March2007
medi um used for growing neural cells. The follow ng
references (Bain, G, et al., supra, 1995; (Ckabe, S.,
et wa) 20030 ra, 1996; Miujtaba, T., et al., supra
1999; Bragtgtlpe, O, et al., supra, 1999; Zhang,pcrlg?"p‘ﬁm,”s“
Eé al 0 J. Neurosci. Res. 59:421-429, 2000; Zhang, S:
7haillyOng Woulgniferaiyihegin the spth®tas dessAbed auoORNok b@Hbrain
999; . Svendsen, C.N., et al., Exp. Neurol. 137:376-
gRamingdisuran-generation, Tvgenerate fogehrainBepronsethedaxs’/Sox” cels
158; 265- 278, 1999; Vescovi, A L., et al., Exo.
REUreAted fos@nadditignal #096 Hays with FEF2ame 206 tisintdaaéd with SHH.
gﬁdi um [0066] After approximately five days of
£ £18Pe in genaratingddiebrain dbparpinanedronBaind thd bnapneriat e
an outgrowth of flattened cells and by seven days the
¢eigimaining the Hopashioe gatred chefdctersatd sigRMIEd Aese @sBLibS for
formati ons such as seen in Fig. | B. These formations

- Midhezip depaminegwttonsn dhe abait differdrics sethe w@h dfinsbrp gata

One may confirmthe -19 29 March 2007 WO 2005/ 021720

reatipuimetiod Rd Sl foptupesgfaipaimatd@bnd’ ecur sors by
nor phol ogy or by i nmunofl uorescence anal ysis using

[B0a0%aI ke frstiteh et BRORAT bPARE AL bl

as described below. ~Preferably, the neura

indurofion ska aiidﬁl@iﬂﬁ@en?i%?/ﬂréﬁ%égg §§ thBIEEHBE AN drty Jo84R ceis

84% of the total célls. e my Ws
withr EGEZ (1020 Bd/mi)ifHies 0 il 4 ;
pref er a(bl y g%/ c?i flfe%r Zﬁaﬁ'g|"&~‘L'e@§;,Angéﬁ?igﬁflﬁgél{eﬁﬁﬂqonaq{@e cells
tegrogehitdis t ' | €Sl
pPICphiRls LR ohSS, o pitah si¥aiioh g i Eaad oo
er entpal nt of the _central o
[c?eeﬁ? oepi tTrl{%I ?egﬁﬁ‘fgtgﬁﬁsd‘[é’ a’i‘Ufestﬁ forgbrain preganitars insthgpresence
f.1,0 ounding flat cells, the
o L b i e 28 o ilLiar Bor dmthendn fagregsias navonal
ncubated.with 0.1-0.2 ng/m di spase (G bco
d@%ﬁ"%@‘e%géiﬁﬁoﬁ)ﬁ‘?‘g@"aﬁ RYaebs Hpid doping narens develop. 35%
- Autes. Alternatively, 0.2 ng/m of dispase may .
Ofljatge E@aelgalﬁ#ﬁgﬁqt%% E?IEQBEPMP?}‘MWU roise r Basdesueiption below,
ta %rﬁguq?ﬁng I?[gat cells remain adherent. At this
B'ﬂ' M Y-ReFRtpbEAPRIicatiemBeriatilp. BY/ATD SBAdestribys awmferad
t"f']le flask, which |leaves the flat cells adherent. The
mMe¥Gflns are pelleted, gently triturated with a 5 m
&iggette and plated into a culture flask for 30 m nutes
[0¥e2lal | owh irmate S el fiee,ipneferabiyia HinualES el nel & first obtained
adhere. The floating rosette clunps are then
anfipEpRAgatace dOne mayobtain an ES cell line as described in Thomson, J.A., et

al., Science 282:1145-1147 (1998) and U.S. Patent Nos. 5,843,780 and 6,200,806

- or by other methods suitable to obtain a ES cell line with normal karyotypes and the

ability to proliferate in an undifferentiated state after continuous culture for at least
eleven months and preferably twelve months. The embryonic stem cell line will also

retain the ability, throughout the culture, to form {rophoblasts and to differentiate into
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flask, preferably coated with 29 March 2007

pol y- (2- hydr oxyet hyl - net hacryl ate) to prohibit
attachnent, and cultured in a mediumused for human
newbhabespiesHUr sors with the presence of FGF2
(typically 20 ng/m). As described bel ow in the VoX0M/02784
garrp es, . treatment with dispase followed by

SPGB om 2l Harep embyanic gerat leyers (englotgme meésdded and
$o§§e{a ion of neural precursor cells, typically at

d % and nost preferably at |east 96%
Addi tionally, one may use ot her nethods, such as

0ffithe sepbe eelismre thesi cultussd. dntipbefdsred emBoA M the@resent
separate the neural precursor cells. [0068] The
- iByentiph etbe iellsoare peopyatadadrea fduelehlayarnot Tifadistl nelafiyRsh,
neural precursors can generate all three CNS
rreferably mosse, embiryaric fibrablag8, parferibl289 disc¥E:d below and in
200- 5/ 021720 PCT/ US2004/0278.1 [0069] The table bel ow
Thomgoh bév., ehalr,tsuofa, 1098 ane LaS redibs MYs. biBes, 780Rpdie 300 806.
of the present invention: TABLE 4 Characterization of
WaalsneanvisionRhatdhe sells iay bé prapaghlet WifBGt feBdat A&l layers.
cells 4 Treatnment with dispase and cultured in

[0068- | 0MHerES GaINEHIGHiO ald tyBHicES remggé?dimé&“t Pr%d;x@f?ﬁ

for 4 days foll owed by chemcally I ne

cBituleeBy trastiniemt with Biﬁ%%ﬁéc%ﬁrggﬁ ig gl{]s;l'i%%%isﬁ) n n%s dﬂtg%]ﬁOaﬁng ES

Adher_en_t culture in _ e
celbajoRéqtedCATEH 2nitioid bodied §8s) Beﬁs{]rgétg ?éar:rfgﬁ.’uq‘%f?g described

Neural tube-like Structur
epithelial cells

bsbwuct ures representative of neural
as "<777 defined by histology and

' nohi ] . Neural precursor, cel
L00BEHCO T O ERSHE ok cMitlin phAitidRtaini £ G2 preferatiy at
t,i of . Neural Precursqr Cells with D spase |

26 31 o ¥Bndieid 4 dpsele foll dhe sy ptered pmpansnts of the
ag.hesi on %/ql el ciqséga hi ghl% Treat nent enriched
MR HE a5 Jegerned ip 4 rbler & cldewever spanyother midiuabtomponents
| east 95% o
are Stiitable. I@general, a suitable medium is any medium used for growing neural

cells. The following references (Bain, G., etal, supra, 1995; Okabe, S., et al.,
supra, 1996; Mujtaba, T., et al., supra, 1999; Brustle, O., et al., supra, 1999; Zhang,
S.-C., et al., J. Neurosci. Res. 59:421-429, 2000; Zhang, S.-C., et al., Proc. Natl.

_— e Y

Acad. Sci. USA 96:4089-4094, 1999; Svendsen, C.N., et al., Exp. Neurol. 137:376-

388, 1996; Carpenter, M.K., et al., Exp. Neurol. 158:265-278, 1999; Vescovi, A.L., et

- al, Exp. Neurol. 156:71-83, 1999) use the same or similar medium.

[0066) After approximately five days of cuiture in the medium, the plated EBs
will generate an outgrowth of flattened cells and by seven days the center small
elongated cells will generate rosette formations such as seen in Fig. 1B. These

formations resemble the early neural tube (insert of Fig. 18). One may confirm the
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[0070] In another enbodi nment, the present invent i28iMargh2007
a cell population conprising at |east 72% and
preferably 84% neural precursor cells. These neural
prveemosan7cel | s can be defined by being nesti . ?nd
Misashi | positive. Fig. 1 B illustrates thdFOSEPHE 4
i haracteri zing these cells. By rosette
Ry S5l B e e Sy orebabey oy ioninofuresenicapelysis
ranged in a tubular (rosette) structure,
”rgg‘ge'%ﬁ' %”ﬁ{ g’"ﬁ%%nsa?wfﬁw@éﬁsaée@d Muisaghi brasi desciitred: betow.
Fjp%gt/? The colérmar cel |l norphol ogy and tubul ar
SFIF (b MITelral PepriRRPTS Fompeise aldeast 76%, Bind masBpraf QAR jat
Ie! n gwt r}gﬁ enbodi ment, the present invention is a cell
F5hPt At 91dhe talgells. east 90% and preferably at | east
[0%%%3 neural precursor cells. One would preferably -21
10671 ... One-mapwishiio frtRd (dlatdAed | ABLIAR rosettes, preferably
‘ bPC.‘I'/ US2004/027S4] obtain these cells after
bydfferntaiianaymeticyesihiont bne atingsin, aaaeéﬁbeélfb@% fﬁhe
Edescrl blgd _belowin the Exanples. 5. Use o
¥R5PRIPR t INdwief, dreatmentRvitsdispasewiblobi W tHe il erfeRN GEALAMN of
thof speci al i zed human neuronal cell types wth specrfic
B Canisatineurepithaliabisiapds. To@eparafiitfe BRSIcH ng?tte cells from the
|dené‘| tlﬁ:trsmﬁro;]n de ar;jource Efcg transpl antabl'e cel'l's
sufrgHnding: $, the diffevertlaged £85 cgi ’
nfidbrai n dopam ne neuroﬂ% for ggrgﬂﬁﬁs?%tz&%s%k@fe
preferablyrincubatiapwith 08-0.8 YrhaIRT disps ATkl :
= di seases, spinal notor én’eur ggss%@rwspl n'aﬁ"%g?"&'“f"ﬂpﬁﬁy
oghdllayd@yrat 37T Form 5426 RARRASs. | ' 0073]
Est abl i shment of stepw se an@féc e%@é@??ﬁ?@ﬁpﬁé%pasemay
be miskd.uTe rysetE ERIN ' Lf i api.on of hyman
enbryoni c stem ceFIgI{rse u??t:@tgrt&% ﬁé&pﬁé@ﬁ%f@ﬁ"wm@ﬂ
adkerent, P@mhit PomP8ke fld s.al.sp offers an,
unpr eceden?gd ’syéé,tﬂ%eér%ﬁ ? g:;lﬂﬁsé:é:rg%hp% 8‘5%618%‘ gyﬁh’éymg the flask,
which 608 Hid At. the present, toxicological and
t her apeute= %at grgﬁglgé&%eg?éte i g@"%sea'ﬁmi%iﬁﬁe@ﬁﬂﬂgitﬂtgfated with a
5 i ' cell cultures, or genetically _
agrygﬁlﬁépd %umﬁ%aﬂ" F cHltrR .S& fmjﬁ"ﬁrﬁmems Joallaw tesrantarinsting
inditiadait dapd \fferentiation to specialized neuronal
m c@ﬁ?lsdé?ée%r%dsﬁeeﬁ% T3 8°ting roseitasiimps are ihan treesieatd fo a new
flask, preferably coated with poly-(2-hydroxyethyl-methacrylate) to prohibit

attachment, and cultured in a medium used for human neural precursors with the
presence of FGF2 (typically 20 ng/ml). As described below in the Examples,
treatment with dispase followed by differential adhesion will yield a highly enriched
'popula#ion of neural precursor cefls, typically at least 90% and most preferably at
least 96%. Additionally, one may use other methods, such as immune separation
using an antibody to PSA-NCAM, to separate the neural precursor cells.

[0068] The Examples below demonstrate the human ES cell-derived neural

precursors can generate all three CNS celi-types in vitro,
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devel opment. Hence, the invention described her ei2f March 2007
wi Il be anenable to screen agents that affect nornal
human neural devel opnent or those that potentially

r ewol 0s0212@bnor mal  brai n devel opnent, as wel
those that may stinul ate regeneration of theJ)%@Esrz%oﬁQFm‘

in dis e onditions. In addition, the
f%’?gf i bed*@ﬁzi?@ﬁ?"é'g?w I8 flowchartiof varinustaspects of tisnebodiment

Qqical processes that |ead to death of dopam ne
ﬁ@h?%ﬁeﬁpﬁmﬁﬁgg.i n Parkinson's disease) or notor
neurons (such as in ALS), which nay be effectively

used to screen therapeuti Céalatﬁsngs that are designed to

treat these diseases. -220ABLE4________ --- -- 29
rch 2007 WO 2005/ 021720 PCT/ US2004/ 027841 [ 0074]

In a preferred nethod of this enbodi ment of the
present i fhasaotérization of the Neuval Prbc@rsOICCeRs A Vitrddnd i Vivoce! |

%@Mi ons of the present invention to a test

&ﬁ'bound and conpare the results of such exposure to a
confrjol cell population that has not been exposed.
Onc’ﬂlgougd u P ]glerts mﬁmind mﬁmﬂm@t FGF?!% aﬁtla“futtlirs’dih m-fbﬁﬁg condition with ES
compeund af f ect pie i orudl dadsi fsHBw SRR
EpbripidBadiesi sti cs prhediumevith EGEZ{H@‘Q(&igﬂﬁlﬁé}rmﬁpgng tlh@r%af&gd
known devel opnental characteristics contained within

the] {present appfication. J} 3 -23 - ----- S

-eapd - - - 2%dvasrt Buitd@ A NG o

PCTJ52004/ 02784 gafd O T m%ﬁ“%@%@&&%w%@m&"m&mgfsﬁz for 7-
Differghtiation 1 Neural
tube-like sfructures

N
e —p

ﬂ These are ugique structures representative of neural epithelial cells as
defined by histology and immunohistochemistry, Neural precursor cells

: ' typically comprise at least 72~84%
Isolation of Neural Precursor piealy.comp s172~84% of the total cells

?reelz withtDI'Spase Trgatment with d_ispase followed by differential adhesion yields a highly
men ennched population of neural precursor celis (preferably at least 95%).
[0070] in another embodiment, the present invention is a cell population

comprising at least 72%, and preferably 84%, neural precursor cells. These neural
precursor cells can be defined by being nestin and Musashi | positive. Fig. 1B
illustrates the rosette formation characterizing these cells. By rosette formation, we
mean that cells are columnar in shape and are arranged in a tubular (rosette)
structure, resembling the neural tube (developing brain) in the body. The columnar
cell morphology and tubular structures are shown in the insert of Fig. 1B.

[0071] In another embodiment, the present invention is a cell population of at

least 90% and preferably at least 96% neural precursor cells. One would preferably
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5. Use of Cell Populations of the Present invention

[0072] Generation of specialized human neuronal cell types with specific
transmitter phenotypes and unique positional identities provide a source of
transplantable cells for treatment in neurological disorders, such as midbrain
dopamine neurons for Parkinson’s disease, forebrain dopamine neurons for
psychological diseases, spinal motor neurons for spinal cord injury and motor
neuron diseases including ALS.
[0073] Establishment of stepwise and chemically defined culture Systems for
directed _differentiation of human embryonic stem celis first to neuroepithelial cells
and then to specialized neurons also offers an unprecedented system for screening
toxic and therapeutic agents. At the present, toxicological and therapeutic drug
screenings are performed using animals, animal cell cultures, or geneticaily
abnormal human cell lines. Human embryonic stem cells and their differentiation to
specialized neuronal cells represent a normal process of human neural
development. Hence, the invention described herein will be amenable to screen
agents that affect normal human neural development or those that potentially result
in abnormal brain development, as well as those that may stimulate regeneration‘ of
the neuronal types in diseased conditions. In addition, the described system can be
- readily modified to mimic pathological processes that lead to death of dopamine
‘ “heurons (such as in Parkinson’s disease) or motor neurons (such as in ALS), which

may be effectively used to screen therapeutic agents that are designed to treat

these diseases.
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‘gpmpound and compare the resuits of such exposure fo a control cell population that

has not been exposed. One could understand whether a particuiar test compound
affected the cell population by examining characteristics of the cuffure and
comparing them to known developmental characteristics contained within the

present application.
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EXAMPLE 1 - GENERATION OF FOREBRAIN DOPAMINERGIC NEURONS

Resulis

[0075] Human ES cells differentiate to form neural tube-like structures in the

bresence of FGF2. Human ES celf lines, H1, H9 and a clonal fine derived from HY,

HS8.2 (Amit, M., et al., supra, 2000) were propagated on a feeder layer of irradiated
mouse embryonic fibroblasts (Thomson, J. A, et al,, supra, 1998). To initiate
differentiation, ES cel| colonies were detached and grown in suspension as
embryoid bodies (EBs) for four days. The EBs were then cultured in a tissue culture

treated flask in a chemically defined medium (Zhang, S.-C., et al., J. Neurosci. Res.

