METHOD OF N VI TRO DI FFERENTI ATI ON OF NEURAL STEM

CELLS, MOTOR NEURONS AND DOPAM NE NEURONS FROM PRI MATE
wahBRYWON2C STEM CELLS CROSS- REFERENCE TO RELATEOT/US2004/027841

APPLI CATI ON [ 0001] This application is a

Continuation-in-Part of U S. Patent Application Seri al

g e e

(i ncorporated herei n) and rovi si onal Patent

Application Seri al . 60/499,570, filed Septenber 2,

2003 (i ncorporated herel n) . STATEMENT REGARDI NG

FEDERAL L CFRBSNSRRER RREFEARE RER AFVBLARMERSA TION 2]

This invention was made with no United States

vernnegnt support., BACKGROUND OF THE | NVENTI ON [ 0003]

0008 rmn ¢ ?%RP tigndma Eeptingtion-igrRarp i ki dratent eph@tlon

derived fromthe inner cell mass of pre-inplantation
Seriad g A9L910r BB Asad Qctober, 3,62004| (incapporated herein) and also claims

282:1145-1147, 1998). Simlar to nouse ES cells, they
prioritato UeS eRipaisiethl Ratéktr Aplicatibe 66/498, 831 ,ﬁﬂémhagnhm, 2003

their potential to differentiate into various somatic

(mco‘?;@éﬂatéd/ﬁél%n@farﬂi U.g. fFv@elsaﬁfdnﬂawrﬂf@pEduEaﬁaﬁ S’érlalJNoAGOMQQ 570,
., Ssupra , 1998; Reubi noff

filed ?egt[é?rﬁ!?r en?&g}g{)t ecﬁgﬁg@g@ﬁ) ZE])OQ 2rq1dt Odor|’ Cgt al .,

DeV Bj oL 227:271-278, 2000). The in vitro

BT AL et

for transplantation therapies. Indeed, nouse ES cells

[OOOBPVG bepils iruemtioh vl mbeeanth 86 enited\Sthidd deveMimént support.
inically relevant cell types, including

hemat opoi etic cells (Wles, MV. and Keller, G,

Devel oprent ZQQC:RQ;RO%FF gg@q\gy%lgﬂ@,qs (Kl ug,

MG ,et al.. J din. Inves 4. 1996),

i nsul i n-secret i ng cells (Soria, B., et aj.
[0003] Human embryonic stem (ES) cells are plurlpotent cells derived from

the inner cell mass of pre-implantation embryos (Thomson, J. A., et al., Science
282:1145-1147, 1998). Similar to mouse ES cells, they can be expanded to large
numbers while maintaining their potential to differentiate into various somatic cell
types of all three germ layers (Thomson, J. A;, et al., supra, 1998; Reubinoff, B.E., et

al., Nat. Biotech. 18:399, 2000; Thomson, J.A. and Odorico, J.S., Trends Biotech

18:53-57, 2000; Amit, M., et al., Dev. Biol. 227:271-278, 2000). The in vitro
differentiation of ES cells provides new perspectives for studying the cellular and
molecular mechanisms of early development and the generation of donor cells for
transplantation therapies. Indeed, mouse ES cells have been found to differentiate
in vitro to many clinically relevant cell types, including hematopoietic cells (Wiles,

M.V. and Keller, G., Development 111:259-267, 1991), cardiomyocytes (Klug, M.G.,



Di abetes 49:157-162. 2000), and neurons and glia

(Bain, G. et a!.. Dev. Biol. 168:342-357, 1995;
wokal3®21730, et a!'.. Mech. Dev. 59:89-102, 1996PCT/US2004/027841

Mijtaba, T., et aL, DeV BiOL 214:113-127, 1999:

Br,ust.| P.., ~&t,.al j.ence 285:754-756. 1999
et aleg ElisTngest. ofiabns UsH S Rpdieascreida e B . et al.
. hervous _system SCNS), ES cel | derived neural precursors
DiabgiasA%48 1620 %A00 ) andinayranseand ghia (Bain, &1 et als Dav. Biel.
in sone cases, yield functional inprovenent (MDonald,
168:34 24857 £1995;. Okabae,.S.Mebial. . IMee. Devi £9;83-909) 1996;dVujtabeyIT., et
application of human ES cells would require the

al., AN Sicl 2 041 198-1879M0R9PBristiecd. dstnnr, Serdrice 435:759966f 1899).
tissues and organs. [0004] Needed in the art is a

Folloﬂig@{rﬁpsg‘ltggﬁﬁfow ifIoBIRE rod B hEdF I B@Fvotugesa/rbg?h ?%‘i(\)lr@ag, ?é cell-

ranspl antabl e neural and notor neuron rom
dorh ER e ciee Pt P78 ReB shBh 48 Hebtteii mypLhB oY fsuc T, i

i nvention,i.s a nmethod of creati p | ati on of
some gppes. yisig iastiogah R RmeRb (UCBERAIdas in &l ot ded.
cultured fromenbryonic stemcells which are
9:1410rddd 2t 99%e A Blinigal application sbbumandtkelloypulthieauire the
Sox1", Pax6 . n one enbodi nent, the nethod conprises
generatiorsoelighlyf purified donopaghs forgpeciiicytizsues ahdrorgans.s
into enbryoid bodies and (b) propagati ng enbryoid

[0004pPdi es NeddRinShBEH B@éﬁ%;{?@,%t@‘fﬁ@éht?&trﬁ%?ggr fHeS8blation of

cells in the formof neural tube-like rosef

van 080 o3 AERRASLIo Drsa i BB gBAgFomen =

cell Cglio’;)a ation of enbryonic stemcells to devel opnment. of
tI"”if"grosettes is preferably 8 - days. Preferably, the
total population of Pax6 /Sox1l " cells is at |east 70%

of the total cel lation. [0006] _The present
invention is al S%U&%B%I%E il U\I’V%L'ITI'@NM eat ed by
this nmethod.[0007] n anot her enbodi nent, the invention

000BE, 2 328, SHBIRIOERENAfo R SHEBILPN et
popdi’é’tion of cells comprising a synchronous population of cells cultured from
embryonic stem cells which are characterized by an early rosette morphology and
are Sox1’, Pax6”. In one embodiment, the method comprises the steps of: (a)
propagating embryonic stem cells into embryoid bodies and (b) propagating
embryoid bodies into a synchronous population of neural stem cells in the form of
neural tube-like rosettes, wherein this propagation is in the presence of FGF2,
FGF8, FGF4 or FGF9. The total time period between the propagation of embryonic
stem cells to development of early rosettes is preferably 8 — 10 days. Preferably, the
total population of Pax6*/Sox1" cells is at least 70% of the total cell population,

[0006] The present invention is also a population of cells created by this

method.
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a neural tube-like rosette norphol ogy and are Pax6
/ Sox1 , the nethod conprising the step of culturing
woebds®2ihat are characterized by an early rosePC®US2004/027841
nor phol ogy and are Sox1" Pax6 for 4-6 days in the
esence of FGF2 The, invention is
IOOOZISO a°' ﬁmf%%.%nbsg it G s 2 0 @%?wsapnga
one enbodi nent, the early rosette cells
pop%@nqm@fewr\mfcmlmqtaeuw éfe@a g8lls/ whefein the geliggre Cl’bﬁ’ﬁaCtQF'éed by
ENI . n another enbodi ment, the cells were cultured
a newial tutrciies rqseéﬁeemamhpldgyram:l are7Paxy ¢S oxh¢l ther meBiidd comprising
anot her enbodi nent, the cells were cultured with RA

the stepbecalbiring callsahat dredehesactarigdedbg dricdarly r{o@@ﬂQ}ndrphology and
anot her enbodi ment, the invention is a nethod

are 350" a4 fBr @QPH&)% Fn"cflegifr?ﬁriﬂ%Ir i F{?F’Q pﬁgraemw BERA The

conprising the step o turing s’ descli

inver?th%V dl§b E\Eﬁqﬁiﬁﬁ)ﬂn&%eﬂg &%ﬁ&ttﬂgﬁﬁho@"ere' n the

resu t1hg expres MAT2 and DAT,
t do not express DbH and PNMI. The invention is als
[000§ popul 'BqnseBpodisent, ﬁ’fee%ﬁrg’droé?tt? (5e4S iers it vt FGFS,
anot her enbodi nent, the ipvention is a nethod of
preferablysfer fg- & dpyp.and awnENT s i aaothepembodénentathe cells were
conprising the step of culturing the cells above

cultudess with Fe@IF 2,oareéerablytfoed pr 2 says,caraf aféBi't In Shibther embodiment,
wherein the resulting cells express HB9, HoxBl, HoxB ,

the deils Wore ldaktbred WAR Qe férSBIY forlhe 7 X an@reHed'so a
popul ati on of cells created by this nmethod. [0011] n

[0008]'°! MeinAHAR Etbodibit PHESARNtIGAVE MY g[hddsoﬂsg'a ihg%

solatlngapopu oreraln opam n

o B PRE TRhBS0l h Sor L SS Bl o ot
popul ation of cells created by this method.[0012] The
deSCﬂbeg above iy the pasense of EGRS wish StH ovherein thegresuliingsiells

popul ati ons descri bed above to screen agents for the
exprass TH AAQC dE ek tVMAT 2@indrDAfnbuiedo abt eqyress Piothand PNMT.
[001 ] Qther objects, advantages and features of the
The mveation id alge i pasulatidr of cells created by this method.
[0010] In another embodiment, the invention is a method of isolating a
population of spinal motor neurons comprising the step of culturing the cells above
described above in the presence of RA with SHH, wherein the resulting cells express
HB9, HoxB1, HoxB6, HoxC5, HoxC8, ChAT and VAChT. The invention is also a
population of cells created by this method.
[0011] In another embodiment, the present invention is a method of isolating
a population of forebrain dopamine neurons comprising the step of culturing the cells

described above with SHH. The invention is also a population of cells created by

this method.



beconme apparent after review of the specification,

cl ains and draw ngs. DETAI LED DESCRI PTI ON OF THE
WOBMERAL72WI EW5 OF THE DRAW NGS [ 0014] Fig. 1A- PCT/US2004/027841

Differentiation and isolation of neural precursors

omE cells. (Fi attaghe B gro in the .
1001} oqenc Bt presentim Bt fr.alfa fumehastoreate g dpatdiations
at the periphery and snall el ongated ceI l's congregat ed
descriqed @doyete seregrragents Kyr the abilijwte atigel nasga) hugas;neural

formations (arrows) appeared in the differentiating EB
deveteprhent. The upper-right inset is the -nmm section of
the rosette stained with toluidine blue, show ng

[0018P! unnaa)théeldbE ravanthde’d #hd febtlras of tialpidseht infahtid® will
m . F|g ) Cells in a cluster of rosettes(lovver

beCdp?géélgP Pve %Féﬂgés\)tl?\xrl}%z mé]ggpél g k}l%sas fﬁ %@1"&3 "1D)
whereas the surrounding flat ceI |'s are negative. (Fig.
oA TR AP R e GEReE s O Al Fifdwincs

with dispase for 20 mnutes, the rosette formations
[0014Ft r actled. dAdr &xiffetdmtiabiom andrisblatiprf bbhewral pecuestas fiein ES
attached. (Fig. 1G1) Isolated cells are positively

cellss{(Bignaa) e atbHddEB yréwh iin eHee }_E%@léﬁc@éf FeF2 foFfide dé% shows
Musashi -1 in cytopl asm (Fig. and PSA- NCAM mai nl y

nat AN 95 ffherd syl MNPl e coner
<Fi9-%f5>%f SO0, S Biels riaidetavertpbrfegdniDeg
eural precursors is elevated in the presence of FGF2

dlffer(ez@aﬁgg B center.nbhe wirprr-aghidesas the dwm segtion of thegosette
(20 ng/mM) or leukema inhibitory factor (LIF) (5

stained/with toldidine blae showeng cohmnvardsdia arramgedrie adtibular e&ructure.
replicate experinents. * indicates difference between

= {
P B o

oefhL54TE e alFh o BeAbTB 0 B usngogwbﬁbeas

20) nos ining, after three weeks of
surrau ik Rl a5k @@l U0+ Hal ARENaiRga mege of e/l Csand Fig.
are bmtubulin neurons red) and that only a few cells