59 421-429, 2000; Zhang, S ~C., etal., Proc. Natl, Acad Sci. USA 96:4089-4094,

1999) containing FGF2, FGE2 was obtained from Peprotech, Inc., Rocky Hil, NJ.
After five days of culture in FGF2, the plated EBs had generated an outgrowth of.
flattened cells. At the same time, an increasing number of small elongated cells was
noted in the center of the differentiating EBs (Fig. 1A). By seven days in the defined
medium, the central, small, elongated cells had generated rosette formations (Fig.
1B) resembling the early neural tube as shown by toiuidine biue-stained sections
(inset in Fig. 1B). Immunofluorescence analyses revealed that the expression of
neural marker antigens nestin arid Musashi-1 (Lendahl, U., et al., Cell 60:585-595,
1990; Kaneko, Y., et al., Dev. Neurosci. 22:139-153, 2000), was largely restricted to
cells in the rosettes but not the fiat cells in the periphery of the differéntiating EBs
(Fig. 1C-E). Undifferentiated ES cells were immunonegative for these markers. The

formation of neural tube-like structures was noted in the majority of EBs in the
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cells expanded and formed multiple layers. They frequently made up most of the EB
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and were shamply demarcated from the surrounding flat cells. Treatment with
dispase led to the preferential detachment of the central neuroepithelial islands,
leaving the surrounding cells largely adherent (Fig. 1F). Contaminating single cells
were separated by short-term adhesion to celi culiure dishes. Cell counts performed
immediately after this isolation and enrichment procedtre showed that cells
associated with the isolated neuroepithelial clusters made up 72~84% of the cells in
the différentiated EB cultures, Immunocytochemical analyses showed that 96+0.6%
of the isolated rosette cells were positively stained for nestin based on 13,324 cells
examined in four separate experiments. The vast majority of_'these celis were also

positive for Musashi-1 and PSA-NCAM (Fig. 1G, H, 1).

[0077] Human £S cell-derived neural precursors generate all three CNS cell

tm s in vitro. The isolated neural precursors were expanded as free-floating cell
aggregates in a suspension culture, similar to “neurosphere” cultures derived from
human fetal brain tissues (Zhang, S.-C., et al., supra, 2000; Svendsen, C.N., et al.,
supra, 1996; Camenter, M.K., et al., supra, 1999; Vescovi, AL, et al., supra, 1999).

BrdU incorporation studies revealed that stimulation of precursor cell proliferation

was dependent on FGF2 and could not be elicited by either EGF or LIF alone.
Furthermore, no additive or synergistic effects were observed when FGF2 was

combined with EGF and/for LIF (Fig. 2A).

-29 .




N Ng~ g. g-2hMarch 2007
CL+400inC
jgww UC2 d
TRpO _mMWZ

00 LL yy wxo gx ox+2"- r OmmCo Co Co
n|-+‘T-vatagc-11 ZF
9L so h +ab ZzZ1 RR% PP
H) - Rmm- =
I;L gml}lz(?ﬁgmlcd: < I)i N Ry m< < N N R RCYHUR2A4/G27841
IURRA -27 ---- ---

N W
%Wﬁ yym B vilro &ffefﬁanvmf e B9 oZl-U@ivea0RUAD brtlrsors was

- | ON OF
/027841 EXAMPLES EXAMPLE 1 - GENERAT
i %04 SiHFEF ZangEpRtingSon Bedthing sink (8% RIn sibEREte.

ff tiate to formneural tube-Ilike
?? 'lﬂﬁ'gltallffs"@g’gyﬁ ?';Cﬁ‘gdd% pel!aemdmtmierﬁﬁzé}owﬂlmféaslzg%\ﬁ Bt from fhe

rom Ho
(s; ergs ggl)%ng g?;ta?ggm?a;gg*&gﬁseﬁ; LbVIZ:Q;é?; %ft&dplgfhga
f eeder | ayer of irradiated
processes emanating from the spheres had formed prominent fiber bundles.
Frequently, smali migrating cells were seen in close association with the fibers (Fig.
2B). Immunofluorescence analyses of the differentiated cultures reveated that the
vest majority of cells in the outgrowth areas expressed neuronal markers MAP2ab
and pu-tubulin (Fig. 2C). Expression of low molecular weight neurofilament (NF)
and high molecular weight NF was observed by seven to ten and ten to fourteen
days after plating, respectively (Fig. 2D). Antibodies to various neurotransmitters
were used to further characterize the ES cell-derived neurons. While the majority of
the neurons exhibited a glutamatergic phenotype (Fig. 2E), a smaller proportion was
labeled with an antfbody_ to GABA. Frequently, these neurons showed a polar
morphology (Fig. 2F). A small number of neurons were found to express TH (Fig'.
2G), the rate-ﬁmiting enzyme for dopamine synthesis. GFAP* astrocytes were rarely
- found within the first two weeks after growth factor withdrawal (Fig. 2C}), but became
more frequent after prolonged in vitro differentiation. By four weeks, they had
formed an extensive layer undemeath the differentiated neurons (Fig. 2D). While
ollgodendrocytes were not observed under standard culture condlt:ons a few O4-
- immunoreactive cells with typical oligodendracyte morphology were observed when
the cells were cultured in the presence of platelet-derived growth factor A (Zhang,

S.-C., et al., supra, 2000) for longer than two weeks (Fig. 2H). Thus, ES cell-derived

neural precursors generate all three major cefl types of the CNS.
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nouse enbryonic fibroblasts (Thonmson, J. A, et &9March2007
supra, 1998). To initiate differentiation, ES cell

col oni es were detached and grown i n suspension as
The EBs were then

enmwo/mnsizibndi es (EBs) for four days.
cultured in a tissue culture treated flask i RCHUS2004027841

ﬁgﬁplcall medi um (Zhang, S: C., et al., J.
urosci . -ResHI &8 ely : Wi
, roc. Natl . . 96: 4089- 4094, 990
el viver 7o aserss thediffetentiatiardof Hupmaries cok-86fved neural

Inc., Rocky HIl, NJ. After five days of culture in
REPYSORSHR viypatve graiftad theml injetherlatoesl vantrields 8 Ao mice (Flax
‘Lléattelned cell's. At the same tine, an increasing '

wishal-.datsBintache! G hse: t189¢ ¢098). W traM@piBAtel beld Bormed

ent grirhea{_the differentiating EBs (Fig. | A). gy seven
Cg-zﬂ%fi rige's diegiomseaf thereetitisularSyStehPAid Ak i
el ongated cells had generated rosette ?‘o?rﬁg@%dn@ Iz(ir[gleg_

_expression of nﬁéﬁrgp&ﬂ%? @'r'ﬁ%{aﬁg@ﬂ@E@'&qr%a'é%ﬁ'mmo"ated
fo;gég‘ti;t?; b;}yeagt “the fiat ?_el Ps | nﬁﬁ%gmﬁ{?ﬂc& Wrefetectable
Undi f f ergg‘rt]t i at egbg%mgg@ ?g&v'\:(/ser? eC#I"ﬁ’CM'ﬁ%i'ﬁ theglustersishpwed strong
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e AP oo R ol udes eslsndnasbaamakapii,
| i ke rosettes can be isolated by

'_ we(%’?c?t@eté}ﬁéﬁ @}tiéltﬂ l}Jlgt}el-fgwtgrs. tNetgratema famaatiod vess ahiser)dit h

erenti a
expqsure to FGF2, the columar rosette

' tinu
(0080 " o E iU rinigationcwiina impbmshesif srobE i
. frequently made up nost of the EB and were sharply
immyrtodylonhetnioa! gitection ol haadinbdoid-3hodif! o] (SR e
pre%M tha{gi S asqc;ﬂl ed to the preferential deta ﬁrren 0
ghee siinoupnerbes bain feglonds |
Widsurr%%rl]di ng l;el s largely adl*?grent (rlazygl.%%ﬂ:?'%a%%%'b'tmg
e Aheenr icalyircbrpgrationdhdlisdedVey a ;
short-term adhesion to cell Cul@ﬁ?gﬁd?gkgg{pgérppus (ng.
3B.Ch gffectonydultyseptim (Fig. 3D), thalamus, hypothalamus (Fig. 3E), striatum

defi ne
! ES

(Fig. 3F) and midbrain (Fig. 3G). ‘Inoorporation into white matter regions was most
| pronounf:ed in the corpus callosum, intemal capsule and hippocampal fiber tracts.
Morphologically, the incorporated human cells were indistinguishable from the
surrounding host cells and only detectable by the use of human-specific mérkers
{Fig. 3). Doyble labefing with cell type-specific antibodies revealed that the -

incorporated cells had differentiated into both neurons and glia. Human ES cell-
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i mredi ately after this isolation and enrichnment 29 March 2007

procedure showed that cells associated with the
i sol ated neuroepithelial clusters made up 72-84% of

t hwvaembi/miiza the differentiated EB cul tures. - ‘
| munocyt ocheni cal anal yses showed that 960. 685§ TEFPHR™841
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HE@Y%'?%E‘%%%C%@FE kesclearly delinpated withrantibadies td fystubulin and MAP2
ﬁgaé@t‘g Experi ments. The vast majority of-these cells
e”'al"3o T Tasendy, iheyidiaplayed polar norpinslofied it Mg (rodsses (Fig.
é&s C'%’IS‘) [0077] Human ES cell -derived neural
ctr&tiongasisers withinbiltiphlae endNSna®kd unip¥RE fokghologies were
1t\F/)itro._ The isol ated neural precursors were expanded as
Hed (Figodbi Ahe denor-desiyed egarbes gbneratedURRREISIO Bxons rojecting
culture, simlar to "neurosphere"” cultures deri ved
IPhg Fistangaints teaiosbbrain whichwees d6BRADIN b3th Ga gl whtee:
supra, 2000; Svendsen, C. N., et al., supra, X99 ;

Yerlhey weke particulariyedbundabpiitiin #88SraceSiP s ihebrous

et al., supra, 1999). BrdU incorporation studi es

[(?&(Ei ti/v\ég lgr@qgéner gistic effects wer ) siej W@g:A\ﬁﬁgqﬁinzg'g' 31).
20 War cn Daao o el Bl iac ol B erabastioeytes
HRoural pr et U 195 Al @ TR flpleba FiHae rarbpngios and

R eSO RGBT Aot et W
inGOrd BTyt AGofes layelipicesing fated fadetoot mature
ol Tet  Bae gl dor coli aiidiec iarainento Mieghast bregn
B R Bl e e o
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and 001-tubulin (Fig. 20).

neur onal mar kers MAP2ab
| ow nol ecul ar wei ght neurofil anent (NF)

Exnr.essi on of
D"éa'C:ﬁTg-g-'ﬁigh nol ecul ar wei ght NF was observed by seven to
and to fourtee days after plating, _
[Odragi pect if/hglrkfefeﬂt 5.%‘”“'5 I!S)A}C@&?ﬁ %@bam@rgﬁal@iemrat peEscursors capable
were used to further characterize

of@%l&%transm tters .
| &89 Briure ReroRYaRbalicoran bepenaratedevitheligh iield fesm human
ES cells. Exploiting growth factor-mediated proliferation/differentiation and

differential adhesion of neural precursor cells, the in vitro differentiation procedure
described herein provides a new platform for the study of neural development and
the generation of donor celis for nervous system repair.

[0083] A key finding of this study is the observation that the differentiation of
neurgl precursors from human ES cells appears to recapitulate early steps of

nervous system development with the formation of neural tube-like structures in
) ' -32-
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usters i.n ri ous regions of the ventricular
cé@ig'&%eﬁﬁ%a WB@?’B%‘F'& lrderived peurglipreeursorsirepresent a more
. variety of host brain regions. O twenty-two brains
Imipathes age,baneEssurseR selisderived fromeibk fetaFAuman brain. Studies on
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ei ght een_reci pi ent brains, respectively. |ndividual :
de&ﬁﬁ‘i’rﬁl" & GiRdpy pieliferstiopranddhe ersponsiecness toBGFS8 avquirdd ey at
rafted cells were detectable for at |east

g :
later grgeswialesral psacursance}p Hiffietertintion (KGR/ahE ADY Bt AL, IO, Biol.
clusters showed strong inmmunoreactivity to antibodres

18628P1228, 19Tt Fricker ARJA. - dtuduli Newbski MOPRRD. ookl few
cells in the aggregates expressed G-AP. A? kal iX?gg),

[0Q84D s phatTieen i RybRIDRA hBGral tuﬁamké%ﬁuétbﬁ%%%h'té{e ossibility
s an Br asf

expressed in undifferentiated ES cel non- ne

to isplatdihbs@structures based on their differential adhesion provides a simple yet
efficient approach for generating human ES cell-derived neural precursors in high
purity. Specifically, the strohg cell-cell contacts within the neuroepithelial structures
and their low adhesiveness to the tissue culture substrate permits the selective
isolation of neural cells without significant contamination of undifferentiated ES cells
or cefls of other somatic lineages. The high efficiency of this procedure is reflected
by the fact that more than 95% of the isolated cells exhibit a nestin-positive

| phenotype and no ES cells or non-neural epithelia are detectable in transplanted

-33-
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[oobra_nspl antation. Many of these cells were
8l i vasWithsthelexcaption iof Intraventricular clusters composed of mature and

- Immature neuroepithelial cells, No space-occupying lesions were.detected within the

| host brains. Most notably, no teratoma formation was observed during a

postoperative period up to eight weeks, While it is clear that more rigorous long-
term safety studies particularly in non-human primates will be required before

considering potential clinical applications, our data indicate that neural precursors
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al., supra, 2000; Zhang, S.-C., et al., supra, 1999).

| [0089] Isolation and culiure of neural precursor cells: To separate the clusters

of rosette cells from the surrounding fiat cells, the cultures were incubated with 0.1

mglml dispase at 37°C fqr 15-20 minutes. The roseite clumps retracted whereas the
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[0090] Histochemical and immunohistochemical staining. To better visualize

the rosette formations, cultures with rosettes were rinsed with PBS and fixed in 4%
paraformaldehyde and 0.25% glutaraldehyde for 1 hour. The fixed cells were then
processed for embedding in Plastic resin as described (Zhang, S.-C., et al supra

- 1999). The cultured cells were then sectioned in 1-um thickness and stained with
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ne L B i.th di (GDb BRL, 0.1 ng/m t

g SRR ordifom, loBR bttrciabaly Gwiuse 18] THOR ant-
' T [ ] | oni Il eted,
neuoentiB) B (Bouee o8, AN anivhaoe (ssHonehcs 000) ant
gtured for four days in a 25-cnR tissue culture
MEP2aR (PRUARIPGWT1280); antigdaminotesrieraci @RI, felyciolal, 1:10,000);
colonies grew as floating EBs whereas any remaining ' '
anfieghifematedmayseda@r £40,000). Ror braittdeckPardiReHREUS Rbboration
4vver;ﬁregoved by transferring the EBs into a new '
¢avasip ctiges in edhf 4 ' -.cnP
ti ssue cul ?ﬁ:r; fl adﬂ%ﬁ%g‘)i&{%%m %&‘gﬁ°s‘%€§|f§ﬁ%%‘?8ﬁ
hoursteforaghe i L) r erri 0 /m),. '
0pr oged;t er ogﬁgtﬁg%wg%%gm ?%ﬁ%}%{g"ﬁ'@é&ﬂ&* gglg%pr@ﬁ,)wsth 1N

O She BB iGN AR o3 e kot 1t . s

presence O
2000/2h8ng, 000; o2 fnraS1adg); € @l - supra, 1999).

[0091] Intracerebroventricular transplantation and in vivo analysis. A

suspension of 100,000 viabl_e cells/p! was prepared in L15 medium (Gibco) after
dissociating aggregates of neural precursors with trypsin (0.025% in 0.1% EDTA at
37°C for 5-10 minutes). Using illumination from below the head, 2~3 pl of cell

- suspension was slowly injected into each of the lateral ventricles of cryoanesthetized
newbom mice (C3HeB/FeJ). The grafted animals were immunosuppressed by daily
injection of cyclosporin A (10 mg/kg, i.p.). One, two, four, and eight weeks following
transplantation, mice were perfused transcardially with Ringer's followed by 4%

-37 -




[0089] Isolation and culture of neural precursor 29 March2007
cells: To separate the clusters of rosette cells from
the surrounding flat cells, the cultures were

15- 20

i nowdbabediMhth 0.1 ng/m dispase at 37C for
m nutes. The rosette clunps retracted wher eas PERES206@27841
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| 0 !
éﬁrra[ri’%tr% Ieﬁg ¢-|BIRIng ¥era disssnigchand potiidikedin thdsainBifative af 4°C
di sl odged by swayi ng -

?ﬂk‘% bhe rosette clunps were
% UpP-o DRNor gefls weresidentified i Bahnﬁ@irbﬁalazﬂﬁ%ﬁ{étsecﬁgﬁs by in situ
@I{bggﬁggov\r/g;;n Egligle:tt .edh gently tri tg{r ated wmth a 5-
) igenindalselsd hrobs
inutes to allow the contam l%1ati Ec(i:j I ndi V%Fg%fgﬁg%eatpgen%e&t
SdipeO., Bhal. fNataBiotaghs 16 ¢4 042, ?Q@@)tcﬁqnear{ﬁgg& to a human-

transferred to a new fl ask coated w

e e
with the pr eseﬂ::b?doef%h%gé %Oﬁohd%ﬁp'?'.ﬁ"wia@h&ﬂ%y% '
LRt (Sl AoHos P 27 6T BVEL o0 fhand bhosmiolyited
Y Eiea MR TR B Bofiampot ciametyo- 1ok 1501 aver.
ek P ENaRirTbobf FEiA dessen B cppmiteuoenproesed
lments on HY and H9.2 |ines. For

COl i . er
S RBRA A, SRS e apalyzed pmZeiss AxiskES2 and

anal yses of
precursors, cells were culture

Lefcd 1hs& QL [ al
on or.n%¥ﬂ9$§%Wn substrate in a nedi um consi sting
(G bco), cAWP (100 ng/m),

of DMEM F12, N2 suppl enment
PeproTech) w thout the presence

a BDNF Elo ng/ m,
-o;&“@ﬂﬂﬁ o1 CENERATION G MBBRAN BORPMINERE: NEGRER S
_[Odégb)l -derjved neural precursors were cultured i
pl enéhliististap towaud pO@nh@l@bpmyiioﬁqugpén%elpﬁ%*%ﬁ,qn
b o o e - a5
| OB IEihedirected diff i ol ogi ca
observation and i mmnogt ai r?fer?g w&?hfrﬁeadr\zgé(?egs correct

posifioselansbiransmitierBHeaotiBba!r ﬁgregfé‘éﬁ‘w %frlg :?sft\ggﬁgr@_tion of

c perfornmed during the“course

ungtiv@andopingih ' ohi st ocheni cal st ai ni ng.