1D wvdiheallgaimugieirisbgled svittyPABh) (FigFl o) Afte) tredtment with dispase for
20 minutes, the rosette formations retracted whereas the surrounding flat cells
remained attached. (Fig. 1G-I) Isolated cells are positively stained for nestin in a
filamentous pattern (Fig. 1G), Musashi-1 in cytoplasm (Fig. 1H), and PSA-NCAM
mainly on membrane (Fig. 11). All nuclei are stained with DAPI. Bar = 100 pm.
[0015] Fig. 2A-G. Characterization of ES cell-derived neural precursors in
vitro. (Fig. 2A) BrdU incorporation by dissociated 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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forty-five days of differentiation, many nore GFAP
astrocytes (green) appear along with NF200 neurites

woOnrewd/02y2b| owi sh due to overl appi ng with greenPGFAR2004/027841
(Fig. 2EGQ ES cell-derived neurons with various

| oo expr. distinct neurptranstgtters, such
datal RS b fRos TR B3 it f J1FCAE Bfterees bRbiihn the
tyrosi ne hydroxylase (Fig. 2G . 4 oligodendrocytes .
experimeriaLgrosPensh e ok st (R Fodicd: student fést). (Fig. 28)
_differentiation in a glial differentiation nmedium Bar
Differenijation ¢fondleptariof ES3eslkderivasbngurabpiesursoms for three weeks
differentiation of ES cell-derived neural precursors
shows neunite. buiadiés @ith cells migrating eil@eg B@nby (Fig. 3C§ lnmunostaining
hybridization with a probe to the human a/ /-repeat
afterﬁth?é@%eké: !o?dlﬁ%?elﬁ atibh |H&|c§!%satﬂ%$:lﬁ%§%§%ﬁtf?f':cleél.s egg\)[}".-tu bulin

uman- speci fi ¢ nucl ear antigen
I ndi vi qual, .dopor, cells in th } cortex of an .
neurghgtec e GRLO G TohEorIR AP BRAD " afRe s groBR ofFig 2D) After
i pcorporation of ES cellderived neural precursors in
fortyffve dayseidifterantiationdnany mare (GRARy gstreryiesi(akpen) aprear along
. human al u probe are | abeled with red dots
with (NF200d metuitesr @eldl,. yellpivish Q@ td aventappirg with lyieem GFAR)s (Fig. 2E-
~in the vicinity of the hippocanpal pyram dal |ayer at
G) BBldell-(&iingd RE)rohS wiidl Varidesi ndegbhorldics exprebs digipctm of
a four-week-old recipient nmouse. (Fig. 3E) Hi gh power

neuf’e\ﬁl'(t)r@ﬁ’smﬁttéfg stBR 2| fta:HE e, QE?),' GABAt(?gng@gg%B%@@h%yme

te the seanl ess I ntegration between ent )
. ~AFLg. [
yrodf 1 FRROEROT e 80 0 RO GEBUST ot b e
I body. . h -speci fi uc| Nt i . (Fig.
two §Bsk et diteramiatpgineihal efterorntiadn et dppi= 106w
t heaqueduct into the dorsal midbrain. (Fig. 3H) Hunan

[0016F cel | FideBAWed Invenpanation andaiterentiatiod ofE Sveslivaeakred! ribural
host, exhibiting a polar norphol ogy and | ong

precprsets #sevo. Trafteglctlld arelestecred BPRI Sl MyBridiztonbetH 8robe to
to a human-specific nuclear narker (green) and b

the hurH&Y 'aymré%e%@ galle%é:@tgﬁc# %%‘?ﬁ:ﬂ"y K nUntB8AY Irt% gﬁﬂrﬁ@g—apeciﬁc

axons 1 n the pocanpus, _

nuoldly SRR R (E BB RL TR BHonsd aalke I fdftst Saftex of an

. n apti body recogni zing_the a and b isofornms of MAP2.
eighi-weg -Oéf%e eBb(aNouE); Vaig. 281 Extapsivel incemperation eiEDcel-
derivfe%urllrg\lﬁglk{)recursors in the hippocampal formation. Cells hybridized with the
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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old ani mal, double |abeled with the human-specific

nucl ear marker (green) and an anti body to GFAP (red).
wolaves/eiad al | t he doubl e | abel i ngs are conf ocaCTiusages27841

and are confirned by single optical cuts. Bars: Fi g

aqueffugct %theﬁg %ﬂdSG 20&_9 P@I—igﬁﬂ{nan[c%%fe d,gné/ecjf Eleuron in the

feratl on and regi onal speci fication of
CO"% r 3 BK-MeakrRlf host. jexhibiting a pelarcaeiphelagyand leng processes.
Eeared in the differentiating ES cell colony at day
The gelhis doubladahaied wﬁbeanttbod@srtg/arhumfan{eaemflcmL@Jeafanamﬂze
columar cells forned neural tubelike rosettes at day
(greé@)tuirtdi‘sm-tuﬁjlm (réd} (Fie 3teNbBwdrR of denbegeri \tétﬁamﬁshln the flmbrla
col umar nor phol ogy were p03|t|ve for Soxl (red

of thé%;r)%ékgagg&g %?ﬁtf?%@w.gwugﬁ nflbgérty @Gggmg@g;ﬂew@gmehg g. 3J)
Doy L e e 58 V38 BBl 555 Gigin o

days with fibrobl ast growh factor 8 (FGF8) (100
and ﬁgwﬁoymatof MAPRi (Fdg. %lgbﬁﬁd‘édl -Jetivedrstiogyteripdhe gattex oha four-
then treated with soni c hedgehog (SHH) (200 ng/m ) for
weekold Apimalj doutdy salwied aithrthe heiest-specfic néclgar arkert(gssen) and
En-1 cells (green) were negative for Bfl (red) in the

an antibédy B GFA® @6d)RsNbte thaball tHe ddiitste %éhn@ﬁ@r@boﬂﬁfc@l lmages
stained with echst (c, d; Blue). Bar =50 nm [0018]

and gF&écerﬁfrng§f§lﬁ§ t‘%?%% %rgewegfl S vve#J g3|%’yr s?ﬁcebﬁo Hm;
d T t th | t hat
Fig. ds 6165 300 W1 “”m&eéa g ol SEdrBiiac d (A% a
three weeks of differentiation. Fig. 5B. All TH cells

[0017] ed) ilnigt e Grrearatien and eegionalt speeificatibniof @edursectodermal cells.
neuronal nmaker /?mtubulin (green). Fig. 5CGE Al TH

Fig. ¢Al |Gol(ihnag cekappearetien ehe Hiﬂte@eﬂt%‘tnﬂpl@& céll ¥6lovy at day nine in
stained with aromatic acid decarboxylase (AADC) " (d and

the [ﬁ'lesél%a of 2;_(?1 £R). 4B "FhE ¢ I'Ef{%rﬁa? r?gﬁé d@ﬁﬁ}%@ﬂé&ml tube-

olinsdeid
e TH cel were negative

e ESHRRR DAY BT 9 RS AL
momRlpd) ekt oSS TRaH ke dciot D Ihectoursi st el FOF2
treated ch)JItures expressed Bf1 (red), but not En-1 (green). Fig. 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 four days and then treated with sonic hedgehog (SHH) (200
ng/ml) 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 neurons. Fig. 5A. About one third of the

differentiated cells were tyrosine hydroxylase (TH) positive in the cultures that were
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[0019] Fig. 6. Characterization of human ES

cell-derived DA neurons. Fig. 6A The differentiated
wOoAls@aIns expressed genes characteristic of RCdS20m/027841

fate reveal ed by RT-PCR EB: enbryoid body; NE

treatgf HEFELPECEIRT a8 asRorld Al BaTRLHIRE Yidhks of differepfiation.
Fig. 5§r A" & '& ae é b 'thédasﬁ arTqTW%E?'r ﬁ&lﬁ\tﬁiy §tac@¢<iwﬁp a peyonal

6C. GABA expressing cells Sreq were present in the
makeyfudvkulinforesnly FiewGHE.cAll ITE (aglle ééh)greenpinpihessdiyre were
GABA (red, inset). Fig. 6D. The TH cells (red) were
posiiiefasiaireed with @adinatic aoid deczeb)xylde (AFADO) (drand @)24]), but some
Fig. 7. Expression of receptors and transporters in

AADOTedly rmre B$1 8! Adlewh¥ges)DAiG B, OTFﬁe T'H*gceuyev&e rﬁdatﬁélfor

cells (a, green) expressed c-Ret (red Fig. 7D-F

noraﬁ?éﬂe?gﬂéq]eﬂq_rﬁgﬁlrhﬁne 33 ﬁﬂy&%ﬁg%ség %gg ég;reenggeﬁwe inset
'nd'%&@ﬁaiﬁ%ﬁeﬂaf%w?ﬁ'ew 8&ts i PheRioT b pACE tiraffisiBm. The

neurons., Fig.. 8A. Spontaneous and depol arization
cell Q%G'M%GISWHGF*B‘S%) Hpgehetda: b Blieya &arim59 Wa.cont r ol

and the treated cultures at three weeks of
[0018] f f er elnigi Gt iGharacietizatiosr ef inwroar ESedelhderieathBA BRrbnsnFig.
three experinments. *p<0.05 vs. control by the un

6A. Therdiffershtidtaat DA ristsdns Bxgres8&d géaés oharetadticaf midbrain fate
evoked by depol arizing currentsteps (0.2 nA) in two

reveal%arﬁvﬂRTOPéRe@B‘térﬁb%§ BbdY; fNEI ryeuﬂeéétodgﬂﬁ@ ¢els, 3w: the DA

mbrane properties

oG4 a0 S 1, e

+di tedfor thlrt i X, days.
T éﬁ'ﬁﬁn&sﬁﬂ Bo 5 En eiprpese il markeT R dareen). Fig. 6C.

mai ntained for thirty days in culture. The neuron was
GAB/foexRIgesing sepe (redh wele prgsans imiheacultuge bobverydewaEddcells

pi pette solution. The outward currents reflect
(greemricbexpregse GMBA éed, inset)r Fig. 8D eiThe Tiet talist (red) were negative

excitatory events in this |Iow chloride recording

for camiindih Qgrech).! Baf@oaged events fromthe cell
illustrated in panel (i). The wei ghted decay tine

[0022@32St a”ft-'lg A Exbredbich 8Lcpfors ah8trddPbREFLIYE humd ES cell-

nts)
derived DA neurons. Fig. 7A-C. All TH' cells (a, green) expressed c-Ret (red). Fig.

7D-F. TH" cells (d, green) co-expressed VMAT?2 (e and f; red). Fig. 7G-l. The TH"
neurons (j, green) co-expressed synaptophysin (k and |, red). Bar =25 pm.