To better veiﬂg‘l?gl i ggleurt%ﬁgﬂj?%@ ?'BBB@P?C&@P (ES) cellses
and fixed in 4%

throuizh b spesifi begueNRESf b with PB
oggr afsgr rrlal gg%'yde g’ﬁ 5{08&%%%’ GFIRnS: lreeiens of Buman ESuderived
ed for enbedding in

neurbzetotibithal cefid héa e Ehis o
plastic resin asﬂ\gée@cért?%]é 8 eﬁ)ﬁmx@s@n okoxdl, with FGF8 is

essehlial for specification of DA neurons with correct midbrain DA projection

neuronal phenotypes. The in vitro generated DA neurons may be used for

toxicological and pharmaceutical screening and for potential cell therapy in

Parkinson's disease,

[0093] Parkinsons’ disease (PD) results from progressive degeneration of DA

neurons in the midbrain, especially the substantia nigra. Current therapy for PD

relies primarily on symptom relief by systemic administration of DA precursors such
: -38- .




1999). The cultured cells were then sectioned i n 28-March 2007
t hi ckness and stained with -36 29 March 2007 WO

2005/ 021720 PCTI US2004/ 027841 tol ui di ne bl ue. For

| RPa'BRShAgi Ny, the coverslip cultures were

i munostained with the following prinary antffhygpay027s
agﬁt ected by appropriate fluorescent secondary

pr opr i
?‘fﬁS’QB?e§U%€1§rﬂM@ effentive for ¢he fishiey, yedrs it alrbstdhvariably
supra, 2000; Zhang, S.-C., et al., supra, 1999):
logeits g8iery angplogutasrserious sitle offbcBr AdRinidE Y o Growth factors
NINDS, 1:1,000); anti- polysialylated neuronal cell
SHefhas ol celblinecdgrived ROAoMGEINE f4010rYSDNFYhagbbén Shov to be
G Rougon of University of Marseille, France, 1:200);
eHeptive e astall clini¢al atal (Gifk 5.1, et apf NatDMed!b:566888, 2003). This
Uni versity of Tokyo, Japan, 17500); anti-GFAP
thesnyywewh depentadnog sufficidntMber aRiirviy K&MBns, and its long-
. (St emberg nonocl onal s, 1:10,000); 04 (nouse |IgM
enypiiherdpemticyotetiabiennins t& b2Gvesiiited! BESS
hydr oxyl ase (TH, Pel Freez, 1: 530) . The srgg)rfrgllenﬁoﬁal nature of

neunbi A deherser e céll PARsBlzMEtion %%Eibé?m'gkdp@g&f%gggﬂ%éﬁve

lgG 1: 590); anti - neurof: I almant ) _ !
mﬁgggg%ﬁ?dn%rﬁggl ?rgéuﬁ%{(sg?,;l\)’éi. ﬁ@ti’i\]gﬁ. gnf‘%éﬁ?@%,@@@%ln some
sucE#SBAl cﬁé&%ir@ﬁ@lantéd %@ai%@gz‘éin Al 'apﬁ%v%t@;% a(JTechgg and
ot o SR, ol 7 Bt 1 0y, Soed?

IgG 1:10,000). For bronodeoxyuti
were incubated w
S aenar o o USRSy N Rebtbscl oA 1)
2 OBHRE Bt B33 Sifucey ol cast ot iy the cifisppuct et gsoue
ol P reRC Bk bl ot gt bhiod. o447 20-£ 91 200
after dissociating

' 5 ' (G b
O, & 8P 3 8 Ah. senl o4 403 65 200 i Tasprnttononono 2686

indicn i A EDTA %tP‘ 37C for 5-10 minutes). Using o
1P n@? COMPEXBHORFED.ofy reliable dangwabl@ souroé offeinttional human

. SuUs sion was slowy injected into each of the
m'q%aﬁigilg"r NRLERRY B dirgantly heedston astyblehiatie dtudy iRy Horidsisof the
(C3HeB/ FeJ). The grafted animals were inmmunosuppressed
DA gystaan. pgthogenie pracess affeating s suvival ahd(fActiBl SfDA hetirohs,
One, two, four, and eight weeks foll ow ng
andiqeyglopment af thespstinablevikereppatidsfseEDt r anscar di al | y
with Ringer's followed by 4% -37
[0094] It has been shown that DA neurons can be efficiently generated from

mouse ES cells, which are derived from the inner cell mass of pre-implantation

- embryos at the blastocyst stage (Evans, M.J. and Kaufman, M.H., Nature 292:154-
1566, 1981; Martin, G.R., Proc. Nail. Acad. Sci. USA 78:7634-7638, 1981). Mouse

ES cells are first induced to neuroectodermal cells by FGF2 (Lee, S.H., et al., Nat.
Biotechnol. 18:675-679, 2000} or by stromal cell-derived inducing activity (Kawasaki,

H., et al., Neuron 28:31-40, 2000; Barberi, T., et al., Nat. Biotechnol. 21:1200-1207,

- -39-




-------- 29 March 2007 WD 2005/021720 29 March 2007
PCT/ US2004/0 2 794 1 parafornal dehyde. Brains were
di ssected and post-fixed in the sane fixative at 4C

untwa 200@17200n0r cells were identified in 50-m coronal
vi bratone-sections by in situ hybridizati on BET/H§2084/027841

[ i | n-1abe] ed probe to the human al u repeat
ng : rﬁ' %%F‘l?éi?qc}@!méf cells arexsubsequantly Bimisedho FGFS followed by
§ﬁli—llig4ﬁ?\lo44 1998) or an antibody to a hunan-
Spect 1 P ma@gﬁu%ﬁm & thig sié, 2haveles EbhSbd 4-robRibt system to
mp?%@@ﬁ%@%‘ﬁé%ﬁg s were double |abeled wth
an OMSOnOQN,, ababt$diencd High-1tiuBulyi
1:500), MAP2ab (Sigm, cl onggq/j\ﬁ%bggaa%o

LUJ1 . BabCo

‘ﬁﬁ/ﬁ’ff‘"%@ e neursretogameal ivelly (Zak ' |

1\/éﬂ%&tﬂl‘ljﬁ%rra)r-: neurofgi mmw((zgl 2%63%%%@@ &QC%OI t

ot ' I TFdor @a kA in respansarty FERBiaRa Gites g\éﬁggéégeé fLgd
ary

riate fluorophore- conjugated secon

PIRRTTSLPEIA Resons wis raidbra {os Axi 5
ﬂ?%d_ Lei ca | aser scan m ?:ﬁ?]gg%ﬁ%%ﬁwe%ﬁ%%und
oo MR Bl oo,

h;i rst ste’:'p toward potential applic

men &S calla requirerexpogire ab FEFRYF ' he, di r ect ed

differentiation of neural cel Iegdr%fer?hgsgh’%lﬁdbecome Sox1"*

eXpressingorrurcentotidnnansdlist t er phenotypes. Here we show a
robust generation of functional dopam nergic (DA)
neurons from human enbryonic stem (ES) cells through

—R—%Méecifi c sequence of norphogen actions. Treatnent of
human ES-derived neuroectodermal cells at an early
stage, before the expression of Sox1,

A baeidenvegnewnectodd i =
[Olﬁ. brai n_ DA Froj ection [ .
ro gerepelt eories, etached fioRYa RedUSEYerl ere yjtured in

Sutox:gi%gla;gl.cal and pharmaceuti cal screéning il ol
HHERp; |2ggeddateastfor foquy diays infes kd ' lsease., [ 0093
in Par ki n_sons;wrdi sease (PD) resul ts@re‘gtmg%% ééﬁﬁ“ N grown
Yehesivarcutiureatishin a CIRINIGAR deh ) in, o
(2068?61()?5&' y the substantia ﬁi grgg%%@ﬁéﬁyﬁ%nmgfem
Pg/m ang, Pro.etrdll, ¥u ) t [.ief systenic
Iadm’ ni strati on of DA pr éc%%b?saléﬁcthe C@g}gy chnter developed a
colum : .
nar morphology and lined up in a rosetie formation around day nine (Fig. 4A).

These columnar cells were positive of Pax6, but negative for the pan-neural
transcription factor Sox1 (not shown), indicative of early neurcectodermal cells,

Over another five to six days (day 14-15), the columnar cells expanded and
organized into neural tube-like rosettes (Fig. 4B), and expressed Sox1 (Fig. 4C), a
transcription factor expressed by definitive neuroectodermal cells during neural tube
closure (Pevny, LH., et al,, Development 125:1967-1978, 1998). They were positive
for brain factor (Bf1), a transcription factor expressed by forebrain cells (Tao, W. and

Lai, E., Neuron 8:057-966, 1992), but negative for engrailed 1 (En-1) (Fig. 4D), a

(Davidson, D., et al., Development

transc_ription factor expressed by midbrain cells
- -40-
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| evadopa. Such therapy is effective for the first few
years but alnost invariably |loses its efficacy and

pr oebigesegehi ous side effects. Adm nistration of
growh factors such as gI ial cell |ine-deriv&fT/US2004/027841

(et tor has been shown to be
2'?;4 eﬁq v@’h ﬁaélé\l’g'ﬁﬁfl ckt r-c%\@hm‘nﬁil‘(@ 2065-78, 19%1),
%h f 9:589-595, 2003). This therapy would
%%‘?P&'”Sﬁ grebgin jdentityiof tenh witrogfenstated e GeEMdIfid 696,
and its long- termtherapeutic potential remains to be
Because of t he focal nature of neuronal
8 st early antidrasf (ER&H pr oposed
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@&ggﬂﬁ% Z‘g#’k‘?s ¥PEs ennched fyaughhdiffereptialreinaymatic and &thesion
' Kowdower, J.H., et al., N Engl.
‘3‘%‘}#}%@ &fhéﬁér% 28Upra, 8081 ), Pimaridet forfour dlys ais. aggregates
.&lat 3 ro :CIF 2:1137-1140, 1999), although the récCernt
SHoRaINICBM G2 amndworaltherstod i PR 400G CAE Yreated
héﬁhalotlgsue transpl ant therapy for PD (Fre
"EI &90-8P0 ngiml) @rhFGFS (20Me0D ng/fy i6i 6ix Gags. 2001 :
Oanow et at Ann. Neurol. 54:403-414, 2003).
ng%we@i@naiyees tevdaledthat theofast hfyjHyBi Ry ty of
nPD A reI i abl e, renewabl e source of functl onal human
RH9sFieramesl calls reprainedspasitiye fior B BREAGGof Eﬁ 1 3nottshown).
IS s}]emat ITC study of the genesis of the stem
ogenilhedailre 98 FGFB &S indDge 5581 Sy de%deﬁﬁgln%ﬂggotlefp?ess

EO-];i DA neurons, and devel opnent of t e Sus
o at!@gestsrtluattlﬁ@SoPDex rE5%d own t hat
neurons can be effi m‘fently %%Jﬁ%m‘?d%gér%?ir npﬁyulgeere‘i_@ctoryto
pafterhiag sighalsh Skice tHeSoxee ner ce
pre-inplantation emryogﬁrg?%iggﬁ%glgge edstyvgdfgeeks after
o s e4ETB Rt a XK el rittaThomeon,
s are first induced

Hbera tugfe; 9900 2hd (ia Ry Ell%E@yuctgraa, theymay
79, 2000 b t I
mfzﬁglﬁlac1 5?%%@%5%81} %E?'F tf‘?”‘@kﬁ&)bﬂgéoau}/e szr.%”\zmcm
40, 200 Bar bed, T. t Al. Nat .
nem%%&ﬁﬁﬁ%?]%%% epsBRs ‘2’97:'{'1;9 reglonalli specifi ed {LunyeNpACond

Bi ot ec
Knﬁ%@f, R., Science 274:1109-1115, 1996). This led us to hypothesize that FGF8

may promote midbrain specification before neuroéctodermal cells express Sox1,
We thus applied FGF8 (100 ng/mt) at the time when the cells in the colony center
became columnar at day nine. After six days, cells in the colony center developed
neural tube-like formations, as seen in the presence of FGF2. These
neuroectodermal cells were similarly enriched, expanded in FGF8 for four days, and
then treated with SHH for six days on the laminin substrate. Under this culture

condltlon En-1 expressron was observed in the nestan—expressmg neuroectodermal
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neur oect odernmal cells are subsequently exposed to FG-8

foll owed by SHH for DA neuron induction. In this
i nduce

st wdyasosierhpve established a robust systemto
human ES cell's (Thomson, J.A., et al., SciencBT/US2004/027841

14521147, 1998) to differentiate into
égﬁ’r%écggg é‘l"ﬁ%’-l'ghctéﬁqeﬁl\’e(@ﬁﬁ[hg%"sgnaI.QXp&issed Bf1 (Kaf. 4F). Thus,
@Ld%te hnol . .~ 19:1129-1133, 2001) that, in response to

Bednderaial cellgevase affisiently regionalizqat ingforsttheyb&dori@Sox1*.

W

neurons with mdbrain projection characteristics.
in order to generate DA neurons with

Rave found that,
= HE G EEPNSR ensidsrentiade Aqjeurdignan ES
l:ggb reqguire exgosure to FGF8 before precursor cells
econe Soﬂle nerRpeiedegl prilswase disdeciated and|difforeRatad ha
E£S-der.i ved neuroectodermal cells display a
’E@?@E’#@%q@h%@ gedium. Thryglg netxpedds stageospicetfic eftinaiie d
ahkEom égégg | ayer, were cultured in suspension as
1§42 8cA4n dhaprotsy bighiy efresebd bgundiffbreRBstbd MumaRES
Ct@ﬁ‘:#ﬂgjﬂg\g‘g int:dra] adhesive culture dish in a _
gfiegatecbdeureestadernabcallt) mARIRHRE (R0
fng/g1) Zh?hr}g, S.C., et al., supra, tzl%%%rﬁgt&gﬁ:vémyh'%
ArReddes atefiveldayel atee flafing. CP) d
lined up in a rosette forrrgltai ogn a‘;%gﬁgg%hﬁ?(ﬁé%%gand
exffyited prirsgeorpbology At thrdel vieok® iafteP AfiktdntistcH| B@%ﬁ negﬁ{qof
thgﬁg@}éve f;?;teitjlnl:ﬂ p;jn_—lar;;urgl tLanscrl ption faac or X
Ii@iﬁ" paepuy nq81.8683.1Y% t
; celfl s. Over another fi vg to si zf ggy{é&(@gg?g%?g?gsls cql.wéed
ryBlieunexperiraehts) waeaddide j ' ur
't %)e-l I ke rose)t t esqj(%gi g. ﬁg r?gg%glggép g%‘gggﬂggglg’%‘h@.
Simifyr, pesce it AgeNGICTH *[Well b finitive
| neur oect oder mal cel | gaggﬁ%%dﬁﬁﬁg?ﬁﬁﬁ%@d g‘ﬁ&%‘m"’é‘ é[S cell
ingSelMogt TH- resSihg ab | . 1967-1978, |
1998). Thgb{/(\agr egpo?i"%,%\g% %boo'?ﬁ Eégﬂ%‘%tﬁrct d}ey(efgﬂ)l_{?d a _
muliipokarendrphbiBgy, Wi by forehraip cells .
(Tao, eran de, C@?’, d?@r,s%ﬁe?%ﬁ)q‘g:%\gﬁ%@@{esig@ﬁﬁ)- st the TH’
celRga I En-1)  (Fig, 4D), -a
et rans csr?g%q)%%ﬁ@%m'kﬁ% Qéﬁ‘%’gg’éﬂ‘)’rﬁ%" Airdeudin nnewons; about 50%
ga/lel opnment -40 29 March 2007

Wev‘%%@g’f’l Bﬁ@%ﬁéfy%g b AAubulin® neurons from four

experiments),

[0099] In the biosynthesis of monoamines, TH hydroxylates tyrosine to L-
DOPA, which is subsequently decarboxylated to become DA by AADC. Another two
enzymes, DFH and phenylethanolamine N-methyitransferase (PNMT), transform DA
to norepinephrine and catalyze norepinephrine to epinephrine, respectively,

- Immunostaining showed that ali TH* cells were AADC (Fig. 5C-E) although some
AADC" cells were negative for TH (Fig. 5E). However, TH" cells were negative for
DpH (Fig. SF) and PNMT {not shown), although DgH strongly stained noradrenergic

neurons in the adult rat and embryonic monkey brainstem (inset in Fig. 5F). These

-42.