[0021] Fig. 8. Functional characteristics of the in vitro generated DA neurons.
Fig. 8A. Spontaneous 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

-7-



excitatory (n = 14 events) currents. Fig. 8E-G
| mmunost ai ni ng showed that the recorded neuron (f,
wagnrewspiieas TH (e and g, red). Bar = 50 m . [ 08CRjUSEI0g/027841
9. Neuroect odermal cells induced by FG-2 displ ay
[ r henot cells, . differentiated.in FG=2
ook 8‘? 20 B8 Pl aipBe e bl RaSive g Erane
col ny center and_or.gani ze%\onto rosette
Pmpﬁﬁlet?at st 491RaY <& IR P c Bl B0 {Gf2 (i Vressed 36 Criph$ PF, Rm
not the surrounding flat cells were positive for Pax6
885 @x§Y higg 8. \eportansona posipynaptict patentiala inlaywsuromdifferentiated
columar cells fornmed neural tube-like rosettes (B)
for thirtg-sivedaysp dsigt 8De Spontémddusisostéyapticuients (N nedion
Pax6 cells (E) in the rosettes were also x2 (F) but

mairt&hed E(B‘rtlur(ﬁayésqw duiturd) THE neeirslvak %ﬂago 'é%rﬁﬁé@éf 29 mV

were positi've Tor x2 and negative

usm?agggitﬂzgh‘éf’é ﬁés&@ %ﬁgtﬁ%ltﬁ|d§$%ﬁ%’8hﬁ/aé‘8 r%gﬁrgnFSS%ﬁkg@ inhibitory
neur gect oder nal ffer ntl of .

everfs A8 T84 SaEirEmtS Epfiet ePataly SiEnis I B Biv Slypde Tecording
reveal ed extensive neuronal eneratl on in the )

soluligr-gripviiveraged everisiiedsitos cell ilustratediptpaneililsdhe waighted
Treat nent of Pax6 /Sox1l neuroectodermal cells (2nd

decaydithe icepsiiantsiaient At and®.d ms for énhibitany dnt=h1 hieventspand
mgrating cells, expression of Isl , and a

excitlaﬁir? R E=OPPEVEmS) hrrél8. Fid.| SE- G“\b@n’fhuﬁaﬁfalrﬁﬁééﬂowed that the

differentiated fromearly neuroectoderrml cells were

recoﬂie%oné"ﬁgngf rﬁ?ﬁg&@ﬁ-ﬁ(}(?@nﬁ galré E?L'S\ngr%o”? -

tubulin 21% e'ce I'n the cluster

IOOZETL;E?-EQ“Q NitbSo@Bihiha ijeotu%'&}if@yﬁ CER Sl Fostet
phergq?w HB9 hﬁ‘ﬁﬁ ia?ﬁcf ﬁ@ﬁﬂ nr(t(é;\lc}%gﬁglsb%lggrl%l columnar

Hoechs; st ai ned nuclei . Bar = 50 m. [0024] Fig. .
morialegy indhe Rajoryarntan andirganized intogoseltefaralations| The
(A) RT-PCR anal yses indi cated changes of rostrocaudal

colugeaeselty inrthe aosettesy Het hottheadursounkiig et seliswdrerpeditive for
with RA or 20 ng/ml of FGF2 for one week in the neural

Pax% gg(?' ggglﬁg\aé‘”lﬁﬁ'sé%1 (&@g wﬁééﬁ eRy8f theUBRARRYr 88R%ormed neural
tube-like rosettes (B) and were positive for both Pax6 (C) and Sox1 (D). The Pax6"
cells (E) in the rosettes were also Otx2" (F) but were En-1"(G). Cells in the neural
tube-like rosettes were positive for Otx2 and negative for HoxC8 (H). Blue indicates
Hoechst stained nuclei. Bar =50 ym.

[0023] Fig. 10. Generation of motor neurons from neuroectodermal cells. (A)
Differentiation of Sox1* neuroectodermal cells for two weeks (upper row) revealed
extensive neuronal generation in the outgrowth area, expression of Isl 1, but few

HB9™ cells. Treatment of Pax6'/Sox1™ neuroectodermal cells (2nd row) resulted in

extensive neurite outgrowth with few migrating cells, expression of Isl 1, and a large
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neur oectodermal cells treated with RA 0.1 mfor one

week. The early neuroectodermal cells, treated with RA
wandsikenodi fferentiated for twel ve days, becareTmssiohy27841

negative for x2 (C) but positive for HoxC8 (D). All

pmpﬁg%"wgs Il?g )Sﬁ%%o@c/\%ﬁgﬁ#ﬂa@'ﬁéé?&@t%éﬁ@”h%ﬂgf i ve

for Aig2 (F). After treatment w,th RA for one week
neuraﬂemermek%ﬁi iwerecHse bIBY (B)weBEs cefls wese glsesrositivedior Bur

SHH (100 ng/m ), many cells expressed dig2 (Q. Few
tubulih (GR Akout218raf td sells/indhetoiustenverandBOO attendbe raltures were

cells were treated with RA and then differenti at ed

differemtiated inethapresendd of isoth eethdit aBid((FRA) HldSHH) diterégsTew HBO®
Hoechst stained nuclei. Bar = 50 nm [0025] Fi g. 12.

cells“@éférdﬁs‘e%d)\f/vhgﬁtcﬁ'tFWh%ek Rﬁféﬂlbhgr 8r SHH alonet or neither (D).

T-expressing cells were 'ocal1zed main In

B'Ue%*a&?%%gﬁégr@gsiggﬁa*ﬁ%ﬁl%' SR ol (5
19024} ce. ek £ EHeoEof Ch, Fika and B4 Tor neus it Gderaralcoll. (4)

Igr essed VChAT (D). Many ChAT cells were al so
RT-Ryel .analwetsdndlggteai@amgeﬁ of sesitocandapgenessffem eaniosettes cells
five weeks in culture (E). (F) AP s evoked by

that depotalturedivgtic RAr@2G hgipd of FGE2 fyr one week imthe neural induction
mai ntai ned for 42 DIV. Resting nmenbrane potential (Vm

medid?. B Ebinpaiidon 6P th{é‘dbb)( %eh@)ex%%’éﬂi&ﬂ‘ ﬁ’Pé'érlfﬁ’ndi dt@ @

neur on nai nt ai ned for vm -

v SRR S I XU YO BN,
I Hi Bat
neuréﬁé‘as@‘érmﬁﬁ%eqfezt@ﬁ%d‘vgwéP@t Sef'imﬁ"rﬁg#f%at e lasenetve davs,
outward currents (1PSCs, Hii). Subsequent application
becaie KmYy (1gaNg Tar fabenOX b BORKYS B dREaS (B, Alfie HoRge'
inward currents (EPSCs, Hiii). (i) Averaged s PSCs and

cellsyrrs@-fubatint be). cEhé Pakbwxprassing neurpantsidernal adlls were
Doubl e i munostai ning for biocytin (fromthe recording

negativedor Otlg2 (B) dAftbrifeatiart withdRAdbesndioeeksindsdiffegiation for
nuclei. Bar = 50 m. [0026] Fig. 13.

two \glgﬁtg @ft@@%&@éﬁ& SPSHANADBGI)Z Ay teAE dxPradsbti®lig2 (G).
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 ym.

[0025] Fig. 12. Maturation of motor neurons in culture. ChAT-expressing
cells were localized mainly in the cluster (A), and were large multipolar cells (B).
Confocal image showed co-localization of ChAT in the soma and processes and
HB9 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 after five weeks in culture (E). (F) AP's evoked by depolarizing current
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not oneurons. (A) AP' s evoked by depol arizing current
steps (0.15 nA) in neurons maintained for 42 DI V.

weesdsiagi2oenbr ane potential (VM) - 59 nV (ai) aa@/US2000/027841
nv (aii). (B) Spontaneous AP's in a neuron maint ai ned

stepy B A8 neions ianet s 52 RV et Rigghembrar potential
onat ebased sol ution under. control L
<Vm)cb‘?%dﬂ§/' @ﬁ@n@cw m‘@&ﬁ &éﬁ%@ﬁﬂ@ﬂ%ﬁ%ﬁ R DeHTaReMabdained for
and strychni ne bl ocked outward currents
42 DdVPms 50cm\/5V sapwarctand ontwardAnBptiacurrepts at -40

and CNQX (20 bl ocked the remaining inward currents

mV (dRPRsgluconate- ba(sié)d pigeite geldtion khder aontrelddpaitions i) Bath
cell illustrated in panel c. (E-F) After recording,

applkaﬁoﬁ o Broilbumné Ybd %msaﬁheét%/dhﬁmé“(&fﬁ 1) BRIEKEH [tk Teu rrents

showi ng that a biocytin-filled neuron"was positive fo

(PSR R SRP e AT SRR AR D A1) ahlt ENCX TR0 ) plocked
faor .generation of d l\ne .for. ain

the rgftaitia8 GnihisC R uTRnts TERRK Sl o b AYBFUSET ERCAT L SERCs from
preferred methods are generally described bel ow and in

the celiiliusiraed i pane|H. sblac[? qubdeimipunggigining hersbigeydin (roen the
nmet hod of differentiating early rosettes (Pax6 /Soxl

recording eteotiegey ahd ChAWT.oBhie indicatds hloechdistained nuclei. Bar = 50
internediate. By differential treatnment, Applicants

pum.can differentiate these early rosettes into three
different forns of neural tube-like rosettes that are

[OOZBje‘en sutipahse E‘lé’étrcgﬁlg/gﬂo tch'aFHd?elflﬂt%W iip vﬂfbﬁé‘éﬂé}ﬁted

urons, m dbrain e neurons, or notor ne

o 90858 AR TRl P s
maint@0es et EED1Y- (YHSIBE SnebREbatental (Vin) 56 mY (ai) nd 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 bicuculline
(20 pM) and strychnine (5 uM) blocked outward currents (IPSCs, cii). Subsequent
application of AP-5 (40 uM) and CNQX (20 uM) 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 um.

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 below and in Tables 1-3.
-10 -



Early Rosettes Neural Tube- SHH Forebrain 4-d 4-6d
(Pax6+/ Soxi -) 4-6d Li ke Rosettes Dopam ne

wORe0s@2130x1+) Neurons Bfl+ (forebrain) RA Neupral/USuipew27841
SHH Mot or 4-6d Li ke Rosettes Neurons (Pax6+/ Sox1+)

X+ (sRi nal. r Phase (1 Phase 2 ] 0029],. l.i cants
100283 ¢, ¢ SpQ8liedS Abe S diselareca miathart ot wifaBihafing iy
for generating dopam ne and notor neurons. Table 2
foseﬁﬁsr.&S@&ﬁ%&ﬂv@rﬁ%@@% HirevaR @narabpypistiedsintergediate. By
plicants consider to be markers of suitable
differhntiel rpatnent, Applicants Gandifferentiatefth€em aaily coseties Natodhree
Neurons from Hunan Enbryonic Stem Cel |l s Phase 1

diffefémfoged obnewhl fiberlileniosetiés thatelrd shernsuittdle farpisseloyment
these cells into synchroni zed popul ati on of neural

into ﬁiréma%?lj&[)gaﬂnmé ﬁ‘&lrBHé,%ﬂ{}br&ﬁ%éﬁarfiﬁ@%‘éu‘r&?s, P HFdtbPReurons.
Phase 2 vel opment of phase 1 cells through
differential culture conditions into either forebrain
dopam ne neurons, m dbrai-flAgeEalm ne neurons or notor
neurons. [ 0030] As stated above, this invention
includes two main enbodinents., One enbodinment is the

pr Geratation df Doparoine and Motor Newrpns FrooHumeuh Enlpyonie Stem Qxls

neural stemcells (or neuroepithelial cells) in the
formof neural tube-fddrke rosRédrgguend expresgyon of Midbrain

neur oepi thel i al murkers—Pak |y SRusditesnesto—Misashi -donamine
As used herein, ["synghr oni(;&'éﬂég%qps a popul ation eurons
cells that are at|the same gn1: migbrain)
FGF2 FGF2
ES »EB » Early Rosettes — Neural Tube- SHH Forebrain
4-d 4-6d (Pax6+/Sox1-) 4-6d  Like Rosettes » Dopamine
(Pax6+/Sox1+) Neurons
Bf1+ (forebrain)
Neural Tube- SHH » Motor
4-6d Like Rosettes Neurons
(Pax6+/Sox1+)

Hox+ (spinal cord)

i Phase 1 I I Phase 2

[0029] Applicants refer to Table 2 below, which describes Phases 1 and 2 for
generating dopamine and motor neurons. Table 2 also describes various
intermediate products that Applicants consider to be markers of suitable

development.

TABLE 2

Generation of Dopamine and Motor Neurons from Human Embryonic Stem Cells

Propagation of embryonic stem cells and development of these cells into synchronized

Phase 1 population of neural stem cells in the form of neural tube-like rosettes.

Development of phase 1 cells through differential culture conditions into either forebrain
dopamine neurons, midbrain dopamine neurons or motor neurons.