104: 305- 316, 1988; Wirst, W, et al., Devel opnent29 March 2007
120: 2065- 2075, 1994), suggesting a forebrain identity

of the in vitro generated neuroectodernal cells.

I nduction _of m dbrain phenotype requires early action
of“’é(%%’“f'd%?%] For differentiati on to DA neurRSHHUS2004/027841
neuroectodermal cells in the neural tube-Iike

Aacuggest et dahee“ﬁwsxbmksh? newshs Bbdde8s BB &HzyRRE R GHE

and adhesion treatnment (Zhang, S.C., et at, supra,
Re@bpary dorpdopaaiing §/ntiediy, afdiat ﬂr%sé‘ﬁ%r%ﬂ@%?[)!&' rléurons rather
suspension with FG-2, and were then plated onto a
thaminoianrenegit baberenbiid namsRd W th SHH (50- 200 ng/ni)
and FG-8 (20-100 ng/m) for six days.

| mmunocyt ochem cal anal yses reveal ed that the vast

8 cel-penerated tthie newrens dieplb@ BfdbrEh phehbi§psL i ned

_Hoositive for Bfl but not for En-1 (not Shown). [0097]
PRL0GTai | URE-RGR B@Egsastndioatod thaBmgi!, AN B SEH-94RTERS, which
cells to express En-1 suggests that the

o wobeg iresdbngin DAMALcH B6RISHMor Edtfersoi, BEH., of al., Science
refractory to patterning signals. Since the "=~ ' '———

Zo U8 $9T; SiniGeM.P. 8 8, PRICHANHodd SRS 85513310,

differentiation of hungn

05303 and T eg 0% SPAERe Nel. foaq i s 08481 Fag e,
Fube ol boar crar i, Cul R SRR FS TR Foba T g ol Nt
e S T T SORSInbE H AL B oy 2 REBlosl 04 01 I35, 2001,
B Moo £ B 8B ehl oo dla o b Nuwe . et o,

X gt u pRlied FGF8 (100 ng/m) at the

BREPRER el bol. UER, 00BRfs cFoni). warhrot exensaskat a high
I ni.ne. After six days, cells in the

o R oS8 Sl tere liisrantiaiesbiolo PAcHENHFIGo F8).

i resenc ., FGF2, These _
IR oV R B raSel P celisvithmulfiplsprosesses co-expressed
thgﬁﬁf%}ged ig F’(;Fg Jor four days, and then treated with

i faprgeLand 18 the muclei fnio ). Jiws: DAneurdnsdenetatédusing
hcu ture condition, En-1 expression was observed in
g RROVRRRAroAChRRssess @ Midtraingositiontd ideity, 41 29 Mar ch
2007 WO 2005/021720 PCT/ US2004/ 027841 cells (Fig. |
0011] ol (D nguron & thevaliaetosy bulh oftert bs-ckvabs PEMiRsAFC acid
Bf 1 -&:i g. 4F). Thus, neuroectodermal cells were
(GABA) ttasakayT.r etpiloFap] Brath fRed. 6651 9 12210, He8HBaISON ot al., Je

Comp. Neurol. 266:307-318, 1987). Double immunostaining of TH and GABA

indicated that most of the DA neurons were negative for GABA although GABA®

neurons were found in the culture (Fig. 6C). Among all TH celis, 8% (8.7+3.9%,

6,520 TH' cells counted from four experiments) of TH* cell co-expressed GABA.

Most of these double positive cells were small bipolar cells (inset in Fig. 6C). Some

midbrain DA neurons, especially those in the ventra tegmental area, co-express

- cholecystokinin octapeptide (CCKS8) or calbindin along with TH (McRitchie, D.A., et
) -43 - '
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DA neurons [0098] The neuroectodermal cells were

di ssoci ated and differentiated in a neural

di Wfeseddia841 on medium They did not express stage
specific en%ryoni c antigen 4 (SSEA4), a gl ycBEFES8H027841
undi fferentiated human ES cells.

hi ghly expressed b
?Lej:#&ﬂg@@&: %ﬁﬂ:{%uimwwe{mm Tl 8i, Nelirddoh19:2093-2124,
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ROsitygTelieweee dejected th the calaréQur experi ments) were
positive for tyrosine hydroxylase (TH) (Fig. 5A). A

imlar percentage of TH+ cells was obtained from both
cell-genara newounedile bidlogieslly fiMgiondiH expr essi ng
were 10-20 pmin dianmeter. They exhi bited
e,

ol dmmunqstaining showdd thatklf Tiet RelirbADERERA%-RE0,

CB oo fih the TH+ cells were stained
BPeneRta avechplar for GONFFIGTTRAKEY. The maioti [ +
neur ons, about 50% were TH+ (FiIg. SEB, ajg?!%twlﬁcg?l'ss

SR o o e
oo emontao L e SIS otz
N- et hyl transferase (PNMT), tran f or DA™ EUFOSC. 16:4135-
bl ner e R oA SR SRS A nesebrene
DOt ot L WS mabSe oot oo, €. ntSthabr b 4 sio,
e Do T BB Congl y Sained
o ey yoiufing RARRLS & Macidrg halimprk ot 8 meummoobion
- Pl Wi HBipErB0 (. Ciaaboes omsaimstine pesdantbof
t hat .are lj$1ecessar_y_f or dopam ne synthesi s,

dofaHhingIR the Mediiny of. DA diforngalion adiuresn with 28084401/l in the
: d ' . ES - t ed
B e e R

dendrites (Fig. 5A). Al

i FGh%and SHMand 46.3+9.2 pg/ml in the .
control cultures without the treatment of AA, FGF8 and SHH (Fig. 8A). When

cultured cells were washed and incubated in HBSS for fourteen minutes, the
dopamine level was similar between the two cuitures (Fig. 8A). However,
depolarization of the cultured neurons by 56 mM KCl in HBSS significantly increased
the amount of DA (35.8+9.2 and 111.0+1 5.0 pg/ml in the cultures without and with
AA, FGF8 and SHH treatment, respectively; Fig. 8A). These observations suggest
that the in vitro generated DA neurons can secrete DA and the release of DA is

| activity-dependent, |
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[00100] RT-PCR anal yses indicated that Nurrl, Li r2RMbarch2007
En-1 and Ptx3, which are involved in mdbrain DA

neuron devel opnent (Zetterstrom R H, et al., Science
270248 , 1997; Smdt, MP., et al., Proc. Natl.
U T P A 13310, 1997; PCT/US2004/0278141

aucedo- Car denas, _O. , et al., Proc. Natl. Acad. Sci.

8A04k: 40 Elpciroplgysialoghed BicobbdsomereAised & deétbrmin&¥hRether ES-
Cell Res. 253:737-746, 1999; _ Smdt, MP., et al., Nat.
generdjed DA 3260% Bere urkBioAallySions., Infdels maRitaidéd in cliture for
Neur osci. 21:3126-3134, 2001; Van den Munckhof, P.,

tairtydo thirtybeight daysent14).30e 258y 2047 ' S -
al., Proc. Natl. Ac%d. eSci IUSA %fgggggtfgfl\%ggﬁg rélb%%;ffrom

3Retoe-7RO0V ¢EpLR930), 0éll chpaicBhce! (@M?}an{j&ﬁ from 11 to 45 pF (21:2.7

neuroectrodermal cells were differentfiated In

PigLansiBptFegstabdy (R,) HArgeadainaiss f&aéo%\i\ﬁé'(?ﬁbeggﬁé MBS

D-E_H cells with multiple processes co-express
polarizing comeniest b iy bas.. i i\ L . DA
neur onsggener atee%laxgsi rIInmgx 2??3@]2@}5@33%@ r é'g@%@géé@%
otetiag] A , oo 0 -
poteials] B9 SerABes ARl ind DOIOT o, REUE DS LR

the ol factory bulb often co-exXpre
te 31 o 30" e Potenfit Rb) egahBiehGedp 26 10 5.2
e e e R R e
PRI SRk B o, Gureig Hdgioms A B R o).
Shottdratittringvas boppived i b e oA wost of
Iop B, HciaBe i Sefe b i ancmitwerd Girsnts were

et |
he ventral tegnental area,

ob2ERRS g.?'g@ @fsﬂﬁ%&@@g&,&w heir relefive eBonitiisies warie) cansiderably.

CO- €X
bindip along . wWth TH (McRitchie, D. A, et -43 5 29
Inyid qurreg er%% Ystied tapidty (% nes); avsbpesked Withinl1-8Ims. Activation
h Co&?q. New- 364:121-150, 1996; Hokfelt, T., et ai., ‘
IRERNIE @8 -3 HinYzmaxima! pealeyent emplindbivetsaibtsinidal a mean
anal yses indi cated that the TH+ neurons were observed
volfageddf -6841.9 M end catrbits diate pemplately BIBERsd Bt dSBRh (TTX,
cells. No CCK8 positive cells were detected in the
=8| Theseprogegtiesdrb-cyasistent with I (16561128 Sf Fifage-gated sodium
bi ol ogi cal Iy functi onal

channels that underiie action potential generation. In three cells we observed
spontaneous translent currents that had the characteristics of synaptic currents,
including a rapid rise and slower decay phase. One of these recordings was made
with a K-gluconate based pipette solution, and holding this celt at -40 mV allowed us
to observe both outward (inhibitory) and inward (excitatory) currents. (Fig. 8di and
dii). Although all fourteen cells were injected with blocytin, only five cells were

recovered after the completion of the immunostaining procedures. However, all of

the five biocytin-filled cells were labeled TH (Fig. 8E-G).
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[00102] | munostai ning showed that all TH+ neur or¥ March 2007
expressed c-Ret, a conponent of the receptor for GDNF

(Fig. 7A-C). The majority of the TH+ cells,
expr essed

e ' t hose with branched neurites,
v:‘glsgt'}g#lﬁ?onoam ne transporter 2 (VVAT2, Fif§T/UpRRORA27841

ﬁgi ch.is responsible for packagi ng dopam ne into
%) ar conpartnents in nonoani ne neurons
@'é ‘berg‘g.dM J., et al., J. Neurosci. 16:4135- 4145,
d ﬁn | n Veibave; demonsiateddiere frat funpliesbBA neurons with midbrain
synapt ophysin, a nenbrane glycoprotein essential to
%%H ETHestina chaaciedsticsiesn, benefliciently gehedatery frof HdmanJES cells
iol. Chem 269:24534-24537, 1994) (Fig. 7A-1).

herygh Sprepsisenie nen-geneticsstepss inmubtiorcofinenrdect@ohiaI deltd iwith
neurons. High performance |iquid chromatography
%@pegﬂc@@g@ vendfabalidintainhderiityels GRS afid SHPPAFME i N
ntzgg)qgelp%i um@i;f DA differentiation cultures, wth
egipdermadonmation, ardedifferentiationsof thieeRbAaly SdbchEaNr i
acid (AA), FG-8 and SHH and 46. 39. 2@'58/ m W:iﬂét he gj’rgg&nors

te By nastronsu [ Unlike thewiridistobitdifed fremt oéﬁrf
SHH (Fig. 8A). Wen culc; ured g@ﬁl%r‘% was ué@%ﬁ]dﬁﬂﬂh DA
nenonb atith dnidbrainbard @ ridties A BH tqgf‘néiﬁfeﬁq‘mrﬂ éﬁﬁg%%ﬁ aérgnA)n €

| evel was sim |l ar between the two culture

"TMKG, T Bas o g e S 2PA0L W R el o

iflcafioBor i ' *
o S ML ECH e e ] S o

nesestedéntRl oelis i GsseR fol L ﬁfb‘aipge;rﬁ%tﬁbiog ﬁﬁn%gg:?g ?ltgu fgAS with

that the in vitro generate
corfedt itbraiflagad ' ivity-dependent. -44 29
March 2007 WO 58%%%@5@3%%/ US2004/ 027841 [ 00104]
re.used to determ ne

O her £ B MbPoi B SRf Cctiaf i SSemenporasiegt to drect

whet her gener
thirty to

MO £ ool PBLSeSBR ) AT Pt theiy osanisian or Spacity ten
: ' d f - - - .
il 6P oty SEI 850 el ifegude thaminta DAcrasonsa.

.7 pF), and input resistance (R ,,) ranged from
St oisBat oy pas b MeKaynd cofegusieates, 8 i o akydunrs
zoééep{% Q‘O. 2 NnA x 200-500 ns) usually elicited single

Jk (ViR hypRibesizedihat thewamerprineiphs stoultssly thlsumar phiatss,
dtrgi ns of action potentials were

Indeed, we are able fo generate a large number of DA neurons by differentiating
human ES celis into neuroectodermal celis that express Sox1 and organize into
neural tube-like rosettes in the presence of FGF2 (Zhang, S.C., et al., supra, 2001)
treating the neuroectodemal cells with FGF8 and SHH to induce a ventral midbrain
fate and finally differentiating the cells into neurons, However, most of the DA
neurons generated in this way lack some of the key characteristics of midbrain
projection DA neurons, e.g., large size with complex morphology and expression of

midbrain transcription factors at the protein level. The Sox1 positive
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observed (Fig. 8bi and ii). Action potential (AP)29 March2007
threshold ranged from-26 to -5.2 nV (-17.42.1 nV),
and peaked at -9.6 to 30 nV. AP's up to 50.2 nV were

ob$&J 2665k263¢2- 8 MV). AP duration ranged from3 to 20.6
ms (7.21.3 nms). Spontaneous firing was obser¥edUs2p04/027841

cel | Fig. 8C). [00105] In voltage cl anp node,
tt%‘\éof?ef’{m%f é‘a!a?RilSo%nemf@r beatment witnEGES anblSHHY, ek bl rddative
not shown), but their relative magnitudes

ells
\?Po{ré’ln:b gebﬂ%‘fﬂiﬁr@ frf3f. suggrstingdhe Box Bakmeysh@nanbeiaddfhal cells

r?ﬁpi dly (<1 ns), and peaked within 1-3 ns. Activation
el iRGiP fRpepeciiationo awmidbraih f0€akhe Prdcass oftBRhddctslrmal

V\%,S obtained at a nmean voltage of -131.9 nmV, an

g SF?@H@%OWE% hywap|E& edlly ibborcduttdrebyysfeft pABMYUISOWE: is TTh
n=

B

.. These properties are consistent wth the
fi¢odevelopmanteZhang: $.6.0 Supta) 20033N NS0 ihheur | tube
nderlie action potential generation. In three cefa S
fREMs Bitbe ead of Hirdrweekeot v riah 3R 5iagH aﬁ&SbS?Ns%xﬁF%@&a@Bgthe
the characteristics of synaptic currents, 1hcluding a

nesvetiodesa daridg AEaWPILbE RRUERASE on %g%@ea@’ﬂggﬁggigaéﬁugjy

recordings was made w th a K-glucon

(Boiny Lt ctancnbabighingn foesropplibratah) MeALLOYRd Us

to observe both outward (1 nhibitory
S Tourteen o o neared WS- B HeedtOS anflshdrest she! e o
Tmunost o m g, ArnrEenES L Hot bCegNBlort i Ravrdaend
e N o 089l o el Bl Bod aSepatanneons,
B BRin A Ko ek er e R tLirom neicaastadermal cels in the
ek R S P A -

n of neuroectodermal cells

- . i nduct i
’e@%ﬁ%@d?}3‘@@5*’1%{9%&'ng’e\&réhiLIPmc*qwcm{Lamsdeaemarﬂy

W
KAE S Siller L8Pl ThRdnaeimistanhy theptionan 86 celLgoneraied

nitors to DA neurons. Unlike the findings

So%?%ﬁ@@ﬁ'"ﬂ MEHTARsIeslermal qells that poasiees farebralr shenbpes are not
d

redlULON with mdbrain characteristics can be generate
RPORVE XD ARERIPIens (ar geoetting BAlnenedrisswit miibrSin Phendtypes.

o alh' supra, 2000), we have found that

ur hypothesis that FGF8 may instruct the early precursors to adopt a midbrain
identify is confirmed by the generation of DA neurons that have characteristics of
projection neurons such as large cell bodies with complex processes and expression
. of midbrain makers Enf, after the Sox1" columnar cells in the early rosettes are
treated with FGF8.
{00108] Iitis presently not clear why FGF2-induced mouse ES cell-, but not
human ES cefl-derived neuroectodermal cells, can be efficiently regionalized after

expansion. There is recent evidence that the dorsal or ventral identity of neural
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specification or regionalization with FG-8 bef or &9 March 2007

precursor cells beconme Sox1l neuroectodermal cells is
essential for a robust generation of human DA neurons

pect m dbrain and functional phenot
\A{%’%ﬁﬂfiﬁgé f%m t he standpoint of stem cell d%/(%é‘{ﬁz‘mr”f’r’s“
seens very logical to direct nouse ES cel I s to

Pivgenitars isothéechindm arduse spiezbaond mdyea dereglilated upae calture,
speci fy them wth FG-8 and SHH, and subsequently