Phase 2

-11 -




devel opnental stage, as opposed to those induced by RA

which results in heterogeneous differentiation, i.e.,
woOherspai2are contains cells in devel opmental sPagas2004/027841

from progenitors to differentiated neurons n the case

el
foo3tfl 7, ZRo3ified Ang%, @Z%%/Pf? )& eﬁﬁ% Sobhdfets. one
| at er, st . n either sta do not see
embimnth s afocadle fiiestusting,h svaYHBRIZGH PRRMIaton of neural
devel opment will allow a directed differentiation
stem galiy @rhespeeniticliakeslisy i thedorm af asural tukertike beseties and
this application. [0031] The second enbodinent is a
expnessioadf ofeuroepithetialdinbflars Paix8t Sox1,afestihneMusashi-1. As used
neuroepithelial cells to specialized neurons, such as

hereif, dByRéHoAiRBaRcAB s REPGRIStior 6f €8lIs3thAt SRDATHBR AR ONS
and spi nal notor neurons. [0032] Tabl e 3 bel ow,

devél§smehie St eora‘é,foﬁfpro%Qg Ig&%n Bko Q%hﬁfﬁl Je%f.:ﬁg if he

present In ent | genera

onent can be r
netefoterdeisifledritRng: o 99fﬂa|nsgqﬁﬁ%nﬁﬁgelp§m% stages
timn Wien applicants refer to neural
from iRORR P S RaNRied RaNoBeI (e caseiiervs Seecotther
suitable. The sections bel ow enphasi ze the cult ure
Pax6 ¢Bpvhaarly nesicespithelial egliscatraneearlyisthfe oe aixat Sox1 *
[0033] n general, a suitable nediumis any nedi um used
neurbepitheliabicels abalater stalges .In Eithef stageyiweaio ﬁtﬁt&f@@rﬂﬁ

(Bain, G, et al., supra , 1995; Ckabe, S., et al.
diffefetifated né3 Mnég d
Brustie O e B ’ﬁz%hrr g'z?stde%bpgﬁém"\/\ﬂ" gll(;vg%%wect(]ad

oA 5Bt B0 o

[003&?82?1t he smxp@& @ogpme Neur 1f3fzﬁtgé|? g.@é?;ﬁ@%on of the
1999; Vescovi, A L., et a Exp Neur ol . 156: 71- 83,

neurpgpitfyelial selisto spanialzedyiawrens, sushiassmidbrain dopamine neurons,
Differentiation of neuroepithelial cells (neural stem

forelyrain dypamine meurans BBd epina nidi6BAurbing. gener at i on of
neuroepithelial cells involves formation of enbryoid

[003Rpdi es TablsESHEIBH, Gés@nﬁetstt!i préfefred nfetA8Y Bf obRlihiRYRGIISVT the
adherent culture in th

present invention. Table 3 lncludes both general culture broth components, that can

be replaced by similar culture 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; 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.
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presence of growmh factors, preferably FGF2 or FGFS8,

for 4-5 days when cells in the center of each col ony
woeome1ol unmar and organize into a rosette fecmuSEi0g027841

1A, F|g 4A, Fig. 9A, B). (See Zhang, et al.. Nature

n and FGF e, al S itab

Aead; < SR e:40a5 D80 10% B ein aisﬁmﬁ@gﬁ?ﬂ 376-
rosettes express a neural transcription factor

388, 0001 aRAn 05 Lo cotal ot Nekola 8268275, 1008V PR rA L., et
Soxl (Fig. 9C, D). W call these rosettes "early

al., Bxps dlewal: 158:74:8% 1A98Y uae pleasamer dnsimildr mediasy
nonol ayer of columar cells without a |unen. Every
singl e col ony possesses early rosettes. The total

1. pdpififlesdntiationfof a@uroepithedibl celleghédral stemih ceFtom Ginedn ES cells
the total cells. [0036] Further culture of these early

[0034pset t €Bhd gendraior @f fiewtddpitheral dells firioress faRmation ek ealbryoid
tube-1like rosettes (Fig. , Fig. 4B, Fig. 9E). The

g slsrershers R bRy RILASTYY Sl
presgrgcé E]e%rrog\gﬁf{é&é's ﬁféf@ﬁ%ﬁ?’gﬁ%& Qr @ﬁgﬁt to?% gig%;\)%e% cegI’Is in the

to ural e-li ke rosettes, takes about
centbyGEeaaRaIon Podne solimaarand Bty paasede fam ( (Flg 1A,
presence of FGF2, FGF4, FG-8, FG-9 at - 20 ng/m or
Fig. % Bigo8A. B).1(See Zheog et ﬂhé@jmi@mmea%%bm@ and FGF9
differentiation, fromES cells to formati on of neural
are alsﬂneuilta?b{egrm’étfaemrs.t akes 14-16 days. Human ES cells
are derived froma 5.5 day-old human enbryo (Thomnson,

[0038] A. . efheébolunfitRicalls inl# 28k rbEatess e)Eﬂ‘résQ avRiPRINBIHscAption

neuroeplthellal cells fromhuman ES cells in our

facto‘f*‘lﬂatxp t%ﬁ’icﬁ%@?@%aéﬁ&n@%éullaﬁgéngcrf'p?lon fg&tO?%iés( msf-:-'@ 9C, D).

opnent tnan
» 20 - 21 d Th
we &l Re S8 eiasapaty fossten L%ﬁ%?a ARG oY 200 PR by

mrrors normal human enbr devel opnment (Zhang, S.C.,
monglayenak eaivanar seliwiapyt admen, 2 Egor. single coiB) Pogseeses early
The two-stage neuroepithelial devel opnent, as
roselées.d&he éetabpopulajivio D6 gady rosettercellsisrat least 0% of the total cells.
cl ear-cut gene expression patterns has not been
[0036] Further culture of these early rosettes for 4-6 days will lead to
formation of neural tube-like rosettes (Fig. 1B, Fig. 4B, Fig. 9E). The neural tube-like
rosettes are formed by multiple layers of columnar cells 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-like 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 uM.
[0037] The process of neuroepithelial differentiation, from ES cells 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).
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descri bed before. Pax6 and Sox1l have been shown to be
expressed by neuroepithelial cells when neural tube

woaoisw2e20t he sane tine in frogs, zebrafish, cRCTRS2004/027841
and mce (Pevny, et al., Devel opnent 125:1967-1978,

e B 05 R b 3 ur
differentiation in human s is novel and may be

systefpicgowares welldashe 1he %Qew ﬁlﬁ(deVQi@wméebtakﬁélm gihuman
cells represent the earliest neuroepithelial cells

embiyiou dnfermiati bamiahi davelofimerity neurad e forosi dtidban2é dafys. Thus,
these cells is relevant to the present invention in

neurb8githdliabdiffexéntiafiox from éunesPESHRIIE dhiroed hermal Humean embryo
early rosettes, but not the Pax6+/ Sox1+

e'ik?dl‘ﬁ I~ cal eqbi
dev rosett eghaﬁgngk% gfILll Cl en%%@é%%%ggﬁemﬁegpgﬂ

o Rl )

Ta see, above 0039] Every
morotadiial anstaiatien 41Kl FISBb e PHYeRUGN Hatiensebas Rat been
rosettes. The neuroepithelial cells represent at | east
described befare. tHaxt andiSoyi hayve deenshewrclel hesexpresae] brhe
neuroepithelial cells in the formof neural tube-like
neuroegitidliascellswhen peurd| italok fdrmsuaiithé seatertimt imiflolys pzétrafish,
concentration of dispase and differential adhesion

chicKsd @pamieedPetny: éb.al SBlevalophtent 268673887 8, 21998) Hence, we

Generation of mdbrain opam ne neurons [0041]

belleﬁlér’lﬁé lflﬂ?i?ig df%‘ébt%nl"éltﬁ‘a)&oéﬁd‘ b4 e&??és%fb‘?‘n“élk)ﬁ% neluroeplthellal

0oSsess at l[east tTwo add

cterjistic ddition tqQ bei neuyr
dﬁegﬂ&i@? 1 B hiteli = g el ohd mas AE WBidiEioimns. The
ynt hesi ze, rel ease, and uptake a neural transmtt
Paxq*rﬁaé] wowl’tfﬁ"aép@ltﬁ "erﬁ’f@%ﬁfé the padiest G@l#rzﬁheﬁ'th%lt?éﬁﬁlh%thus far
neurons is the induction of a mdbrain identity.
identifiasht hies furstionaksigaifican@oafitheae lcglls issrelevant & the present
not the Pax6 /Soxl neural tube-like rosette cells,

invenidrinRGEBtheSRaxB¥)S oxT -Mourbepitielial celksiniths atly rosettes, but not
efficient differentiation of the cells to progeni tors

the RA)@+/SHpressurdeBRhid! cells in the neural tube-like rosettes, 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).

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

adhesion (described in U.S. Serial No. 09/960,382).
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transcription factors Engrailed 1 (En-1) and Pax 2
(Fig. 4E, F) and down regul ati on of forebrain marker
wahews/0@F2g. 4D). [0043] The second step i s to eqarsem®4/027841
the m dbrain progenitors in the presence of sonic
heeo. . for 6 7 days, then in the
r QeURRSredi um (such as t hat

scri b i Ta Ie r add|t nal 2 wee unt i
10043 pari & edliobabng é'l"&'g"' pﬁ@@#@hﬁﬁ@f@pew areligalianpust possess
the total differentiated cells will beconme dopam ne
at leasiiworaddifioml #haraqteristies ieaddition de beinda netranida specific
described in Table 3. [0045] The dopam ne neurons
positioral ddentifHandAMCcapacityriotsyblitd sizeg rétbhBe,(dridduptake a neural
enabl ing the synthesis of dopam ne but not the further
trangmﬁ@bol i smto norepinephrine or nephrine. [0046] The
opam ne neurons express En-1, ptx3 Nurri , and Lnxlb

[004?E - Sﬁ?al £ 3‘&%5"‘ erieﬁéeﬁr@nﬁ p[S @eﬁ%ﬁ@?%@qnducﬁon
s EBMLBTO TA BBBTSET w ls vtvn

rons in the ol factory 004823 The dopa
Paxth Behakiube ke osSta.ae i i GEB§B0REPIGM) for 6-7 days
Coexpression with calbindin is the feature of dopam ne
resulie irr effisieini diffesentiajiomeoftthe calleto pfogeniors it ekpresf dtidbiain
Toget her, the above features indicate that the
transtoiption rf@ctorsJEn@mulee re(Ent-tandPax 2 (Fid. 4R, & )Rl @dwlkégulation
m dbr ai n dopam ne neurons, nore cl osel y resenbling

Offopé[ggfh mgrger,\gfspﬁq%a@@ aI nigra, the dopam ne neurons
that are | ost arki nson's di sease. [0050] The

T et o e
of sq%gq(j f ﬁ}glgg@sl-ilj g@ggg]\m(zmgefgéggs dq;%o 51r1 @Ttrﬁ%gggu%rrnngﬁronal

differentiation medium (such as that described in Table 3) for additional 2 weeks

2.

until dopamine neurons develop. Preferably, at least 35% of the total differentiated
cells will become dopamine neurons.

[0044] A preferred differentiation medium 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, ptx3, 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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transporter required for storage and rel ease dopam ne.
They al so express DAT (Fig. 7G H, I), a transporter

waeoewsggany for dopam ne uptake after rel ease. POwAS200M©27841
dopam ne neurons generated in our culture system

ssessnegessaty machinery for synthesi orage,
[004BE & 2o STHE BB SInA S GPNE A hgt e PO BIPHE S
[ 0052] The dopani ne neurons express, synaptop_hy?]i n
Coexprpgs_loq)wmbcaal lggimalfsitl@gfqgtugeygfaq%mn@ﬁ&ur@%lrﬁ edegamental
action potentials and can secrete dopani ne in response
areataf tee midbein.on (Fig. 8). Therefore, the dopanine
neurons are functional. 3. Generation of spinal notor

[0049Fur onsT¢dHthal, tHeabbve fatsiesindicattctngt tHe dgparmineaieurons
notor neurons is the induction of a spinal cord

geneﬁ*é@d%'duricﬁﬁglté %%étterﬁra?étrﬁﬁBFaiHHo;)Qﬁ\irP@ﬁéﬁr‘oﬁgxFh‘or@%fds)ély

rosette cel not the Pax6+/ Sox1+ neur al

s ¢ 1 & (i e ( ] .
resefiifp 1% HHRE LB EE R ublR Yue HOBPtE bReRDsUHel e G5t in

of the,cells to progenitors that express spinal cord
ParkinspR&JiSBe$on fact or Hox genes such as HoxBl , HoxB6,

HoxC5, HoxC8, but not forebrain markers Oxx2 and Bf-1
[0058} ni dbFhe dopaming newons pesgesse-rel, amessptooBr|GBNE (Fig. 7A, B,

second step is to culture the spinal cord progenitors
C), a growle fastesmutired ffosanvivahaulg) énmdioq Sifidopafidé Gennst )

for 6-7 days to induce a ventralized progenitor

[oosﬁjﬂar act e dé?aﬁﬁﬁéjﬁél%ﬁs Rysrpiress VAP (Khi 28, Ef Fi,&
, G H), atranscription factor expressed by only

transpoffer %?J]F:ﬁ‘&{ ?Jr s&{rggg ?hH %I%*agé Iﬁ%‘ﬁ}agpnég glhEa? %Véqaémr%s DAT

eur ona eren Ion nmeadrum ona

. uRt il spinal notor neurqns devel o 055], A

(Fig. R s e B e acesbal THE APRAIIE WSBke 03 Foinaser,Thus, the
3..[0056] n a preferred enbodi nent, at |east 22%of

doparpigetnausPng peneliaied iNRW WIS SYHeELRRSSOSE mecesganymachinery
neurons. The notor neurons express HB9, isletl/2, and

for symthesisFstprags releasanand uptakeroffthe trans mittert dapaenine.
specifically expressed by spinal cord notor neurons.