- egfigclally erthe praschbeof FEED(GHbayeL), 80l Nburdil ARYE5 899, 20|(_}|3)

prot ocol devel oped by McKay and col [ eagues (Lee, S.
whith aay, pasitypaaeountZ80B capdbility BP&jRnkEeE thouba Estdigiveame

principle should apply to human primates. |ndeed, we
neureectdesmbbeelie tebe réspacified. JOunstiBRs offthd WiffBRAESN dhbther

differentiating human ES cells into neuroectodernal

projeklicn hdabnesheSspiakhofit heQfdha Hrd Bomsiiéht \nﬁlﬁl{ﬁé‘ bresent
tube-like rosettes in the presence of FG2 (Zha

obSefvatio®thaBbeneratith & larg® Bro ectiohrn% k é&%ﬁiﬁﬁh elarlgactaon of

neur oect odernal cells Wlt FG-8 a nduce a
mmgﬁbgéﬁs m dbrain fate and finally differentiating the
cells into neurons. However, nobst of the DA neurons

R ot A Sy B oUE Sld USRS B, e

characteristics o

iGbdin, DUFARAGRE Tethd, G SRR TN B WndiDES optoppgrated

expreSS|on o
DA RSB Sl fudl o nicfanpd Betiigsc Mt of the DA

I after treatpent with FGF8 and SHH, are
m@f?ﬂ@%@éﬁ@%@%ﬁ 9#5 Whetias Chratpraasion s SABALNd TH is 2
rggetst &g%lft ﬁ expr essi ng neuroectodermal cells
major degiite of AlfAFIoN A infprmeurone 4KPsaka 6., &1 ok, @hipes, N89S &3all
ﬂ ocess of neuroectodernmal differentiation from
Al 8iibea, {1B&7) in hermighrain thereyase gilegat twolreajer giaups 0EDA
seen during in vivo.devel opnent (Zhang, S.C., supra,
neyrgag)thogeqinjhe, substantiamigra {A9)anskin tlnewmira&tegmmtal atkfA10),
third week of human gestation and Soxl is expressed by
eaghhavingdiffiereot tatgeatsi(Blarkiund, AcandillindvalicOg HzmdbeoleiEitemital
nouse enbryol ogi cal study (Pevny, L.H , et al.
NemoapatomyeViol. 22 &14s3E3H T AEmitteROB)the m@gjdrﬂlﬂﬁd Ahﬁokfelt T.,
neur oect oderrnal cells form neural |'i ke rosettes
edsinainstentans, EiSaicr Stidnes Publishers ¢ips 581116 {daw).eMosebaon
from human ES cells that are equival ent to a
neusons iddlye véntral bagimunta GRia/exprdstaisiAdinbr 8CK, Whefdas few in the

supra , 1998). The projection neurons,
substantial nigra do (McRitchie, D.A., et al., J. Comp. Neurol. 364:121-150, 1996;

Hokfelt, T., et al., Neurosci. 5:2093-2124, 1980; Haber, S.N., et al., J. Comp. Neurol.
362:400-410, 1995). Our observation that the human ES cell-generated DA neurons
do not co-express TH with CCKS8 or calbindin suggests that these DA neurons
resemble more closely the substantia nigra DNA neurons.

{00110] The robust capability of human ES cells to generate large projection

neurons with an appropriate regional identity such as midbrain DA neurons opens up
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i ncl udi ng mi dbrai n DA neurons, are differentiatedMayeh 2007
neur oectodernmal cells in the neural tube at the early
stage and these neuroectodermal cells are already

I egohRlbespeci fied during the process of neur t ub
cl osure (Lunsden, A and Krumauf, R, suprd, ﬂ@%}m-"’“‘

Thi s expl ain V\,h t he human ES cel I -generat ed
%%ﬂp@‘k ‘PF{POHEUI clissgelthe eadephasetdiatupbdeeiopment
fqrebrai n phenotypes are not responsive to norphogens
Y3ing theduiman bR celbsystam.o Bur dits demodsirates a phguiveipeRr
Qur hypothesis that FGF8 may instruct the early
'BP@&’GQ%‘!}? §uehanBGps, ta act obearlymeuraketddefyial ails,amlib ard
b th eneration of DA neurons that have

forshe generttionofgany boormidbLiDPDctHEH mémrﬁﬁ Th:s
ceII bod| es wth conplex processes and expression
RYIS¥RIIn witbilstans célls of pradenitors isats® ¥Ad eSSHndE Hont &hb@omc
in the early rosettes are treated with FG-8. [00108]

and adylt prassrealidnybraing tielt eed alay SEERddSHG dg@{;}gg ggr?érfste

cell-, but not human ES cell -derl ved neuro
pegjedtion nearoneqSedridsen, aON. ) tbﬁ%%; LR
expansi on. There is recer?t' evi Nehﬁd‘@ #% 14(90?%%{ e}adl

M BndWeiske 8 ik WeOfosBie 46 aksq. 24" 2Q07
2005/ 021720 PCIT 1JS2004/ 027841 ﬁ%ﬁ%‘ﬁ‘f"?@!‘sg etf'iav%é%l

Neumin 1701847-395, Ded1)C The ifBiro én%feﬁmunﬁ%%l&g%y offer a

culture, especially in the“presence o

system $dr toxicelodiex =Rl p ﬁﬁneﬁ%%gﬁ%?ﬁ %89@% f‘gfﬁ%ﬁ@%%@'ygs that

partly account for 't

maPaffesti nieth 0 to,.b especi fied
Q?;d studi s Egﬁﬂ% eﬁg'l 1§ er an qrﬁgb{i%wagfto gﬁ{ﬁgpﬁ)le whether these
h t C ) al . ot or. neurons_are

R R ot Bfile i eh A3 cpbre wnciasl n PO animl
megasr ati on of large projection neurons requires early

action of - nmorphogens. [00109] DA neurons are present
in several areas of the brain, including midbrain,
MEBgs hal anus, retina, and ol fact ory bul bs. The human
ES Cel |l -generated DA neurons in this study resenble .
001 Al ai | Ion DA ne of the DA
L neu?ons %%—nvﬁ@é—eﬁgw & V@@%Eg&ﬁi]'n%i'{ge@?['@@) anghHd (g3 %A0),
TH is.a .mpjor feature of ol factory DA
WE% %@?‘%ﬁg"e@gﬁﬂuﬁad'@d ragusg embryepie fbroblsAMER IWith a
pra 1987). In the mdbrain, there are

dagf Ma’gg% of ng &m\ﬁtpdu%urafth@mns:sted of Dulbecco’s modified
Eagle’s medium (DMEM)/F12 (Grbco), 20% serum replacer (Gibco), 1 mM glutamine

- (Sigma), 0.1 mM non-essential amino acids (Gibco), 2 pg/mt of heparin (Sigma), 0.1
mM g-mercaptoethanol (sigma), and 4 ng/mi of FGF2 (R & D Systems), as
described by Thomson (Thomson, J.A.,l et al, supra, 1998). Differentiated colonies
- were physically removed using a curved Pasteur pipette and the undifferentiated
state of ES cells was confirmed by typical marphology and immunostaining with

Oct4 and SSEA4,
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neurons, those in the substantia nigra (A9) and (23 Mdsgh 2007
ventral tegnental area (Al 0), each having different
targets (Bjorklund, A and Lindvall, 0., Handbook of
CRedosad uroanatonv, Vol. 2. Classical Transmtters
in the éﬁéb\k(esj orklund, A, Hokfelt, T., edsPCTUS2004/027811
@E% rdam El sevier Science Publishers, pp. 55-111,

(4% f _ N@Eeggg_ t;a_tmlggd@nghmem@fmg@heeﬂodéménsalHL&hQ@ES
elﬁgéess cal bi ndin or CCK, whereas fewin the
CULBERMA Ware drtacheddiont MER Iagdiiby thdtrdatmet ofthe cullure with 0.2
Corr?. Neurol . 364:121-150, 1996, Hokfelt, T., et al.,
MYk Sispases (RO DiagbsititSPatid dionsas fidathg céitagdfegates
(qcrfttr&p.dgleurol. 362: 400- 410, 1995). CQur observation

oid hedy)domfouESaysatith-peagTorbRse SO 8T ARSiunt

co-express TH Wth CCK8 or cal g?bndi n suggesltus '?Fﬁzﬁvwere

then emwrDA ancadhersnt subst@tding HEUMA HASH Bnkilbh SIS
nigra DNA neurons. [00110] The robust (%ggplgﬁ?qslty %pﬁ#ﬁ

g
B Soor b 24 EROR 0ot A B8R 2BRR 2 Py
e 04 o e otk o ML v B e iedgtes ptechon
early neuroectodernal cefls, ?H?eﬁ?%wﬁﬁgﬁé%m%aﬁ,

LR dob SRR Bhal o3 BCA, Sypl o f], TBeingbie soties were.
o ORI S B BC SRt (ehanenhy oplal, susia, 2060)
G etidyR worb 2alEd Glfiaing eoctee st esranistion wouensad
rooloblodtOf 04 BBungl  Ep. Neuroi . 170: 317- 325, 2001 .

[00?@ in M.tro generated human DA neurons also offer a

T8k em BAnaligh diferegliation. e qmishetoeumecatormal ol were

di for.c enacalos and drugs that may affect human DA _

*Sfr?@lﬁ‘#%ﬂb;v. -820%i tagpsimrandh22 mMEDIA id OBS at STECVBEI M85 minutes

t hese human DA neurons generated in an culture Petri

andcplafgd gpie t2rmen coverslips préRoatedrvith 10mag?h1$ olBIRARS and 10
[001111 ES cell cultures. Human ES cell Fi nes, H9

Hg/mijemingw)at ardensity 6PBHOGMS0,000 cells/coverslip. The neuronal

differentiation medium consisted of neurobasal medium (Gibco) supplemented with

N2, 0.1 mM non-essential amino acids, 0.5 mM glutamine, 1 pg/ml faminin, 1 uM
cAMP, 200 uM AA (Sigma), 10 ng/m! BDNF (R & D Systems) and 10 ng/ml GDNF
(R & D Systems). The cells were cultured for three to four weeks with medium

change every other day.

[00114] Immunocytochemistry and cell quantification. Coverslip cultures were

fixed in 4% paraformaldehyde in PBS for 10-20 minutes or methanol (-20°C) for 5

minutes and processed for immunostaining (Zhang, S.C., et g_l.; supra, 2001). The
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were propagated weekly on irradi ated nouse embrydfiMarch2007

fibroblasts (MEF) with a daily change of an ES cell
growt h nmedi um that consi sted of Dul becco's nodified

" dium (DVEM / F12 (G bco), 20% serum repl acer

5%9%@0/,?2 IE? mM gl utamine (Sigma), 0.1 Vv norndd&Rp+i
am no acids (G bco), 2 pg/m of heparin (Sigm), 0.1

foflawing prwpBLNtbedieasie (sed)nmpyseaatti-8SBA4 (1:40), nfodEa ahfREn-1
& D Systens), as described by Thonson (Thonson, J.A.,

Y
(1810 and moyiap eali-PE36 §):50@, falldoenDevéleshethiofti@ss hyRidBma
phgsi cally renoved using a curved Pasteur pipette and
bankig rabii arfieS@nt (105Q0), rabbitati-himBh reelid &30S, GBS LATRADC
(1gyég&%piijcal nmor phol ogy and i mmunostai ning with Oct4 and
sheepoantt DA 1MO08, mARRTantVna sth @:900§ a6 rabbi
PCTI US2004/ 027841 [00112] Di ffz%yent&?g?'lé on((?ianda rabbit

angFGHh (20000 Bl fromr Cleathioos); rdlis6 Shii-TH (hwmﬁk ﬁ%us@%llnhi;glll
col oni es were detached from MEF | ayer by the treatnment

tutnfin { 160@)Fahbit@ntiGABA (R5000) 2t rAdusdl SRASildRY gggtt)oé 2ll from

Di agnositics) and grown as-.floating cell aggr

Sigreaybrapbit Aty 1 :500) aﬁ@wbtﬁ@fﬁ-vm*ﬁz 560, |4 ﬁ%'i’.?EQEFr% 2);

ES cell medium They were then gro I'n an adhéren

Gostisti-t-Reb(1:406) da:auﬁéus_e'%ﬁi-@&? &ﬂggg@f%ﬂ%ﬁﬁ#@/bﬁz - rabbit

(2:1), supplenented with N2

anthBAt- @SBIB0; iR froMTL @2 Sustfer), %Arﬁﬂ/ﬁ)ﬁg-a%@ggrp%&g)g&%g%vg@ed

medi um change every ot her day.
B o MuaRRoq R B R BB, il e ™
St et SRR, SR el Wit ahfondersscence
micfscond Bhfh prioht o sl and €38 phoengmenteys wecs ysed
= Gsife sorfS i pae Sitne prkisrien s novea PR ARS
ey BRI 2Ne e R IR Merh et a0t hecprraary o
e R
achB4S8 b5y afinerpikade an aberiesyarata 40 DL, 0TS cells n
ten \?igtlsél?i/el%lg\\/n%rrg lreimpdom-ll-; gelggtgé%rr])glcounted from each coverslip.

RT-PCR

[00115] Total RNA was extracted from cultured cells using RNA Stat-60 (Tel-
Test, Friendswood, TX), foliowed by the treatment with DNase | (DNA-free, Ambion).
Synthesis of cDNA was carried out with the Superscript First-Strand Synthesis
System for RT-PCR (Invitrogen) according to the manufacturer’s directions. PCR
amplification was performed using a standard procedure with Taq Polymerase
(Promega). The number of cycles varied from 25 to 35 cycles depending on the

particular mRNA abundance with denaturation at 94°C for 15 seconds, annealing
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di fferentiati on medi um consi sted of neurobasal ne8iMash 2007
(G bco) supplenmented with N2, 0.1 mM non-essenti al
amno acids, 0.5 mMglutanmine, 1 Vg/m lamnin, 1 pM

CAMR) 20232 1BM AA (Sigma), 10 ng/ml BDNF (R & D Systens)
and 10 ng/ml GDNF (R & D Systens). The cel | s PREPE004/027841
to four weeks with nmedi um change

farthree |
%\%eﬁré;}%@%?eﬁg O3 or F‘bé‘i@?ﬂ?o sasanssaccomdingt tHe prinaere, el |
Coverslip cultures were fixed in 4%

%gﬁgét{g}:?g?é’gﬁ fggésisﬁcqngg. iNggatide aentrdl wat eshisved By aiflg

t%dj%g%‘ fo{li1 5 mnutes and processed for inmunostaini ng
2557 reverse transariplian oREDA. safipRe durkig FSR MRS Brimers
3%807 Wt) 2005/ 021720 PCT/ US2004/ 027841 fol | ow ng
DriTRPYe éﬁﬂgﬁﬁdmregsmlowsuﬁmomement;h@@@%éé%?&m&s’
ﬁ@%@&-l 1: 50) and nouse anti-Pax6 (1:5000, S
al B pREAGTIA-81 450 bp); INpri(goma. bank) ;
i i.-Sox 1 (1:500), rabbit anti-human nestin
d@%@?ﬁ;&’@ﬁ@%ﬁ%mi OIAGCODT T CURRECEPEACREGTG-3
Bé%‘ 4Qﬁ§,‘ggrmuse anti - synapt ophysin (1: 500) and rabbi '
bpk (-BTABTCEAGAGGAGEATAAgN). nouse anti-TH
T{;L,: 1%%%& nouse anti gill tubulin (1:500), rabbit
Eil’ AGGBOO0PAT G LS BpRDkix16¢Di ndi n (1: 400,
from Sigma); rabbit anti-TN (1:500) and rabbit

| |
GEGATCRRABACT S0 . !
anti-c-Ret (1: 4OO;:Tfn%-sﬁggggﬂgﬁtﬁ%????%kgo@ﬂ8 bp);
drbbranish

ER-1 {5, ; ; . .
H 4R SRRT SANTTOTCTGGOACTTaN & -FEAGTETEIRUG
Lorenz Studer). Antibody-antigen reaction Wwa
Mppropriate fluorescence-conjugated secondary
anti body. Cell nuclei were stained with Hoechst

33342. Staining was visualized with a Ni kon
gente mcroscope. Brain sectiaons from adult

rats and E38 enbryoni c nonkeys were used as positive

106341 1 ol Aiatwerywne ajdrer BABRHIaF BTBARAYEL, JeYoa!

types and neurotransmtters. NegaflVve

/P o '
congisaneddor foyty-eight houe we€ cBllddiB. yA&{vg%égfﬁrE@%{ @qmine

anti bodies in the immunostal ning pr
relezserftann the/\Qturedcdale | sing a reticule on

eyepi ece and a 40x gﬁge"?éﬁs@gé.dyﬁéﬁﬁ'sﬁ%?ﬂdgwﬂwgt%!ﬁuwﬁm in
counted from each

e AR5 F S vt o
HBSS @BhESHIAG56 v RC! for Y3 i utSiat 3758 - Sgpagr;l;i%le-in the culture media
orin HBSS was stabilized by adding 20 pl stabilization buffer (900 mg EGTA and
700 mg gluthatione in 10 ml of 0.1 M NaOH) and samples were stored in -80°C, A
HPLC kit (Chromsystems) was used to extract monoamines. The levels of
monoamines were determined by HPLC (Model 508 autosampler and mode} 118.
pump, Beckman) coupled to electrochemical detector (Coulochem I, ESA Inc.) by

using MD-TM mobile phase (ESA Inc.). The cultures in each group were triplicated

- and data were collected from three separate experiments.
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Test, Friendswood, TX), followed by the treatnentZ9WMa¢h 2007