0052he notTHe HB8paARITE Bé fo) i
[0052) e Hep lﬁ@ngwbmxé?hgﬁgopéy_@me(ﬁr@%rﬁwﬁ@hon of

, but not forebrain markers O 1 or mdbrain
synaPBEKeThEY chn(ffib ctibh pbteriflals@ind can secrete dopamine in response to

stimulation (Fig. 8). Therefore, 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+/Sox1- early rosette cells, but
not the Pax6+/Sox1+ neural tube-like rosette cells (Fig. 10A), with RA (0.001-1 uM)
for 6-7 days results in efficient differentiation of the cells to progenitors that express
spinal cord transcription factor Hox genes such as HoxB1, HoxB6, HoxC5, HoxC8,

but not forebrain markers Otx2 and Bf-1 or midbrain marker En-1 (Fig. 11A, C, D, E)
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indicating that they are spinal notor neurons. [0057]

The notor neurons express ChAT (Fig. 12A, B, C, D), an
wenaosrmeinecessary for synthesizing the notor nearas2004/027841

transmtter acetyl choline. The not or neurons al so

press,VAChT (Fi.g. estln t_the. not.o
100sgL5 1 on T Seane e frbuleBHHE ShiahehiitiopSSioR e
acetyl chaline. [0058] n addltl on, fhe notor neurons
presgnes e%%omgf heggehog ﬁidH 59250 rg/niiLfioRBr i 6AVS 10 GG Fes.
They can fire action potentials (Fig. 13). Therefore,
ventralizedrprageniton charactareas enidenoed by e\xeremm ob®OHg2,Hbg. rig F, G,
that the notor neurons rel ease acetycholine, as
H), aatrenscriptioh Yadtor €xprésséet b oaly ventedl nears pregenitsesirihes in the
[ 0059] n anot her enbodi nent, the present invention is

regufar MeLPsithI afffetehil @cfoﬁhr%baﬁjnﬁ‘%rpéddﬁ%rﬁél ES 038é§/§untll spinal motor

(preferably human ES cells) into forebrain dopam ne

pr ef er abl y transpl ant abl e neural precursors
neurQﬁ#ng@ Pt or nervous systenrepair. One woul d

10058] & or 2 R¥elgRarhAerRaliigh GIALR BRScHReY B APlE 3.

forebrain neurons, the Pax6 / Sox1 cells are treated
[0056br an ladupriefesied embodgnaatfgt {gash 22 %rof thadotal differentiated cells

treated with SHH The steps in generating forebrain
becodup apinabmotarsorsd Tha enctorhgsemsfexpreset idBO| isletd/2 bed Lim3
dopam ne neuron characters are simlar to those

(Fig. Cl Craksefiption fadtely tﬂbﬂa@%‘&ﬁt%ll?%&bﬁé‘s%edﬂ%sﬂ?ﬁélrbord motor
ference is the use of norphogens at a particular

neur@ﬁé ' ?’He@ﬁ&o" h@ufo‘?\%téiéc?éx@fesgﬁl%{mnﬁ YR s, U8, but not

rst step I n genera ebrai n dopam nhe

f°feb?$§a'3ﬁ§ﬁf58#§f OB LPR R S B N G

(10-20 ng/m ) for 6 - 7 days results in efficient
'”d'CBT"FQ meé#e%@weow'%l PROrOeUrANS- o progeni tors t hat
express forebrain transcription factors Bf-1 and O x2.
[005TD061] Theemoteoreurens pxpress CIAT (kige12heBf Oy Bran enzyme
progenitors in the presence of sonic hedgehog (SHH,

neceﬁgir?g?ra Fmth‘eglzfr@rthé motér dajmn travesmitter bbstylch@ihé&r The motor
neurons also express VAChT (Fig. 12E), suggesting that the motor neuron can store
and uptake the transmitter acetylcholine.

[0058] In addition, the motor neurons express synapsin (Fig. 12F) 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
differentiating primate ES cells (preferably human ES cells) into forebrain dopamine

neurons, preferably transplantable neural precursors suitable for nervous system
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differentiation medium for additional 2 weeks until
dopam ne neurons devel op. 35% of the total

wdizbdsaenvi at ed cel |l s beconme dopam ne neur ons. PTHAIS2004/027841
description below, taken fromU. S. Patent Application

evaltgodh vl BRUSAB S an 3 FAshoq B ESLS BEnTElN e e
cejl line, is first obtained and propagated Onhe Ag
dopaBing, ReUTRN genertion, | TRoakeIala farpbkain hRUMRsinsPaxs AS0x1" cells

et al.. Science 282:1145-1147 (1998) and U.S. Patent
are treated Sosars additionakst 6,day8oEh GIGHR and kee thast tieated with SHH.

suitable to obtain a ES cell line with normal

The ktapsdhyeeerating forebraln dopamine newwbnd andtiee analses for
undi fferentiated state after conti nuous culture for at

detehﬁﬁﬁr‘ig HeLASParPR Aturen @:h@l‘eﬁﬁ&*’sad%ﬁélmw t¥&h Ecrllb-@?ﬁor

enbryonic stemcell [ine wll also retain't Ity,
T T T
dod d d
partiiaE i8Ry aNAoBR #otarS CAMRATaPE neE Eul  ured. n a

B referred enbodi nent of the present invention, the
[0060}| | s af ke fiFss siaminegenaiating faselbrain dopamiste Neurgasas the

_ manmal i an, preferably nouse, enbryonic fibroblasts,
indugliesf ef ah)rhigjbmn wemit)os'énealmmt/\ome Rax6HBoxtrearly. rasettetells
al., supra, 1998 and U. S. Patent Nos. 5,843,780 and

with Gm@(mﬁo ngémBlei6 ermigyPresuigin bfieiche differ8Atatitf of the cells
propagated wi thout feeder cell |ayers. [0064] The ES

to prgghhlt&@'tﬁgﬂ ré@s<$f c{)rééﬁﬂa?r?{rla\ﬁsé%)ﬁﬁﬁcfg% BfY dd P2,

erent cultures treat men I Spase and grown

003, e o REPseT BBm 806 pud oatthﬁ?%freirewog%ﬂ{w%m Fiprgsence

as crl be&l_?lgl QW. 0065 The EBs are then cul tured
of sqriic i ﬁ@ﬂé mﬂ@ ) foF Bt dBYS. thendo theyregularnguronal

generate early rosette cells. The other preferred
diffegantistioe nmedlum fonadditionah? sreekasintiedepaming neurdasdevalop. 35%
However, many ot her nedi um conponents are suitable. n

of thgdotal dlfferenttated gbll€beesineiopantng neafbngn Tisedediption below,
grow ng neur al

taken from U.S. Patent Application Serial No. 09/970,382, describes a preferred

method.

[0062] A primate ES cell line, preferably a human ES cell line, is first obtained

and propagated. One may obtain 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 trophoblasts and to differentiate into
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cells. The followng references (Bain, G, et al.,
supra, 1995; Okabe, S., et al., supra , 1996; Mijtaba,

wO 20058212 ., supra, 1999; Brustle, O, et al., PeUIS2004/027841
1999; Zhang, S.-C, et a]., Neurosci. Res. 59:421-429,

tlssugéj%ﬂygéq 4%8 @Ilﬁi@ggemé(yg}q&‘s%qm @ers e&doﬁ%?r% gsgglédgr?ﬁb‘ and

Neurol . 137:376- 388, 1996; Carpenter, MK . et al.
ectodgiy)- Neur ol . 158: 265- 278. 1999; Vescovi, A L., et al..

Exp. Neurol. 156:71-83, 1999) use the sane or simlar
[0068kdi um T OEIR] arsf then caiftpreaii Imed prefefred entmpdiment of the present

culture in the medium the plated EBs will generate an

invegitry rtlwbéusaéré‘ ﬂ)@bbgét%@ &rehliseddidaler SfaMasiatRy mamifalian,

center small elongated cells will generate rosette

prefér%@ﬁjgp Q88 etHl oﬁ% ﬁc?rSBla t&e ablg heMsd Wélgﬁ%nd in

res t’he e Yy neura ert 0

oot gy 2br SBbrar e H&Zﬁ?&’@ie e §E8280E HSFY 200,806,

neur al ., par ker antl s such as nestin and Musashi |,
We dadsrviia et b C‘F‘[%e'f"@yz?@l RropagaieAaNithgut adar cell layers.
onprise at |least 72% and nost preferably at | east
[0064]1% of ThénE St erliadoleries sire fypialy remevedintact fromoadherent
further isolate the neural tube-like rosettes,

cultupsebgp trebtriehywith tispaestanal grennyineat susdensninrwfreemldatmg ES
adhesi on, as described below in the Exanples. n brief,

cell dddragaRalcaed RnibridRNoikd (EBS2Preferdberd
og$a%hmsnt of the@central Leuf)ogfntrhe &fﬁgﬂ%é%escnbed
feparate the clusters of rosette cells fromthe
surrounding flat cell s t he di fferent| ating EBs

[ tur n da s ferab
10068fic iat the BBSIATS ted Culiigain ropdpas ST G2, proferably at
Li f et echnol ogi es, Rockville, I\/D at 37 for 15-20
20 ngimlutegenompiceardy rasstie, calls2 Tmlaﬂwebpredergmgemmeb‘@ of the
used. The rosette clunps retract whereas the

medium aceias idegcribext incEable 3. drweverd hesmgndtheAmeidiurm ceaiptinents
the rosette clunps nay be di sl odged by swayi ng the

are sfdlt@%l@ WieHerhleasefablkémbbiRim fehhys madinah ekd fa_ff"@rowmg neural

clunps are pelfeted gently tritdrated with a

cells'o"l‘fher.=1t {oﬂo@[ﬂﬁg@(@lﬁ Hed Kﬁ@nﬁ(gf# ’_H%_dqaslkégfr%f’ ? nléi SE
@C)éé cI\7fu1 a’}% r.[osgttatle i un%ge@r %rusqfee, ratn§1f QU ed 1t9%9 Zhang,

S.-C., et al., J. Neurosci. Res. 59:421-429, 2000; Zhang, S.-C., et al., Proc. Natl.

belo

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 culture 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. 1B). One may confirm the
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flask, preferably coated wth
pol y- (2- hydr oxyet hyl - net hacryl ate) to prohibit
wanv@mament, and cultured in a nmedi um used for POTABE004/027841
neural precursors with the presence of FGF2 (typically
20 ng/fml ). As described bel ow in the Exanples .
pres@ies ohivrahprar i Y ane BCR SRy Bt o L pspence analysis
. adhesion will yield a highly, enriched popul ati on of
using, agpral Markeqartigenssiych ag W*MW@N&S%&AS%Q@%W below.
most preferably at |east 96% Additionally, one may
Preferablyo theeneursl hraisirseracompyiseratiersts&9as and oost prefgrably at
anti body to PSA-NCAM to separate the neural precursor

leastc@d % sof thedotl célie Exanpl es bel ow denonstrate the human
ES cel |l -derived neural precursors can generate all