DNase | (DNA-free, Ambion). Synthesis of cDNA was

carried out with the Superscript First-Strand

Sy nivaesism2i7yst em for RT-PCR (I nvitrogen) according to
PCR anpli fi catiCarusema/ 027841

the manufacturer's directions.
a standard procedure wth Taq

PE >

oe ' ¥ 'sHYGEX. The nunber of cycles varied
flogfy#Ad to cycl es depending on the particular nRNA
a[gund nce: gm%?tﬁo ﬁ'&[%éﬂcé Properties ofiBe A ndurone i8R itiated from

a,w%gg iSL 29 March 2007 WD 2005/ 021 720
P 55088 investigaiert using w@eleaaeu@aféhculwarﬁ,ggqfo%n%o
el ongat i on “at

cording to the priners, and

3%%‘9\‘%9’2@3@@8'@ REFS-. el flugers Poot. 1304 8620024 54 }/%?péﬁés were
i pton

tase during reverse transc

al t :
gp%%\gkﬁﬁg@ﬁ%ﬁﬂa? E&Lﬁwg; RORNiY m) KTPAS0 oPRGIRAI a0 Na™.
t_@-&% re as foILows: GAPDH , '

R AT Ao MeRARTR, (M 70RO AR T EAHE Bcytin

APShRL L Nur 1L (5 CGATGCCTTGTGT TCAGECECA

J A @@ A ) ' )

5' - GTGOGTGGAGAGGAGAACAA: 31 |’3g soluiParkPdibsBliidht labeling with
EEAMBBANTICB, MoldfiaPPi (5 ,

GGGATCGGAAACTGTTACTGC- 3', 5 - %ﬁ@@%@@ﬂ@@%@t TH

veySRugee)to idemtify DA BeurGRET -3
5 . ﬁGTGGTGX%TC%TATT@FE%W%Re%QﬂW Nef 127,

e IR e i
sol ution (HBSS) for 15 m nutes 4Rtt hen replacing it

[Qg(;lgg]m :'Eﬁfg@?ﬁtgﬁﬂggiaﬁgr\rgﬁa Ié%pﬁ%rﬂ%é@@é%&é?oﬁedsu?s%g a

b, 700 B Albr s RmBAED Slafidls ware Biered ot sk,

S Chr breyor e2 B8 i 10358 eralogrdigiheenverton(Axone

(Chromsyst ens)
In!stﬁ.!fﬁérﬂs)‘?énd acquired and stored on a computer hard disk using commerdially
available software {pClampg, Axon Instruments). Access resistance was typically 8-
18 MQ and was compensated by 50-80% using amplifier circuitry. Voltages were
corrected for liquid junction potential of +13 mV (Neher, E., Methods Enzymol.
207:123-131, 1992). V .y and action potentials were examined in current-clamp

mode. Spontanecus éxcitatory (inward) and inhibitory (outward) synaptic currents

were characterized in voltage-clamp mode using K-gluconate based pipette solution

~and Vpgg=-40 mV. Synaptic events were detected using a template detection

algorithm (Mini Analysis Program 4.6.28, Synaptosoft) and deactivation phase was
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monoamni nes were determi ned by HPLC (Mdel 508 29 March 2007

aut osanpl er and nodel 118 punp, Becknman) coupled to

eI ectrochem cal detector (Coulochemli, ESA Inc.) by
ﬁ I}{Im)blle phase (ESA Inc.). The cultures in

eac group were triplicated and data were cdl(TaER8¢027841

fromthree separate experinents. -52 29 March 2007 WO

figddo @ biexponertial LSEHOVDRTBS Levéiberg Mp upé| SHthe! Data are

recordi ng [00117] El ectrophysiol ogical Proper es of

Prerentsy aromeams SE.fferentiated from human ES cells
wer e investigated using whol e-cell patch-clanp

recording techniques (Hammll, O P., et al., Pflu ers
freh, 20 BuE 1SBEher RGN Ky e

[091@9 gn @Zeglg%n@ d}“’i’l&otgﬂgép w Ve%g% :f\qﬁz’na[ggrtngqj)ses at le’ast

soI t| op..and
ool morgiie U Tl S igoosgoms
an_ant i body a%ﬁl nst

s e e i ARl Brteryiart el T Nt. Rev.

was used to |
PO4 1.2, KC 1.9,

GEAEE $2098, é‘&@&mip%geﬁfaéﬁrfﬂ@ iGayston for it/ 506
%‘!‘m”%aﬁﬁ’ APy iom BES ol ToMBoN: & Aiat ek, Saence

was ap
t urrents [00118] Current-cl anp
2804148 ¢ i%ﬁﬁg meausingar agherbot eriehyuaiitury ia the

and Vo
[ tiCl O0A a I|f|er Axon | nstrunents). Signals
Pf%% ?5@?43“%&9-?) &E&aﬁ;emmm 1120-0$33)@0@1), based
Eghgl dat 1322A anal og- d| gital converter (Axon
on k3t vegpbraterHreedodart davelops imresponseTURGE and/or
Ewpdl sk using commercially available software
an theme mephogenstic prateind Signals (AUsor, . 3ha FIRINGET., Nat,
typically 8 18 M| and was conpensated by 50- 80%
_e&,lﬁé‘ﬁgﬁeﬁqﬂpi T1i161-1d68 c2001).y Tha/fitst sige of el dﬁ@fernﬂgﬁcﬁﬂm the
- for liquid junction potential of +13 nV (Neher, E. ,
appearareesofmelmmsr cell2BimigFodsttes il 8R23entdf df c%llﬂlé%t-’l ®lays
potentials were examned in current-clanp nod
afteyizihcelisauare removeddromyfeéderwaiisior aiframiatioh ! ‘Pﬁé! golumnar cells
(outward) synaptic currents were characterized
in the lﬂmﬁes Huanpt tediat velisng tHe dltseriinhdDegseslpst t e
sol ution
neuroectoderm marker Pax6 but not the pan-neuroectodermal transcription factor

Soxi (Fig. 9A), which is expressed by neuroepithelial cells during neural tube

formation (Pevny, L.H., et al., Development 125:1967-1978, 1998). With further

culturing in the same medium for another four to five days, the columnar cells
organized into neural tube-like rosettes with lumens (Fig. 9B) and expressed both
Pax6 and Sox1 (Fig. 9C, D). Thus, differentiation of neuroectodermal cells from
hES cells involves at least two distinctive stages, the Pax6"/Sox1” columnar cells in

the early rosettes eight to ten days after neural induction, and the Pax6*/Sox1* cells

“forming neural tube-like late rosettes fourteen days after induction.
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and Vhad=-40 MV. Synaptic events were detected usi¥iprek 2007
tenpl ate detection algorithm (M ni Analysis Program
4.6.28, Synaptosoft) and deactivation phase was -53 29

Mawolee@@Bif20 WO 2005/ 021720 PCT/ US2004/ 027841 fitted to
HelY Gt gersa

a bi exponential function using the Levenberg-
presented as nean SE. EXAMPLE 3

ith Dat a ar
L b?@ﬂemﬂ’?ﬁﬂ“@%%@mm@!mu%s [receie] thadhe rassito wels, which
%Peosr egﬁurg?ﬁ_ in vertebrate aninals involves at | east
re 18 (Maetf)aPrylapné egtin, serepasitivel focObRgFig, 9F, H), a

l_&)auql);'(:;\il i zation of the neuroectodermal cells, and
SIOPaMasLRickain expresseddwdoret aad dicvbraimtelis; g eREsMETor
rﬁ;(?%s(gl . J-M, Nat. Rev. Genet. 1:20-29, 2000). Ve
t(Figs PHb | lurepdemein protain pysiuced bycelisfi iR pitfal cord. They
neuroect odermal differentiation fromhES cells
WEThBlRR isgativedor Eat, wiich is Sxprensa bR ffibkdid Sellsli, géz.9$hese
(H. and H9 |ines) using an adherent col ony culgt ure in
FEHUs spgqesh thes thef nepERtqdBNRalLellSpssese fafebraid\Bhenotype,
Bi.otechnol . 19:1129-1133, 2001), based on the
SBHIRR rtenitinli acauired by aeeronetoderasd! ooy durHg C@HPRS i)
ponse to FGF and/or anti-BMP (bone norphogenetic

re
d%@ﬂﬁ)@?m (Stegnd.€., (NI RevoNeGrosci, 290 gglbuss), T., Nat.
Neur osci . 4:Suppl.:1161-1168, 2001). The first sign of

[0A%2Hal diTe fiffcrentiatd | '
al di ofbr wBgrohb fronPRALFBEANES A o) SIR"

cells formng rosettes in the center

negegectodsimal cdiS i el reul b elIRBRY Sk g Es%faggq wgc?ulglhs

for differentiation. The col umar ce

enzpmetic Esatnient (Zehg! $€. fdral, 9&l bﬁ)técfhnéh ﬁ Qggggﬁ Eg‘%%gﬂ )and

area, expressed a neuroectode

diffdrentj i <R ] .or . '
(Fro on iy ah et A0S Ples et i dand R oot

ML PGttt BumEEE. B aby Diigldngtent 42673 319, 1007),

Devel opnen
other four to five

o S0 S e Ak R St
120488 2008 BrisDRE! | 20 Hrbton, I ey OpiiNsurobiol 11:43 46, 2001)
By é’dél{r{egﬁ I%%&% ?@%@Hgﬁ’ﬁq g 1 ég E&,t@%gf é{?&{ﬂg gneihlgsq,;g;tg@m ahrEaS formed
a B R B8l BRSESSTEL 1bA cressiing o oo

tube-like late rosettes fourteen

| I form eur al
thatgt% g?’rgqr ?@}a&?cﬂgqlgtwqgﬁ positive for neuronal markers gy-tubulin and MAP?2.
A large proportion (>50%) of them were also positive for Is| 1 (Fig. 10A) and Lim3

(not shown), transcription factors that are associated with motor neuron
deveiopment (Jessell, T.M., supra; Briscoe, J. and Ericson, J., supra, 2001 ;
Shirasaki, R. and Pfaff, S.L., Annu. Rev. Neurosci. 25:251-281, 2002). However,

very few cells in cultures between one to three weeks expressed HB9 (Fig. 10A), a

motor neuron-specific franscription factor (Arber, 8., et af., Neuron 23:659-674
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[00120] I nmunocytochen cal anal yses reveal ed that the
rosette cells, which expressed Pax6 (Fig. 9E), Soxl1,

anavonasii were positive for x2 (Fig. 9F, a
120720 p (Fig E%Hp%aowmzml

homeodonai n protein expressed by fore- and mi
9H), a

¢6bdyS; negative for HoxCB (Fig. ,
ho : bJS?H%gi ﬁ”%%&}{ ‘bﬁﬂhﬁ Sout cReHrpscteddring! ¢ells ey tsprefrattory for
S8 nedREY re also negative for Ent, which is
expdr#ggg% '%@F\%ﬁ?'&brai ncells (Fig. 9. These results

t the neuroectodermal cells possess a

t t
[?g ?g%f ai n?g‘fﬁ SRt-pRRessing eplisanayt eortelspond foi deupddctodermal ceils in
tgég‘ui r ﬂlgby_neuroect odermal cells during early in vivo
v8FE‘E Ridvesitegr{ormaiion ofvweural Rebe-likSavsetisiand2xBResiBn of
%)(é)arl% 00121] To differentiate notor neurons from
édinsuriuivalent & a threSwebk-oldhuaas emphRd THEHeufdctSHermal
tube-1i ke rosettes were isolated throug

in the neural
c@F&Wﬁ? neureltehe mentegionibiynspecticd. (LuRbded, A, aN@krumi uf, R,
Bj ogeg%]_g%mézéﬁégéé?&d&ngOl) and d|;ferent| a?ed on
Seiegee gfd; t his idertiof '
RA, 0.001-1 NM, a caudali Izi ng rgz?éléérzto '{’@Fﬁ*‘%{%"é‘?é’%’&
forénd SHH

(
Mgy premolg| caud gizatibroandior ma :
50-500 ng/m ), a vent rrgl i zinﬁg!%ﬁ%ragﬂg%azﬁzﬁessel I,

(
neurgectodeimal Galls. Wtha o BL ,

Eri csgn, mJa . E@élfrx ?ng;%’f '1Ne_ur o%itrgﬁggcllq? Eéﬁlig&Sg%r‘éB!%Q s
] S o dpataredat stoh | 0nnd AR R BeoRl g1

cells in the outgrowh area forned

oSS, . | et e
ndi eated. Chatt hererr oz CERS el At Saki5ts gars

ot eSS ol S8, e e o
f acttB%r s that @é%ﬁéégﬁ%%"}(sgﬁé g E‘\?m%}p%%ﬁ{ﬁ 3¢ a%gmr@@dhered to the
el v 806l WoeedF 8 G0 e oy
o e A T O oo

very few cel
oSSR SR B By 10 Bhie 1 S o) soviraiticuh oo
wel%:iin@{é%'rﬁl?ndberé ngnezugona E:glpbgdoigs? in tx\le)oﬁt(g}élv%ti/a?é; Zleg 10A). The
majority of cells were positive for Ist 1/2, among which about 50% were also HB9"*
(Fig. 10B), suggesting that these double positive cells are motor neurans. The |s]
1/2" and HBY" cells were iikely interneurons.
[00123]) HB9-expressing cells first appeared at day six and reached a high

proportion around day ten to twelve afier the neural rosettes were plated for

differentiation. They were largely localized to the cluster, with about 21% of the total

- cells in the cluster and few cells in the outgrowth area (Fig. 10A, D). The highest

proportion of HB9™ cells was induced in the presence of 0.1-1.0 yM of RA. RA at the
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PCT/ 1352004/ 027811 1999). These suggest that the&98bwxch2007
" neuroectodernal cells maybe refractory for notor
neuron induction. [00122] The Soxl-expressing cells

mawocisesePnd t o neuroectodermal cells in the neural
tube given the formation of neural tube-|ike POYBI2PMY27841

%d ex%ms'%on of Soxl at a time equivalent to a
e Y repuliemhiriegenesation Sheomeaelisde badetiemitally defined
(ﬁ{fls in the neural tube are regionally specified
Ef FrEdSHituras. barthe rbssncausf RARor SHBC bebath, Ak wdid ek, HBg*
C%iQ?F) This consideration | ed us to hypothesi ze that

S (dy B oMthe dBBeuptessing callameteataingd with PRUGSIAN (Fig.
@gjc%i cation before neuroectodermal cells express
i T ireqiment witta Récon earlymeurasetidetasitalls %héirédmgﬁcient
: en

. 0.001-1 pM at an earlier stage, i.e.,
"&P@Cgma?m@@rngumgan to organize into rosettes and
essed Pax6. Cultures treated in this way for 6

expr
[%’f?él de Vil Wslestant why BAriadudes ey |
expressed Soxi, indistinguishabl g’?g@‘g”ﬁ?%&%&lﬁpgfggg@al

Colls to @iftrgentiate iato mbier hesohs Awe B ERISiInLE 1R iRt af g4l 9 nd

adhered to the lam nin substrate, nunerous neurit

caudadization of femeduneoctd ¢ etfb i L ©
dérinal cels, ??éétﬁé}e/ﬁ?of e‘rgﬁgggnseg&pgﬁs

forty-eight hours after plating. ou
coyer ed

(Pax6dBox)) aith - ) i
oxll) aith A (0L00E - 110 W)t F@f(gb%wrnl\)lﬁrgﬁr%'t AYSTEsied in

al nrost the entire (11-nmm di ameter) “co

the ldecreasekepréisi 5 n cell bodies in
t he outgr oﬁrh z;rr;egq%t%igg? aiﬁﬁgsea%gbpﬁﬁoﬂpf WX&PR@%W@ as
50% wer e

o FED5, Ble ChH g ose Hobendif i (Fia A48 Ganes xprossed

also HB9 (Fig.
1/ 2+ and

byfGretdavg : uropns. T l's
yEEQ- cel ?Ig% \t}\éé?gl%lrlﬁﬂ% y |yn|ﬂ§?%6£8ﬁ§9pﬁﬁo tment of late rosette

| I i rst eared at day six and
- colEPaRSNEaR) Mth R 0Pahd ik AN Ao Hor cepe rxproesion
rpsettes r | ated for
PaBbindndlceR TR (bRSTWE; M EArliesion ety fasstio el inslated
PR bout..21 % of the total cells in the :
and :Cﬁlg{rgéri '"atﬁgt"?‘é%“égﬁg' eren g‘tﬂ?em%‘ﬂt'@r E¥RBSSedddoNGS proteif fist at
rtion of HB9+ cells was i nduced

daPhix ahl %E)Jr%'gg AP3Ly teRig Reeive aftenviifiareptiatior/asevehieddy 29
im%&é}t&c%%%ist\r/yq&ggo 1100)2 185!% aFt)(i:iTi/s Ls{?a?goeolicl;lggd7g4{x12 expression
(Fig. 11C). Ali the HoxC8" cells were (8y-tubulin® neurons (Fig. 11E). In
contrast, iate rosette cells treated with RA for one week and the.n differentiated
for two weeks, yielded few HoxC8" cells, although Otx2-expressing cells were
decreased (not shown). Thus tfeatment of early but not late neuroectodermai
celis with RA results in efficient caudalization with expression of HoxC proteins,

which are associated with spinal motor neurons (Liu, J.P., et al., Neuron 32:997-