[OOGIﬂ;Ilr ee @fe 78y wishP®SuttReVishlate [@ﬁ@&l}awﬁe‘-m@ r%sglﬁ%g,mreferably

a flow chart of various aspects o s enbo

oy offeed BBl UEe Al MR R AT RE AT B

Exaribes. ) GAET i AaRDl WD, ateseeal Jeal (41 RrelaTeniaeptachment of
for4 days foll owedby chem cally defined Enbryoid

the ogpirabrewegpiihelial islamds-2To sepacite feriustess of seggite cells from the
Adherent culture in a chemcally defined nmedi um

surraumdireg fiatreellsGF2 diffeientiatidgEBs dilfured éorteight torteh aays are
Neural tube-like structures These are uni que

preferhblydhétinited Nhed 200 2trhy/ef disirisedGilsed BRe!, Labteehhbibafes,
defined by histol ogy and i munohi st ochem stry. Neur al

RooRIEE MO $2Ld 46220 NS OMERSARR, 92 Byl may
be u%&%cﬁpgﬁgiﬁ?% e g@ﬁrﬁqﬁ%ﬂ}aﬁm Qf\gge%jsﬁﬁgfﬁ%ﬁco%h%\@eﬁat%lls remain
adherent. At this point, the rosette clumps may be dislodged by swaying the flask,
which leaves the flat cells adherent. The clumps are pelleted, gently triturated with a
5 ml pipette and plated into a culture flask for 30 minutes to allow the contaminating
individual cells to adhere. The floating rosette clumps are then transferred to 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
population of neural precursor cells, 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 cell-types in vitro.
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Treatnment enric
(preferablyat |
woOheosprerent
at | east 72%

I'ls.
[0069]L; ng
the rosette for
of the pesand invarign;

i nvention is a cell
and preferably 84%

R

hed popul ati onof neural precursor cells
east 95% . [0070] n another enbodi nent,
popul ati on cORPTIUS200d/027841
neural precursor

ot S fiW BTt Farious 32peets (F thig egapodiment
mati on characterizing these cells. By
on, we nean that cells are columar in

al . precur

shape and are arranged in a tubular (rosette)

structure,

resenbling the neural
brain) in the body. The clABihdr cell

t ube (devel opi ng
nor phol ogy and

tubul ar structures are shown in the insert of Fig. 1B.
{0071 anotter—enbodrment;—tie present—nventiomr TS
a cell éﬂt@ﬁiaﬁ&h &fth@Nedrﬁﬁéﬁtﬁwgiﬁiﬁ{ gﬁoarﬂ'vaoat

| east 96% neura precursor cells. e Wou

1 T dUl yulUldal
ES Ce'g%zymati Cc treat
iln|t he Exanpl eg
sent | nventi

n neur onal

EmbrysictBasiieppes and

source of trans

rol ogi cal di
rons for
edt ons for

Par
psy
DifferéffHfANS NEREl SPI
tube-IfkL SRRARS | NCl ug

stepw se and ch
irected differ
flinst to neuroe
nely ons al so of
sefeeni ng toxig
present, toxica

Isolatian ef Nesiral Breawrsory
Cells gitmigispaseal | y abn

mthese cetts—after—differentta

ment and adhesion, as descri bed bel ow

. 5. e of Cell Populations of the, .
Srevir St dengar and ORiTeq ndgededing sabiiion with ES
deadjum withed! RGF for 4 slays fpllawed pyehemicalyedefined
urEdinenipd§IFRi( B2 ng/raliier 2 dayss provi de a

pl antable cells for treatnent in

sorders, such as m dbrai n dopam ne

kidherent caltutk in @aahemicallp defimea imadid®Raminieg FGF2 for 7-
ahplegi cal di seases, spinal notor

nal cord injury and notor neuron

ing ALS. [0073] Establishnment of

emcally defined culture systens for
entiation of human enbryonic stemcells

EAE g, iy B ol B TRyl Spineal colls o

i

dgfingd oy istgleay,anddmayy eisiochetpistiys dNeural precursor cells
| typinalsgomaries at leestageldts of thirtaigl eslls: eeni ngs

sing animals, animal cell cultures, or
Oreedrherth withadispaed folldwedds diffetentiahadhekioryeidsca highly

Treatwérgm cel | s and |tengdhed gogufatitresttnbatl pretutsor cfle@retdratied least 95%).
neuronal cells |represent a normal process of human
neur al

[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

ilustrates 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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devel opnent. Hence, the invention described herein

w Il be anenable to screen agents that affect nornmal
woueosn2meor al devel opment or those that potent pairiug2004/027841

resul t in abnormal brain devel opnent, as well as those

r.egeneratij.o e neuronal t S .
obtai s S BHUE atE plfeTe iR SREVAatie PeBimédlarattiiin, ¥ iscribed
ystenrcan be readily nodified to m m c pathol ogi ca
deWWBé@%§%§"H¥%& | ead to death of dopami ne neurons (such
as in Parkinson's disease) or notor neurons (such as
in ALS), mhlch nay be effectlvely used to screen
EL [ Papidd esednvgiiont o treat these
dlseases [0074] n a preferred nethod of this
[0072hbodi nBenerstionaf speeciaizad humantriemonaleellippesiwiti speeific
one of the cell populations of the present invention

transmitter prehotypep and diniqub pesiicrat iddretitice prbvide ef sciuted of
exposure to a control cell population that has not

trandpfiSritaBIERstR dor frBStntéHtliN nBDASS Eél"tﬂsc?]}g%w 2Uch as midbrain

particul ar test conpound affe ted t popul ation

oot RO 4 Sy e

tained within.t resent application. TABLE3A
psychlfolia] flasispa Shingl ST 380 CRr sl Sotsiiaknggnd motor
Culture Conditions and Markers Phase Cell Nane
neurpg|disegisesiin¢lddingAe. Cul ture Media Constituents
Cul ture Media Conditions El ectrophysiol ogi cal Mrkers
[0078] r adi aEstdblishmentf oflstewviaetandiiViavhiEall( defidd culfie Bhsteens for
1 ES Cct 4+, SSEA4+ Pax6-, Soxl - serumrepl acer; 2

drredé?}d géféltvérﬁt?éﬂdm of%ulné@emﬁ?%rﬂc shan¢efs amety nd@bbepﬁﬁe@él: 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 genetically
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. [n addition, the described system can be
readily modified to mimic pathological processes that lead to death of dopamine
neurons (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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mer capt oet hanol; 4 ng/m FG-2 Phase 1 1 t Di spase

Treatnment VA 1-2 ng/m dispase 30 m nutes; 37C,
wanisai72at nrosphere N A Suspensi on cul ture, NnOPADAS2004/027841

fibroblast; 4 days; nedia changed every day; 25-cn®

ase
[oo7a}}>¢, %%emv%m%f? i ot 478 gRiHodEalef toa I Era ey ion, one
36. 5C 5% CO N A heparin; 0.1 mVb-nercaptoethanoi; NO
woulg gxposg peraithe cell nopgwl@tlon% oftieseresept ipyeRtan toa dests:
medi a changed every day; 25-cnR Phase 1 EB Cct 4+,
com st andbEMpate thel resuits 26 sugh ekposiyealto @ cardml cgll pbpulation that
tissue culture flask; 36.5 C, 5% CO Pax 6 -Sox 1 NA

has lﬁdstab‘é?e‘rﬁéxpdSedZQ)ﬁé/bbolgamdﬁrstaﬂd vitiethddal baritldaraesttddmpound
Msodi um sel enite; 10-20 ng/m FG-2 Cct4-, SSEA4-

affec%@Mé: aall ﬁé?dlétlor?ﬁy @émlnth%HbfafbteﬁsQQs@/tﬁé cﬁ'ﬁﬂ%ean]d

Early Rosettes Pax” 6+, - transferrin;

o e 8y B e

é£¥n1 FGE2 tissue culture flask; 36.5C, 5% CO N A

pres M F12 (1:1); 25 ng/m insulin; 100 ng/ n
3-5 days; nedia changed every 2 days; 25- Phase 1
Neural -1i ke Tube Pax 6+, Sox 1 + Rosettes Nestin,
Bf -1+ transferrin; 20 nMorogesterone; 60 mVputrescine;
cn? tissue culture flask; 36.5C, 5% CO N A 30 nMsodi um
selenite; 10-20 ng/mM FGF2
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37C
no nouse

Sox 1

nmedi a changed every day;

SSEA4+ Pax 6

anbi ent at nosphere N A Suspensi on cul ture,
4 days;

Treatment) N A 1-2 ng/m di spase 30 m nutes;

Phase 1 EB Cct 4+,

woisphiaet ;
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O x2- Bfl-, E 1- Phase 2 Neural epithelial cells (2nd

Di spase Treatnment) NN A 0.1-0.2 ng/m dispase 15-20
wai2ostes720 37C;, anbi ent at nosphere N A Pax 6+, BOX/US2004/027841

DVEM F12 (1:1); N2 supplenent, 2 ng/m heparin; 5-6

days; nedi a changed every 2 days; 25- Phase 2

Expansi on of Nestin, Ho . 36.5C, 5% CO

neuroepithelial cells FZ)%AM%%Z 0.01-1 MRA +

50-250ng/ M SHH+ O ng/mM cnR tissue culture | NA

O x2-, Bfl-, Enl- FGF2. Phase 2 1st dissociation NA

AR SRR AN BOPADME R NeURONS

changed every 2 days; Phase 2 Spinal Mdtor neurons

Resg":_ﬂ HoxC, am no acids; 0.5 mwlutamne; 1 ng/m
n|n culture Petrl di shes; 36 5C, 5% CO ChAT+ 50

=§J];_ strugtures in the

Dopa ons - rre d| tjo
res U@@mEﬁgﬁ@F O}éé E@Cﬁﬁnﬂléme@ﬁrtvl@ﬂé‘rom H9,
Medi a Const | tuents Culture I\/bdl a Conditions .
H9-2dpé’ﬁi¢,rMtht§jl-o§_'d@J§E 8000) were propagated on a feeder layer of irradiated

mouse embryonic fibroblasts (Thomson, J. A,, et al., supra, 1998). To initiate
differentiation, ES cell 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.

99:421-429, 2000; Zhang, S.-C., et al., Proc. Natl. Acad. Sci. USA 96:4089-4094,

1999) containing FGF2. FGF2 was obtained from Peprotech, Inc., Rocky Hill, 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 toluidine blue-stained sections
(inset in Fig. 1B). Immunofluorescence analyses revealed that the expression of
neural marker antigens nestin and 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 flat cells in the periphery of the differentiating 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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Mar kers Irradi ated nouse fibroblast; DVDM F12(1 :1);

20% Phase 1 ES Cct 4+, SSEA4+ Pax6-, Sox1l - serum
woeplsaeeny) 2 ng/ M heparin; 0.1 M- nedi a changed/usx®ng27841

day; 36.5C, 5% CO N A nercaptoethanol; 4 ng/m FGF2

Phase ) Spa nt A - /m
presgies SLECES (% o GR sBO TR TR HB A ig ATMigRns separate
Suspensi on culture, no mpuse fibroblast; 4 days; nedia
expeélﬁééiﬁ%}a Ia\tbepbgaypee oEFGHZ, pravel argenizegirasettesware opsgrved.
6 -Sox 1 DVMDM F12 (1:1); 20% serumreplacer; 2 ng/n
[0076] ssue nali fubet-likestiosetteés Ban bedisdat¢dibw differémijal @nzymatic
nmiVb- mer capt oet hanol ; NO FGF2 Suspension culture, no
treatmeunt @ntjidathellois tWith ddayiauedrestbesreas gask Z\Ae ollavnar rosette
25-cnk Phase 1 EB Oct 4+, SSEA4+ Pax 6 -Sox 1 -

ool BFELS i B IR TRl YLyt o e

an PR R

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 cell culture dishes. Cell counts performed
immediately after this isolation and enrichment procedure showed that cells
associated with the isolated neuroepithelial clusters made up 72~84% of the cells in
the differentiated 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 cells were also
positive for Musashi-1 and PSA-NCAM (Fig. 1G, H, I).