1012, 2001).
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dose over 1.0 pMresulted in degeneration of song9March2007
cells in our chemcally defined adherent cultures. In
the absence of RA, or SHH, or both, there were very

f ewo-B&mz16¢l | s (Fig. 10D). Al the 1-1139-expressing
cells were stained with Qii-tubulin (Fig. 18€)/USzInga7841

[Pb? ]nenty\gé'{thRA on early neuroectodermal cells is
eqtit’r ed rPewared the atiect of Shitbdn eadyoandiaty ons.
l‘fe%?lzcﬁ To understand why RA induces early but not
WG N &arvantralizaiions Tre WES fcell-gbivedt fourddchdarmal
neurons, we first exam ned the effect of RA on

tor
%ﬂ%d‘éﬂe}t’}f‘dﬂh@h‘ﬂf@m Rax6” orSoxdéodid det expreseblige (Flg. 9akjrant
Mol e%grllny_roset'te cel s (Pax6+/So)r) with RA '
PEIeeIRiINgIRign exprewsed in Aéhtrag hetial iﬁl@beﬁi&#%@um&@arg destined
trﬁsulted in 3 the decreased expression of Qtx2 an
? HeTUBR eWiannsHeEnsiapd dbfoddmdragtersn SEEpiag cokpq_u Bd.r Blal.
(_3%’ and C8 in a dose-dependent manner (Fig. 1TA).” "=~
r89-78:8%: 2883 hobyQuret al., desuden 3¢90k BORESED 1N WREdHEY
hi gher doses of RA. Treatnent of |ate rbsett)'e cel Ps

Poxe (S0 SoauregclodermaRéel were BaiES i ﬂ’ieg);@%&gg loﬁ‘ R tbi'Sne

Hox gene expression pattern induced

Weeto irgn istlatedridt furthéreliferartiated @55 Shbfef fild @eel&sﬁ@ lél?et%?sence

and cultured in the neuronal differentiati on

Of S eene tbw-ooliSRxpress&i Olidd (ot sidwnyd nost |
at day ten to twelve af téer(di?fgyrghﬁ/oa %ﬁfw ¢ présente of

Shild (33664 i ] WA=
¢ ngiml), imamyroetty £ QFESIEIIlGL ih 'ﬁ?%lmé&&i%rg Cﬁéid\lﬁpat

this stage | acked Qx2 expression /
contrastt BaxiE/Saxe! heuseetSadial biist ML RS LB 9ol ine

Q In contrast, late rosette cells
wo weeks,

safercontiioneqdncritey ?éwafi%;ﬁpgr{aﬁ% gﬁ%&;&z?@wﬁ,r ERUS, ng

yi el ded few HoxC8+ ce
nedet®ABRHA cefls Hedrt RR t@{ %E g\éﬁ% putT r@%ﬁthé lra%;? ;qgtgegésagfbe

early but not | ate neuroe
efficRAtY Indlul LG dalization wth expressi on of
: HoxC,j( pr g?g? {r?‘s:II b&d\}ﬁlﬂ hﬁ&fgf%’%%@@’&f%iﬁé%r%mnsgm $idH. not or
Neuron 32:997- 1012,

009281 ONS L4 J.P.. et al., 4 ] .
: 2001) . @"JEB‘EWC@W ‘Zhb?aﬂwmemﬂsz@qwred for motor neuron
We then conpared the effect

) 4/ 02781 00125

sp%ﬁ%ﬁ%z% U %955 elsodndiiogs cecavdabfatea(Fig.e1 149, woexamined

Vi ralizatjon. The hES cell-derived neuroect oder mal
the ?(BII ?E

expression of Class 1 (Irx3, Pax6) and Class Ii (Olig2, Nkx2.2, Nkx6.1) molecules
that are important in refining progenitor domains in the spinal cord (Jessell, T.M.
supra, 2000; Briscoe, J., and Ericson, J., supra, 2001). RA induced a much
more robust expression of SHH and Class il genes particularly Olig2 and Nkx6.1 in
early than in late neurcectodermal cells (Fig. 11B). Thus, early neuroectodermal
Vcells are more responsive to RA in upregulating the expression of SHH and Class i
factors, which are essential for motor neuron specification.

[00127] Cells that eXpressed choline acetyitransferase (ChAT) appeared three

weeks after the caudalized neuroectodermal cells were plated for motor neuron
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cells, whether they were Pax6' or Sox1', did not 29 March2007
express Adig2 (Fig. 11 F), a honeodonain protein
expressed in ventral neural progenitor cells that are

d [ o beconme notor neurons and ol i godendrocyt es
i'?‘?h@g@d?}#al cord (Lu, QR , et ai., Cell P6GABHOFET341

06002; .Zhou, Q. , et al., Neuron 31:791-807,2001). When
ifrrentiadion anddhese caliminormasetistendily forlip © swbR waisks Uhebngest
in the presence of RA for one week, then isolated an
culiurerperiod ianalyrashinithis stidy @Figati)h amemm@qiféséirrzq del§ were
absence of SHH, very few cells expressed OigZ (not
larpelyincalizasido ke clustor (Fie 1RARBReSp@dirg 1Othe (0291286 of the
ng/m), many cells expressed Aig2 in the nuclei (Fig.
HBP" Gplis. | Theseaslis weie, maiak arilfisoidrcaNS HA® BSH RAGS S8has of 15-20
cells, differentiated for two weeks under the sane
Hooindiiameter, wWitsenRtRthd £Ybiglas o 1M Bi§ SEI A B C '

11 H). Thus, neuroect odergjmal c@ﬁ,ﬁ tréat)'egov'\?ipﬁééﬁ%nd
HB89 ia theeraudlgl ahd ChATtin tHeEsdnid 8nd bﬁ‘ﬁ@sse%@ffhs%served after three
efficiently induced to a ventral neural progenitor

weskseofl altieBRN$2CH ASHHdr tHAhAGHs Werefdisd Nty * S8 for

why early RAtreatnment is require
o b VAR Ploh 20 W3S Bresfaitpesorene
et o1 B a MR AT oSl Sene i ares i we ke
B0 R PR 9P oS Ghhst 7551 bocud e proBleeS (g 126),
OBE81°2Y, WPl B AR g Al

G ass Il genes par _
bRk InL 2 SBFLFRERERNFLTRL oSRbldofs Sl Shyeamismret
royialie §9¢ A0 ube SuSalEeion coteriawckTe et or

cification,. [00127] Cells that expressed choline

deggei'?‘%ﬂ"{’? zfﬁ‘g’ﬁgf'as gzq. &7s eligied by dgpelaridag cusentsterfst(8r15-0.2

th(f faﬁal [ z?%_.,neuroect odermal cells were plated for .
PR 8 nelerenpf thigeerveurans iestado Sponianeons AP EItiggered by

PCT/ US2004/ 027841 differentiation and these cells
sponfapeRussepolaszing synantic inquts wersalem obearked (Ridel 2G)n ddthbugh

culture period analyzed in this study (Fig. 12A). The
nolgleelts syrivediracprding iand sebsequieat igehyndhistodHentical analybie,

cluster (Fig. 12A), corresponding to the localization
dowtle immune@siningadithsbioditie sad CHATSdarRsRs ik it Mdhl bPPledlells

cells and had | arge sonmas of 15-20
from which we recorded were motor neurons (Fig. 12J).

[00129] Voltage clamp analysis revealed time- and voltage-dependent inward
and outward currents consistent with sodium and delayed rectifier potassium
currents. Inward cumrents and action potentials were blocked by 1.0 pM tetrodotoxin
(TTX, n=3), confirming the presence of voliage-activated sodium channels. Qutward
currents were not further characterized. We also observed spontaneous synaptic

currents (Fig. 12H, n=21 of 23 cells tested). These were reduced in frequency but
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pmin dianmeter, with some being as big as 30 pm @FiMprch 2007
12A, B). Co-expression of HB9 in the nuclei and ChAT
in the sona and processes was observed after three

wealososfor gl ture (Fig. 12C). Mst of the neurons were
al so positively stained for vesicular acetyl CFgVSzpr 027841

tgr AChT. Fig. 12D), which is essential for
ﬁs({t%!@g%{e a d{'e{éﬁ%ggﬁ Fmensirayngthe lexistencvof furGhidiatly intact
ﬁi};!)t?’ le ecially after five weeks in culture, were
Sgom i Fﬁfﬂnémw- With 8 is@lsionaterbaset Ipigetiei sehition utward
(P'F‘?’Ees es (Fig. 12E). 00128] We assessed functi onal
natur at PyEs fegaved s so(dms_smsursgnmbms? 8 WeFBi8cked by a
nf)28 .cells). The nmean resting potential was -36.92.6
KROR Atychhiss iasd dittieulines whiRaE threnfhiiab ikl (iitatory)
c rot ntials (AP's, Fig. 12Fi) or decrenentihg trains
ﬁﬁ? ® daoavier yanidly d2 dIms;in=¢d cbonts)einl wisieZiotked WY LSS mbination
Oﬁée %%ég@%d% NA X | s) in eleven of thirtéen
1V FigspaHt dneerasnshBlisg tHalt B8 -
spont aneous depol ari zi ng synapt?% i nput Slﬁ%%A%\/glgcme) and

SHHslorX Eltemaig) ne@Gjransihissiongbcur B8tin e inGel %{;ﬁnaz #QHY(S\L:‘I%

856 pb. L ety Sﬁﬁ?ﬂ&%&?ﬁ%@;ﬁfqogﬂgm&m
e e U o

Vol t age danp anal ysiy;@ﬁedjgg?%ghﬁtnﬂéﬂ'é%' MotoF nurons can be
- :j%ggf Eﬁfm?Sg?ﬁﬁﬁ‘?iggﬁa@%iﬁiﬁsgﬁ??ﬁﬁ% ?gfea-;{ga:mn

bl ocked by 1. Obp%ﬂﬁrg%ﬁé%ﬁgﬁﬁxﬁi Wﬁﬂgptﬁggt? RBase Pt ni ng
Ot eSS el et TRk Bl st s motennesisans imehe
oS g AR BRI S Thiss dudmentatarineinti o
ne e ISR eblosi Tofe SBiian Ry be appliad ' hsweaTpmates and
I 05 D BB o et s
o SR o o
we [euie R S\ prodhes o adrapciadamataienshiiatonrdrnt

. ayed rapidly (2.1 nms, n=17 events) and were bl ocked
d'SC§§5rg¥ i'zﬁ{ﬁpgggq:%ﬁn of early-born projection neurons such as spinal motor

neurons requires treatment with morphogens before precursors become Soxi1-

expressing neusoectoderm cells.
[00131] Mouse ES cells have been first directed to neuroectodermal cells

which are then treated with morphogens such as FGF8 and SHH for differentiation

into dopaminergic neurons (Barberi, T., et al., Nat. Biotechnol. 21:1 200-1207, 20083;
Lee, S.H., et al., Nat. Biotechnol. 18:675-679, 2000) or RA and SHH for motor

neuron differentiation (Wichterle, H., etal., supra, 2002). These observations seam
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of D-AP5 and CNQX (Fig. 12H, J), denobnstrating t 2&tMarch 2007
i nhibitory (GABA/glycine) and excitatory (gl utanate)

neurotransm ssion occur as in the intact spinal cord
, et al., J. Neuroahvsiol 79:2277-2287,

(G0, B.X

1JUBI0SBEI30] Qur present study denonstrat eECTAS04/627841

functional notor neurons can be efficiently generated
td fitdhe hatienthabnagbhsarkbpeciibd REWPRAGRAEIMTRE neural tube. Our

differentiation by FG-2, specification and/or
presadbdbseatdtions yick tHadthe AERRAY, S asEredbing

neural i zation, and subsequent differentiation™to

nEurstetotéraidl ceMDVIAEL 8188 POSsh A fbﬁ%rairﬂ’b@%ﬁngm”eaé}g réiﬂﬁ:tory to

ventralizing norphogen SHH. Thus, fuh

aendracl s molor rg@iyTa) THe SBkPRABISShE BERTHbFAL AR TS

may be applied to human prinates an

cellstif Qur dUNUEOSSERS tedemble @8&@ M thd %@@g&@g} %é;ﬁ]ie? forfPh vl

neuron differentiation from nouseée

i : 5- 2002) ,

tubliied Sicrosiand eibreBh SoxfBltor o ik P dfieref iy from Res
. et S t BHEFIRITom

ocll WHRIARE cAlivaRneBS o1 BB Aer dftnBLofdrg S35, or ©

HetREOMHR?. SBALECEEReS. g?%%ﬁ %6 Z@%ﬁgﬂﬁgggy%gégﬁfmms at the

pr ecursors becone Sox1- expressi

e | I ve nfirs irected
R R ol S Bibn g 1%, Pad Eplobo . e v
g .FGE8 and ,SHH for differentiation
- SO0 1050 0 bR 1 et 3 the pRlrosctocgm g thay
' . 21:1200-1207, ,2003; lee, S.H, et al.,
forfeBbf P ¥ naufe a5 3 ofisds #evnyo o6l aeveloprema 12511967-
t .fAgur.o ifferentiation (Wchterie, H, et al.,
1978, ¥s; R a0 Erifbonsi, b siosa.iBoR) Bis Mdingtanigpests that
th 2007, V%) 20f05é021720 PCT/ US2004/ 027841 to fit the
& tRacligalgNeT 8 classfesranss aldeastilarge prajestiopinetnisusuch as
he neural tube. Qur present observations indicate
MO feufqns. heging beforestemasiis besgme Sok hgxpressing eetrodetodermal
cells which al so possess a forebrain phenotype are
cellsanddaanthis explaipeway brain-dayived neowkpithalialicals $ail (Bhenerate
Sox1-expressing cells generated fromhES cells in our
projagtien neurons pbandiffesentivbgiond iatityn t he neural tube, as
they formneural tube-like structures and express
[0083211 af The furwtiondehstooieuddns forRMhé AineRBbl ST hES cells
cells which are equivalent to a six-day-old human

offezigengric futham gotdt. féurond-for screening pharmaceuticals designed for

treating motor neuron-related disorders such as ALS. These cells also provide a
useful source for experimental cell replacement for motor neurons, which may

someday lead to applications in patients with motor neuron diseases or spinal cord

injury.
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12: 625- 634, 2003). | n 29iMagsh 2007

Hemat ot her. Stem Cell Res.
end of third week of

the neural tube forns at the

human gestation (Wod, H B. and Epi skopou, V., Mech.

Dewo 20882497 - 201, 1999) and Sox1 is expressed by the
formati on of the neRffTAUS244927841.

neur oect oder m during the
H, at el., Devel opnent 125:1967-

|| !nllar&i mal s (Pevny, L.H.,
451998; Wpod, H.B. and Epi skopou, V., supra,
1999). Qur finding suggests that the specification of

SUCT 3 ot hetaritergliaion bef ore stemcel |'s

be+ Sox1 - essi neur oect odermal cells and may

4 hu‘?jgxm gﬁwﬁ% ﬁ?ﬁﬁﬂﬁﬁagﬁi 3 HS deergsist190i42) wees tutured
tion neurons of a different

dmai e .proje _neu

rnggdiagﬁgﬁ;&le\gg%@{ 2 R 9&%2?" of figadiatad embhedniombose fibroblasts as
H%'?!S(T renewabl e source of hES cells offer

dggﬁer I'C hé’ﬁgéﬁ %0‘?1 eSRIAs1998). The vediffergntiated state of ES

ceut.i cal s designed for treating notor
Cﬁ'ie%\& -qpé'h‘g'ﬂeéJobdeB'S?|d@@h@gghamtemré‘ssioﬁ@l®ctq@nh%%@@ For

useful source for experinental cell
¥ ahB8akn

id
n?‘&%\é}é@gﬁ‘g‘?ﬂ' dffigrentigiian. hESetinwerenggrégarey for FEUFRes

ct@ a gl ications in patients with notor neuron di'seases
4 r‘%‘g har adiesive plagtieroprfacstor ten days-in F12IDMEM'S'UBE% ented
%Néh 2007 WD 2005/ 021720 PCT/ US20941027841 tfw“ods
WELNEuhePasih (28gied). ked &G 2(@0mamiylbf RATERAAGIS 6N of 90133]a
2Q%$ran ES cells (lines H1 and H9, passages 19 tO 42 !
‘e cultured and passaged weekly on a feeder |ayer
Ué){{g%%ii”adiﬂgt ed enbryoni c nouse fibroblasts as
r.i beBor(mbtorsamon hdbctio K L

ilmdi ffelrenti ated state of f@g‘&bgmh?ﬂgﬁe?gatiegﬁﬁ.{ al
ceys/yetsaplated rophoodraityinéMeni ' et 4 and SSEA4.

For neuroectodernmal di %%@%%&?@ﬁ?ﬁ‘@%@@ wer e

cifegeniiagan etdion, Wit oohaiktecRaI N iBheeE HbHE IR0 Ao

;}ojlhesi ve plastic surface for ten days I'n
su eatrand eAMP (B i | d F

(ngng/ mn) or R(?g(nlizbhg@é) lH%’%*&g{‘&aWﬁfa@ﬂ a@%ﬁ'.‘“" ,
500 AGMAAR&BPfor BRE %eﬁ.eHﬁQﬂh?f; %@%%Nﬁ.haend insulin-like growth

nor phogen-treated neuroec
| factor-1 (IGF1) (10 ng/ml, PeproTech Inc.) were added to the medium and the

concentration of SHH was reduced to 50 ng/mi.