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

types 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; Carpenter, M.K,, et al., supra, 1999; Vescovi, A.L., 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/or LIF (Fig. 2A).
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Pax 6+, Sox 1 - nestin+ 10-20 ng/m FG-2 5 days; nedia
changed every 2 days; 25-cnR tissue culture flask;

wW0@05302173660 CO N A PSA- NCAMPhase 2 Neural -1 i ke PQipais2004/027841
Bf -1+, O x2+ Rosettes Nestin, Enl+, Pax2+ 10-20 ng/m

2 5-6d . medi. 8. ch eq eve 2 days; 25- cnp
10078f 2 o B Piiarpatationog 8 ESESke gt el BrosiRErrs ares
. . epithelial cells éan Di spase Treatnent) N A 0.1-0.2
lndu%c} RY withslpawal of5=Gio2 gnd plating o omithinesakd &ainin substrate.

at nosphere N A Phase 2 Expansion of DVEM F12(1 :1); N2
Withsrup féw derys,; individyakicelie pad inamesods deoveth comgisagrewamd dwm the
every 2 days; 25- neuroepithelial cells Bf-1+, O x2+

sphe%]clés,Z_E(_Zan@ sthr bG¥sB appBartirieN BydeveiiHoasR dalys stiter plitingy e
ask; 36.5C, 5% CO N A

processes emanating from the spheres had formed prominent fiber bundles.
Frequently, small migrating cells were seen in close association with the fibers (Fig.
2B). Immunofluorescence analyses of the differentiated cultures revealed that the
vast majority of cells in the outgrowth areas expressed neuronal markers MAP2ab
and By-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 antibody 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-limiting 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 underneath the differentiated neurons (Fig. 2D). While
oligodendrocytes were not observed under standard culture conditions, a few O4-
immunoreactive cells with typical oligodendrocyte 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 cell types of the CNS.
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Phase 2 1st dissociation NV A N A Accutase (G bco) N/A
TH+, AADC+, DbH, Neurobasal nediunm N2; 0.1

walthisreersent i al 2- 3 weeks; nedi a changed ever pCR/usanpg/ 27841
Phase 2 Forebrain DA neurons PNMT-, Bf-1+, amino

I 1
0074 7 hiirRe RN R A
mvcEAVP; 200 rrMascor b| c aci d ng/ m BDGF Actl on

differgntiate: mativo. Fo essess themiiferENtAGPIPT toneRERReliSlerived neural
EXAMPLE 1 - GENERATI ON OF FOREBRAI N DOPAM NERG C

preciNBORONY//Re sve tyraffedOihe idtorthe B rakbvérdridies fof neatoat mite (Flax,
formneural tube-like structures in the presence of

J.D., EEaR, Humm%%hcqeehotaenﬂmg 1 99?} ame ﬁaﬁb@l@ﬁted LA formed
‘derrved from D, HI. 2 ., supra ,

clust¥feif @FIBBQ?@%SH Bft 3 %ﬁﬂ@ula* Q}yﬁém‘%{ud fnrcgpdcj?éfe‘a |W?é‘|§%

enbryoni c I"as

To |fferent| E col oni e
numifels Ptgeq Geriily oL RS mr%%og%sétﬁ%ﬁyg%mﬁfa%w &3 between
rﬁP es (EBs) for four days. . The EBs were then cul tured
one g t? WegKs ad“tﬂrttwplané%tt% intrayeptricylay dutascand {pcorporated
defi ned nedium (Zhang, S.-C, et al., J. Neurosci. Res.
cells sgra fqunppi;n nineteen a‘ldaelghtﬁn rempmntdgramsprewecmmly Individual
Acad. ScL USA 96:4089-4094, 1999) containing FGF2.

animé&lSrahabagedoditeri lorgerf timenpeeipdoshowed that grafled leelisiwere detectable
NJ. After five days of culture in FGF2, the plated EBs

for aﬂéﬁsﬁ@]ﬁﬁ‘lﬂﬁbéﬂs PO HpRM AL, f)bﬁé Wﬁﬂ h‘“ee¢lb§ters°§h6v0€d strong

same an I ncreasi ng number of ongat ed
nmm@ré%@«@? e b8 S LR o o
central, snall, elon ated ceIIs had gener at ed
cells irb@@( egrfeg@mwa%sqad @gr kalifg phesrhaasaang ciiokeeatine,

t ube as shown by toIU|d|ne blue st ai ned sections
markerantypicaily eRpresseyl .in undifieséntiaded ESccrlls anthhgs-@sural epithelia,

reveal ed that the expression of neural marker antigens
were mes dietected! withiretblel cldsterse @ hératdia fétmation waslobserved.

60: 585- 595, 1990; Kaneko, Y., e al.. Dev. Neurosci.
[008F2: 1399 in 3RE BYbridigstid PR 'YhurRak spebfie grlbe and
immunohistochemical detection of a human nucleus-specific antigen revealed the
presence of grafted cells in numerous brain regions. Gray matter areas exhibiting
widespread donor cell incorporation included cortex (Fig. 3A), hippocampus (Fig.
3B,C), olfactory bulb, septum (Fig. 3D), thalamus, hypothalamus (Fig. 3E), striatum
(Fig. 3F) and midbrain (Fig. 3G). Incorporation into white matter regions was most
pronounced in the corpus callosum, internal capsule and hippocampal fiber tracts.
Morpholégically, the incorporated human cells were indistinguishable from the
surrounding host cells and only detectable by the use of human-specific markers

(Fig. 3). Double labeling with cell type-specific antibodies revealed that the

incorporated cells had differentiated into both neurons and glia. Human ES cell-
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cells in the rosettes but not the flat cells in the
periphery of the differentiating EBs (Fig. 1CGE).

wahadisfokenent i at ed ES cel | s were i mmunonegat i vePEDMUS2004/027841
these markers. The formati on of neural tube-like

. structures nated i,n.th Lority of EBs i .
deri@iiidan solbatesfly gRuscHed M arithodasions inmang MAP2
. and H9.2 lines, 3 separate experinents). n the absence .
(Fig.aH, BprFrequentiyl theyrdjspinyed pplas snerpbolegies with tangeprocesses (Fig.
[0076] Neural tube-like rosettes can be isolated by
3H). dinfddalitéont, irglurems with nuitipolenane irhneatareadtipsliap morphélbgies were
conti nued exposure to FG-2, the colummar rosette cells

foun&XPignd8y e dbAbABErVEH hélohs ganersted Hiferblis @8RS bYojecting
made up nost of the EB and were sharply denarcated

ik f t. i .
long S RS HeCH SP i, Bt Ficiel 8 IHERA B and white
ral neuroepithelial is|ands,.|eavi t he
mattGEPHh R PRERbID Athion L R ief Bche sloh as the corpus
Contam nating single cells were separated by
callosys £18 BRierIHREEVBRSTS 2l hedmbiia BiRposAmP! Where they could
counts performed inmediately after this isolation and
frequantly bentsace doios setlerad hs hdreddnicnametars Ivbthis asingle sdctiort (Fig. 31).
the isolated neuroepithelial clusters nmade up 72~84%
[0084] t he Ipeldditidmtot mesurdhs f£E@allindinttseridd ESIcENGeRved astrocytes
| mmunocyt ochem cal anal yses showed t hat 96+0. 6% of the

was HERIELHithPSREIHdSE Bldif tigg]ﬁf.sﬁ’ﬁéi/ His&?ﬁdﬁét?flé’c@%é@holotgiees and

nestin based on 13,324 cells exam our separa
: v I 0 e.c r
oxiHRE T SRorecriBn GREEARIEE 3K b Ry fottle Widingof
. ). 77] Human ES cel | - derived, neural ecursors
'”Cor@)QF?ELQS’@"iﬁ'T C?‘Fﬁ ‘@Eh éf@’%‘é'?? tQ {yedin ipr'ioi‘?i"lsf) lleg i@ detect mature
~ isolated neural precursors were expanded as
oligogeadrocytas: | PemMedfithe dgnegeslisshahhad migraded irda the hostrrain

simlar to "neurosphere"” cultures derived from human

retaifed alndstinipositivesprenctypimegen Gp tfortwedks afsartramsplantation.
2000; Svendsen, C. N, et al]., supra , 1996; Carpenter,

Manof thesetcellb wersYotiRd inl§&YiasKaRe MdatioAsL- . et al .,
supra, 1999). BrdU incorporation studies reveal ed that

stinmul ation of precursor cell proliferation was
Disci$fismdent on FGF2 and could not be elicited by either
— EGF or LIF alone. Furthernore, no additive or

[0082Y Ner 9iHd preabheSiRly iCaRBSRLVEL RSP ralBiRcursors capable

of generating mature neurons and glia can be generated with high yield from 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 cells for nervous system repair.

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

nervous system development with the formation of neural tube-like structures in
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conbined with EGF and/or LIF (Fig. 2A).[0078] n vitro
differentiation of the ES cell-derived neural

wonresesad s was i nduced by withdrawal of FGF2 aa@/US2004/027841
plating on ornithine and lamnin substrate. Wthin a

oo it o B 2o RS R
ear ance. seven to ten days after pla
mamﬁﬂ%&%&'@%ml ¥@qu hyraan peerad geuelepmeand unéeh@@ntrolled

rom nent fiber bundles. Frequently, small mgrating
condgisinss Mae eharaizally defihed eulligemyistem provides atumique dgpartunity to
(Fig. 2B). Immunofl uorescence anal yses of the
explatefthe @ﬁﬁbtsaéfeﬂngwféctbﬁom euatiresedroapitiiélRil pesiferation and
majority of cells in the outgrowth areas expressed

specﬂi%blﬁ@ﬂﬂ’v ViR @WIaWﬁecuféﬁi‘ '@J\é‘nbﬁ(?%hﬁ‘tr{é: 4&veldbig {IIL\JHI‘:T}&IH brain,

Expressi on of | ow no wel g neur of I [ anent

hu m%‘rg %@éeg Ihcti gﬁ\/%%f:ﬂ feg ﬁ‘ﬁgéé %Hé\g%stf@f%ﬁ r%gféa{'%ﬁﬂeg RspRksto F&F2

i vel . Anti bodi to vari ous,

(Flak,guf ot aincairt o} 0810, AowdiEi v srdive & Sghardisticefosis on
the ES cell-derived neurons. VWile the majority of the
prolifgeatioprearche eticiteciby EGRuoaki: eF s dingingndiffegscfromi dpta 2bjained
a smaller proportion was | abeled with an anti body to
with GiBAry 6elbsoiZdvaingy S.-Chestealh supn 2090pBedndsamIGIN., et al., supra,
nmor phol ogy (Fig. 2F). A small number of neurons were

1996f Qangeriter, M. ee5all Hupha 019905 esthf, Adl. Sel 4IMgubhsl 1999) and
enzyne for dopam né synt hesi's. GFAP astrocyt es were

coulc¥ gtéqadoé‘stftﬁ’é’t oWe? Ir{é’:ﬁﬁ%eg ge?ﬁlgﬁ‘?féu\‘ﬁgﬁécﬁfsb?sr "ré’é’«‘-ﬂﬂ @ more

r w t Hdr anwa e nor e equent
di ff

B RT3 ho P es o
B ey o

culture conditions, a few 04- inmmunoreactive cells
dependtan EGFRdar pulifefatienanddie eespumsivenegy tovEGF tshacruired only at

when the cells were cultured in the presence of

later ptagies| aftneteali predursbostindiffeestiatibn((Rafaai, D Cét &t D&lv: Biol.
supra. 2000) for |longer than two weeks (F| g.