Immunocvtochemist[y and microscopy (Zhang, S.C.. et al., supra, 2001)

[00135] Primary antibodies used in this study included polyclonal antibodies

against neuronal class lli B-tubulin (Covance Research Products, Richmond, CA,
1:2000), nestin (Chemicon, Temecula, CA, 1:750), Sox1 (Chemicon, 1:1000),
synapsin [ (Calbiochem, Darmstadt, German, 1 :500), ChAT (Chemicoﬁ, 1:50), and
VACHT (Chemicon, 1:1000), Isll/2 (S. Pfaff), Ob2 (F. Vaccarino), and Olig2 (M.
Nakafuku). Antipqdies against MNR2 or HB9 (81 -5C10), isltetl (40.2D6), Lim3

(67.4E12), Pax6, and Nio2.2, were purchased from Developmental Studies
-62. L




cells were plated onto ornithine/lam nin-coated 29March2007
coverslips in a neuronal differentiation nmedium

whi ch consi sted of Neurobasal nedium (G bco), N2

su Ig‘%tfnnt_’_ and CAMP (Sigma, IgM in the presence of
RAYCGPERVE® and SHH (10- 500 ng/ni, RSD) for RERAUSAeLH027841
After that, BDNF, GDNF, and insulin-like growh

Hybridoma BankgBHHR, 10wa Gty 1A), Red rapTiexCBitorn Cobsscetisiagreh
to the mediumand the concentration of SHH was

Peiuslsd 12005 Farglemtificatiomon eleetrostyeitiodidaly ARerded cells, biocytin
m croscopy (Zhang S.C., et al., supra 2001) [00135]
(Maleauar Rrobas) éitlk beells setie iam_etehivﬁuﬁét@wmkn@éiqma, 1:200)
pczzlL ycl onal antibodi es agai nst neuronal class IT11

drid staibad for GHAAV dnegefReeracslibcRE QNS &idid hgp

1: 2000), nestin (Chem con, Temeculhhg, C?A : Sg%‘.ergg'ﬂunted
qréherNikurijuotest8ADicrossppeBed (FRYEIEAE] QGRRN IL

Dar nst adt, German, 1:500), CLFAT (Chem con, "1: %SS?Cg%fgcal
RaGisTogeCiNiinG Idkyo] JASKH)) ThkshbéificitlySf aRfigHd it |
Vaccarino), and dig2 (M Ngkaf udlilu).a Al?]c%cilﬁ%soa@@ﬁéﬁ;&rﬂo%or
regedmisdnsbfitidndactbiBBndhbraéeBmair i rarihn]
(67.4E12), Pax6, and NKx2.2, \?érgﬂoﬁ'%séh(”i@é’ﬁ%ﬁ@"%
dBeslop@PIRINSR hoSipHAlRStis ARG ot

RGP AR RORpHAAS tisshs AMertefiedi mbryic (34 g1 E36)
rHe®08 nidriiéy spifal ji = vance,. Research
g ey sbifl soRP el S (b A BY BeWieCERSR Pifhate

Rekesith @j@hﬁj_ol ogically recorded cells, biocytin
(Mol ecul ar Probes) filled cells were |abeled with

streptavidin-FITC (sigma, 1:200) and stained for

QUBATicalisipoes were col |l ected using a Spot digital
canmera nounted onto a N kon fluorescent m croscope

i ton, TIPSR 0 gl BT ol
S e BT P I o
A R SRR S—

Dok A AU EGical eiriaRont ooy s tyhe measured vas
oRIRH L9 8 el b PR Rty fBeres ayessico seasine sy

saﬁ,dyeqtggr}n&v\i@o was. blind to experinmental groups

uring sites randomly using an automated stage movement
operated by Stereo Investigator software (MicroBrightField Inc, Williston, VT). For
counting areas with overlapping cells, the microscope was preset to move up and
down to focus on the positive cells in different layers and the total cell number in the
cluster was estimated by the software. Three to four coverslips in each group were

counted and data were expressed as Mean + SD.

RT-PCR assays
[00137] RT-PCR amplifications were performed from hES cell-derived

- neuroectodemmal celis at different stages and motor neuron differentiation cultures.
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manual | y usi ng the Metanorph software 29 March 2007

(Uni versal | nmagi ng Corporation, Downingtown, PA) or

by stereol ogical neasurenent. An area to be neasured

wWago 20k isned by a tracer, with the nunber of countin
sanpl ed t he HEASaIHHaRys4

frames preset so that the scope
usi-ng an automat ed stage novenent

ei t her

i r andos
e PloARORInGs et Jsedo Hoga: BT S RGBBECTCAGCAAGAGG-3, 5

opera
eld Inc, WIliston, VT). For counting

é%éfg?ibif\ﬁ ¢k AGHHTGHE-851318 bpt Hex®5,c5-oscope was

t nmove up and down to focus on the positive
e Gl e T ERTACeyer 5 HaG TORCAEGEACTATGREBE P50 By
h g,l uster was estimated by the software. Three to
'%%‘%P' FVRF ECHECTHCELIG HEADHS WA OT TOTBI REG 606 M A B3
re expressed as Mean SD. RT-PCR assays [00137] !
3@-@&“&%«5?@%@&3%&@@@#@@ g-from hES

neuroectoderrnal cells at different

C&el | -derived
R CHAPNCAABET B!, 429 be el i on cul tures.
9 March 2007 WO 2005/021720 PCT/ US2004/ 027841 The

T 6P AHCHOGRASCRTAS LB BITGEIBEEIGTTAGGTTCTGA-3, 218 bp;
2 TTTATG@@@CTCA@A_égAGgTs'mg b .
AEBKE P FARCOCIEYIET, CATLE Bore ' \
TCGGGGTGCTTCCTTGIAGE- 3, 5' - TTCGTGCI:A%GGRCC%&H%QTQTAQ'
45bbp;Kpig2, HABBCABGRNCTEEATEE SRCAC- 3,
5' - CTTCTGTCTCGOOGAACACG 3', 340 bp; "G x2,
CECTCARTHGEPGBATECAGETS 8 {3 bp; Nie.2, 5
CTGGGTGGAAAGAGAAGCTG 3", 479 bp; “HoxBI, 5'-

GOATATGMEET LS 3, 5. 3
et GAPDH, 5'- A&@@%‘%{@wgﬁi 337 bp.

218 bp;

In; STABEBGOTHOTRECESAL 3. 542t TEbRnatasaTcc 3,
47T PR NG %A%’;lfgf OB o CeoACCAGTTG 3,
e e
A e e TP RGe 53T CTeoARTTaRRE TTCTTCAAC 3, 335

bp

-63

Electrophysiology recording

- [00138] Electrophysiological properties of hES cell-derived motor neurons were

investigated in cultures differentiated for five to six weeks using whole-cell patch-
clamp recording techniques (Gao, B.X., etal., J. Neurophysiol. .79:22?7-2287, 1998),
Tetrodotoxin (TTX, I uM, Sigma), bicuculline (20 uM, Sigma), strychnine (5 pM,
Sigma), D-2-amino-5-phosphonovaleric acid (AP-5, 40 M, Sigma) or 6-cyano-7-

nitroquinoxaline-2,3-dione (CNQX, 20 UM, RBI, Natick, MA) were applied in the bath

: _splution to confirm the identity of voltage-activated or synaptic currents. For some
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D

ACACGAGACCCACTTTTTCCG 3', 29 March 2007
5' - TGCTGGACTTGIGCTTCTTCAAC- 3', 335 bp.

El ect rophysi ol ogy recordi ng [ 00138]

El eas y00pdyHi 0l ogi cal properties of hES cell-derived

nmot or neurons were investigated in cul tures PCT/US2004/027841

' [ d for five to six weeks using whol e-cel |
%gé%ﬁﬁ&g%aﬁ}ﬁ %F’&m Hrhddeddn epiesordigpsnlutBnX Cureht-ahd voltage-
'aﬁfﬁe'%&%h siol. 79:2277-2287, 1998). Tetrodotoxin
%T L1 pMIS YSgRAsTomied weing|a MettiCRonNROO/Sagptier (Axon
in 5 Si gma) ,
%_%E@f@%ﬂﬁo E’QE"B ﬁgj_glpﬁah oglanﬂs werextiltated AP4 KHz AQn¥dd 811078z
%géwao- 7-,.ni troqui noxal i ne- 2, 3-di one (CNQX, 20 NM
198 NP, 1354 analeg-digifel acadleiter (ARen hiatiimen@), Wnkielifed
cOo firr the identity of vo! tage-activated or Synaptic
afeon Fermpathard disk 'using-commerciatly available softgald®’ Ch
2&)7 WD 2005/ 021720 PCT/ US2001/ 027841 . experi nents,
(PolapIRSe foom Instrumedtsp dAcaess resistanel hgprRAlE 18140 and was
C&é&rﬁggééwg;tdspv@w ag;bg&ggbygor diéngs were perfor ned
orpsi irbiigy. t t
wg%gg@gat' tg y, CA). Signals wer e flﬂ;t emggét}dl% s&ﬂéﬁﬁ citrents
egtusng «idmplats dei@cor k|6 ;
R o M2 Rlsis Prpgram 5.6.26,

Sanal ogéfgiDgi tal converter (Axon In

¥RRf0e eaattr, GAY Rl fed o 8 Y i.sk usin

l_comger cially available software QP%%%;' 'g?ct!&?d{?'“gqhe
qvesve@iMatqriprdt Afeftm.  Red t.ypical l -15 Mg
and was conpensated by é@%%fhe\s%%ﬁ@d ?«?q%ﬁ%M.
circuitry. Spontaneous synaptic currents were
detected using a tenplate detection algorithm (M ni
Anal ysis Program 5. 6.28, Synaptosoft, Decatur, GA)
and fitted to a nonoexponential function using the
Levenber g- Marquardt algorithm Results are presented
as mean SEM -65 29 March 2007 WD 2005/021720

- PCT/ US20041027841 CLAI M5
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We claim 1. A nmethod of creating a popul ati on of29 March 2007
cell's conprising a synchronous popul ation of cells

that are cultured fromenbryonic stemcells, are

c Lzed by an early rosette norphol ogy, and are
SE@%??E 5; +, conprising the steps of: (a) pr&pAGHo#/Hgs
enbryonic stemcells into enbryoid bodies and (b)
propagati ng enbryoi d bodies into a synchronous
popul ati on of neural sten¥e®MS in the formof early
rosettes, wherein this propagation is in the 9

Weelaimee of FGF2, FGF8, FGF9 or FGF4. 2. The nethod of
claim1 wherein the tinme period between step (a) and

devellopmeftmethodkair dryatingseepdRiatibh of celiskd
net hod of claim 1 wherein tFﬁ? popul at | o%ﬁ'gagsy"m'%nous

PRauiBtinSokdslls tidtlase Edituadd frbRaSibYaIY t i
popul ation. 4. The met hod of clrgli rﬁ%%%?se'iéﬁéé%h%%%ﬁ”éed by

abcegirlg sosetie morp -wqeggédl < “ﬁwg ' h

pr esgﬁ?:e of FGE%'GQIQSFH%@?:%E% or GFCAP _ﬁ}éﬁg&nﬁ@)ﬁgg of
laim1 [ i ; IS : -2 6. A
R T B L e

popul ati on of cells generated
1. 7. A hogropk j : l. af i f .
synchron Fg;e d ﬁrggr %?m?taéédpn %I?Ibgag\%ﬁ%@é é %ﬁn@}{gn%ﬁ papulglion of
nelrar steinadeliz RthBY I -like rosette nprphal ogy
and are -66 29 0I\/lﬁnr ch Egd(#é{@%%%ﬂdﬁ%fmf’a?ggmas n the
preSdndd U L E 1F8%§§)+/ 1+, the method conpri sing
the step of culturirng Celds that are characterized by

an early rosette norphol ogy and are Sox1l-, Pax6+ for
4-6 days in the presence of FG-2, FGF4, FGF8, or RA

8. ) f.claim7 rein th _
e T g RS o Bt e
cyBPBRATEt 9 Pletods Bcin die i i Fera and are

-\ 4a¥sed with FGF8 and are
EN1+. 11. The cells of claim9 wherein the cells were
cultured with FG-2 and are Bf1+.

3. The method of claim 1 wherein the population of Pax6*/Sox1" cels is at

least 70% of the total cell population.

4. The method of claim 1 wherein embryoid bodies are cultured for

between 4 — 6 days in the presence of FGF2, FGF8, FGF9 or FGF4.

5. The method of claim 1 wherein the growth factor is FGF-2.
. 6. A population of cells generated by the method of claim 1.
7.

A method of creating a population of synchronized neural stem celis

wherein the cells are characterized by a neural tube-like rosette morphology and are
-66-




12. The cells of claim9 wherein the cells were 29March2007
cultured wth RA and are Hox+. 13. A nethod of
creating a population of midbrain dopan ne neurons,

c rLiSi the step of culturing the cells of claim10
tg"qglglﬁ°)\?\£ligfoe in the presence of FGF8, wher eiBET{UF2004/027841

resul ti ng cells express TH, AADC, EN-1, VMAT2 and DAT
BanG” i$ox1 nthe mefiodsonpasing i@ SPOIVG: cﬁﬂﬁréd\ﬁ?fsq & drbe
of c

cell's produce dopanine. 14. The metho aim 13
Shaactirzed by amaznly st ncRbidlody AR NB YT, P Z%* ﬁ@l—%-dags in
-67 29 March 2007 WO 2005/021720 PCI/ US2 0 0 2 784

the pfesercepofftGRR, REFAQFGRBl brRAr eat ed by the net hod of
claim13. 16. A nethod of isolating a popul ati on of
‘spi nal notor neurons conprising the step of culturing
the cells of claim12 with SHH wherein the resulting

cel 18.  exXpHeansthoBdf cla Pivn ; i S
and VAChT and pr oduge ace{emﬁolﬁxﬁg%f E%ggﬁgﬂbg ays.

of claim 16 wherein the cells are exposed to SHH
between 6 - 7 days. 18. A population of cells created

popul a1 o a1 FloncliEulE epted By 1o HEHRI R Bt BEy | < ng

popul ati on of forebrain npri sing
the step of culturing the cells of claim11l with SHH,
wherein the resulting cells express TH, AADC, Bf1l,

O t NMT ein th
Cor 2o 1 R A on B R0 S e o

Enfrerein the cells are exposed to SHH for 6 - 7 days.
21. A popul ation of cells created by the nethod of
claim19. 22. A nethod of exami ning a test conpound
for the ability to perturb neural cell devel opnent

co I Si t f exposing the test conpound to
t hgn(ﬁ:'el | 'g oég‘?scgf gﬁﬁ'g%,\yg}eéﬁn Hmeells were cultured with FGF2 and are

Bf1".

12.  The cells of claim 9 wherein the cells were cultured with RA and are.

Hox".

13. A method of creating a population of midbrain dopamine neurons,
comprising the step of culturing the cells of claim 10 to SHH while in the présence of
FGF8, wherein the resulting'cells express TH, AADC, EN-1, VMATZ and DAT but do

not express DbH and PNMT, and wherein the celis produce dopamine.

14.  The method of claim 13 wherein the exposure to SHH is between 6 -7
days. | |
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exam ning the results of the exposure conpared to a
control population of cells that has not been exposed

t Qv Bis conmpound. 23. A nethod of exam ning a test
con‘pou?{gﬁ?}gr the ability to perturb neural ®eEiTiUS2004/027341
devel opnent conprising the step of exposing the test

conpdénd A eopilatiovedficsliotreatiaiythd SeBitd GPERMHLYN0 t he
results of the exposure conpared to a control ™

popul ation of cells that has not been exposed to the
test conmpound. 24. A nethod of exam ning a test

conpéind A oetHoder @aidting ¥ i cel | iy
devel opnent conpri si n'ggt hdg@g‘t%ggﬁ %ébé%ﬁcﬁérgn?%%"ﬁ cQmpprising

theostppofclituding b defs bcigiin 15 ith BHAL WARFL:S Bl L0k

results of the exposure conpared to a con

Srupsd HBD oY, HoRbS HAIUH, HIRESORAPSREVALRTSSH Si3alde

test conpound. -6 and produce
acetyicholine.

17.  The method of claim 16 wherein the cells are exposed to SHH

between 6 — 7 days.

18.. A population of cells created by the method of claim 16.

18. A method of creating a population of forebrain dopamine neurons,

comprising the step of culturing the cells of claim 11 with SHH, wherein the resuiting

cells express TH, AADC, Bf1, Otx2 but do not express DBH and PNMT and wheréiﬁ

the cells produce dopamine.

20.  The method of claim 19 wherein the cells are exposed to SHH for6 - 7

days.

21. A population of cells created by the method of claim 19.

22. A method of examining a test compound for the ability to perturb neural

celi development comprising the step of exposing the test compound to the cells of
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claim 15 and examining the results of the exposure compared to a control population

of cells that has not been exposed to the test compound.

23. A method of examining a test compound for the abitity to perturb neural
cell deveiopment comprising the step of exposing the test compound to the celis of
claim 18 and examining the results of the exposure compared to a control population

of cells that has not been exposed to the test compound.

24. A method of examining a test compound for the ability fo perturb neural
cell development comprising the step of exposing the test compound to the cells of
claim 21 and examining the results of the exposure compared to a control population

of cells that has not been exposed to the test compound.
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