186: 2sz1223 E@@ﬁlﬁrr&eflwﬁd Q! 3l NBURSSE,. SIP: ét%@bét @59?1)'

hree maj or cell 'types of the 0079] Human’

[ooslgf' I-d el‘rHeVIﬂq/lﬁlgtﬁéﬁ{ernaQiroﬁcdfrnﬁ%ﬁ tgigg 1S Stry LFSL BRA S bossibility

d differentia VI VO
to lso?ate these. ts{rta}ct:tlu(r)ens aseéJ on rt]heElr dl(%f%rentla? thggoﬁ%%\%es a simple yet

efficient approach for generating human ES cell-derived neural precursors in high
purity. Specifically, the strong 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 cells 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
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precursors in vivo, we grafted theminto the |ateral

ventricles of newborn mce (Flax, J.D., e , Nat.
waeizats@ein20 16: 1033- 1039, 1998). The transpl ant edCtriSk@®4/027841

formed clusters in various regions of the ventricul ar

: ena; [ r pot in.]ar nunbers.ingo
recigyBiseryREs D BRARS E Pells B EprAlERTS 1o R Tmpages may

anal yzed between one and four weeks after ] )
form 5138k 'Rf$I9R iSPYRS, Ave aeReralicaof puised somatig cell populations
. incorporated cells were found in nineteen and ei ghteen
Is a key pparequisiie domive deyelopmentaf\ES telttbased apueah tramsplant

anal yzed after |onger tinme periods showed that grafted
strategldss were detectable for at |east eight-weeks post

transplantation. Cells wthin the clusters showed

ron i idrGi .

[0083' ONT FENBH lﬁget%g}ggfté{tg]rfmwebﬁ&d ?l%ahé@hgélﬁ%keﬂzs cell

bm tubul i n an y afewcells int

deriPhEHR) Biectil e TRafooli it Al VARATR I Fodibis where
updi fferentiated ES cells. a non- neur al  epithelia,

they {iferenttehbi Feuons cid e b e © SsieChiselienm

. formation was observed. OOSO%) DNA in situ o

oligadendregyies irovivais ikely duedmtheplow eligedendmglighdifferentiation
i mmunohi st ochem cal detection of a human

efficiency ef husprcnéural precugsTs as\opposdd tth éhgir rxient eoofiterparts
grafted cells in nunmerous brain regions. Gay natter

(Svemdeas, €\, bt bl MBraiv PasRIERAI9F1G! 198). REFRFRMIRIdMOr-derived
i ncluded cortex (Fig. 3A), hi ppocanpujs (Fig. 33?1(;), r-aerive

r tok Gt .
e S ST Bt BB S Cxhbitinthostha®! Adfiiboengsis but wers also
1 ' Fi . . chncorporati.on into whi .matter. .
founi Mol B pLiNBLIERE' Sl ool e ob it innptucies
. Jnternal c ul e_and hi ppocanpal fiber tracts.
'nvomgpﬁﬁ%m%ﬁ@@%ﬁps} of ﬁHE‘ﬁnr@@SpQﬁraieé’onﬁG%ﬁWc aite theadlt rodent
_indistingui shable fromthe surrounding host cells and
braiplppapee¥t, &bk, Bev:Biol. 28: 1i6-h88xa103%)e die incompokation of
(Fig. 3). Double labeling with cell type-specific
individal ipoetuersor eslisdhiadpdstanitdtivebraircgimisais ediriiatllagy Feddvant with
differentiated into both neurons and glia. Human ES

resp@el fodslii PeprACRIER G tHePak st Bl%iﬁbﬁérstﬁé}lag%bgd& e?%tje%dvétdétaned

anti bodies to bmtubulin and MAP2

M T .

celIsrralﬁlqajii|%°r|ea{onggpdeéiﬁgrggolﬁgretie%naiupdo égéonqg %l?r?c%o%gilf gct\f\\/?er. ©

[0086] With the exception of intraventricular clusters composed of mature and
immature neuroepithelial cells, no space-occupying lesions werer 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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found (Fig. 3J). The donor-derived neurons generated

numer ous axons projecting |long distances into the host
wonreism217ehi ch were detected in both gray and weCraIS2004/027841

matter. They were particularly abundant within fiber

: h . call the anterior. .
isoleldF b Fiteraritbd PR ES. b BB ot SiaBinising dgnor
frequently be traced for several hundred m croneters
sourge i’?’?Lﬁag'ielF?éIre section (Fig. 31). [0081] n addition

to neurons, a small nunber of ES cell-derived

astrocytes was detected wthin the host brain tissue.
EME&?H!QIE.EQIQ_Q@E stel | ate norphol ogi es and exhi bited

strong expression of GFAP (Fig. 3K). n contrast,

[008gbubl o CulireiotES el cEBmsla i (passagecth 1c39), Ho (p34 to 55)
anti bodies to nyelin proteins failed to detect mature
and aldayaditind decyéd sronSbi®e HOL2 (it dodd)r(Anait, INS., Ebal., igsta, 2000)

mgrated into the host brain retained a
werd\@fifuréd A fdeder Riyanof }ﬂf%ﬁiiﬁ\é@ﬁnékﬁ’sé e%%mmshyﬁ& With a

transplantation. Many of these cells were foun
dailyRFEGRE S Meal i Biothsicth bt Ol ekos Sk A ed fbaium
l.e,Qf, generating mature neurons . and glia cap be
<DM§@I3/E$% 201% S FeieGRERRt (iRt Do MER B8 q@ptosthancl, 2 pg/mi
E_xploitingn%rovvthfactor-rrediated .
hepasing ang ¢ ag/mi of FiGK 2 (Reprodetl incanRochy Hidk dk) iasl previously
adhesi on of neural precursor cells, the in vitro
describet € homisahj drApedakosupradtsas)i hedybigpeiama/siyindiated that
new platformfor the study of neural devel opnent and

the IhBs al_@@ﬁi@f;ﬁbh%ﬁs@égé@%&eaﬁiléia. for nervous system
repair. [0083] A key finding of this study is the

[00881’25 L\r/ %#@&?ﬁtgﬁbntdﬂﬂu @ééfeéﬁ '?;l te||@|to E§2‘fe§'f ?dgt%?ésgglgﬁ incybgted
with fi3pale KRR SR T POTRE S IR W S Eass: WhichremorRa £S cell

phenonmenaon can now be exploited to study and

colorigp taglenthg Fy salltqlenias were pelleted; rrsuspagded i1 EBeallrmedium
neur al devel opnment under controlled conditions. The

withat &Gl and cdfuree dorcfolr dags Bya 26romT tissudesuliare flaskigNunc) with
opportunity to explore the effects of single factors

a daiymiedican changeeES bl tdlbniesYréwisHldANgdFBs whereas any

remaining feeder cells adhered to the flask. The feeder cells were removed by
transferring the EBs into a new flask. EBs (~50/flask) were then plated in a 25-cm?
tissue culture flask (Nunc) in DMEM/F12, supplemented with insulin (25 pg/ml),
transferrin (100 pg/ml), progesterone (20 nM), putrescine (60 uM), sodium selenite
(30 nM), and heparin (2 ug/ml) in the presence of FGF2 (20 ng/ml) (Zhang, S.-C., et
al., supra, 2000; Zhang, S.-C., et al., supra, 1999).

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

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

mg/ml dispase at 37°C for 15-20 minutes. The rosette clumps retracted whereas the
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specification in vitro. Simlar to precursors derived
fromthe devel opi ng human brain, human ES cel |l -derived

weonresesad s show a strong proliferative responBeTS2004/027841
FGF2 (Flax, J.D., et al., supra , 1998). However, no

J
i t ] on, .synergi sti,c effe .on_p i feratiaon can

surfiting Yt sy iR pdorBnl. Sf &is ol e aftls it vere
o s e BTS8Pt s ver

Carpenter, MK , et alL, supra. 1999; Vescovi, A L., et
pellefgd, gestly taturated 9yithaa §-wbpipette @hgadatedhato acultifecitaski fag30

ES cel |l -derived neural precursors represent a nore
minutesTid alicav tHeagentahdmatingeiadividual celld t adhieree d'He fivatingearosette

fetal human brain. Studies on rodent cells indeed
lump8dVerattRed fah hemfRklcoal - -
Cumr?eurogen?esi S ﬁgﬁ%&’oﬁ FG:szé%f c():r% aéﬁ%??r%g{ {%ﬁygﬁgy%{tﬂgl

. . . . onl i

metGEIER SRS PAaF et LB R Atk b e
v ReBlrSlngf s 4 Bhas S3868 007 el b Sheer2 o

invitro l%!gzlnerat I on of neural tube-|ike structures and
ng/miel QaYaniiythe piiicenaypidieuraldiferestiation apddsalation frashly

their differential adhesion provides a sinple yet
sepasttedgedralustiprs and thef fat apdla defhibéhigdiwererdi&®ciated with trypsin

cell-derived neural precursors in high purity.
(0.02596 ¢ DI1GRIHDTA} bed sbusted. CRid p&rebhtagRendfasitativg héural pRRursors

neur oepi thelial structures and their | ow adhesi veness

(rosétfe (}35"%? & heubt Esllfﬁﬁ%?élﬂ fedPROM ES ddiS Wit 65tinkR based

I sol ation of neural cells wthout significant

on SRR PRBo MR O BN EF AT en gl ©

. rocedure, is. reflected hy the fact that nore than 95%

diffeiafien poigriieb 6l e FS Celbiebien wohtal pacyBers, ol wers cultured
phenotype and no ES cells or non-neural epithelia are

on Oﬂléfd’lé!@/éml@lni subsiraiss i amestivmsiopisisting .of QMEM/HZ, N2 supplement
undi fferentiated ES cells and precursors to other

(Gibto)neAlyES (1adynd/onl)nandrBDBIFE 0 righmEiReproTeshiewithdutehe presence
generation of purified somatic cell populations is a

of FGEY. FoebigoddsridrecyterdiffdrentiaticH, onaes cé]f-?{é@éiﬁhéur%ﬁﬁ%ursors

neural transplant” strategies. [0085] Follow ng

werel 6!.?({&?@& ﬂﬁbgﬂil\‘ﬁ SupBleméMEd WERY 36IBEY ShdPiatikt ddtfef Browth
cell derive

factor A (PDGFA) (2 ng/ml) as described (Zhang, S.-C., et al., supra, 2000).

Morphological observation and immunostaining with markers for precursors and

more matured neural cells were performed during the course of differentiation.

[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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neural precursors incorporated into a large variety of

brain regions where they differentiated i nto neurons
wanwsgkiao The failure to detect mature PCT/US2004/027841

oligodendrocytes invivo is likely due to the | ow

tquicﬁné%B&deeg}grQ l Brpgs Igf@fnfg:jglgéga\tlérg Efg{tt:lr%:seménc t|mmunomf‘a|n(—3d with
counterparts (Svendsen, et al.. Brain Pathol.

the fajlaydng primary gatibodirs ﬁ@#&@é@d Py apprepriae flupmscent sespndary
were not restricted to sites exhibiting postnatal

antibndigsatgdaibe slsbwheree(Zhanigs 8.-Coueidali, rsupean200h &hanggB ofs et al.,
of the brain. Simlar data were obtained in studies

supra,Magoyi Ratitieviinpelytivhal Bifodf DHRMEKGY d¢ NINBS, 1:1,000); anti-
precursors into the adult rodent brai n (Tropepe V.,

polystlyted né@ﬁénaﬁb& adié¥iort fiid&i QﬁgﬂdCAﬁ‘%ouse > IgM, gift of Dr.

I nCorporation o |nd|V|du pre ursor cel'l's int

o Rl BTG U on o
o s Pl 5. T P B Bt

I ncorporated cells acquire region-specific properties
1:1,09Q% aﬁtmanWPdﬁmrnpe@cmpoeclopebseﬂ(WQQD Ode(mouse IgM,
exception of intraventricular clusters conposed of
hybridemar superdaiamivet: 60 anétysine ingrorylase(TH, PeloFreez, 1:500). The
space- occupying | esions were detected within the host

remaliﬁlﬁg BdtibdBies WitbaRIn Sidiaal &ind \@ﬁrﬁﬁdﬁh B I@@S1 500) anti-

obsérved during a postoperati period up to ei

nourdfigiRpt G e hokBe foGr L gPthr ARGRe %ﬁ@ip%??lh@ i%ﬁm anti-

be reqw red before consideri ngl potential clini
MAPgabI(meatee daS; 1an0)rathy-rRnekityrie Asid (GRABA polyclonal 1:10,000);

precursorsisolated fromdifferentiating hunan ES cells
anti-glutanoateq maysedg&ntl : £0,00@)r Fomyoctmueoxguidine (BtU)riecorpbration,
repair. Experinmental Protocols [0087] Culture of ES

4 coﬁé%lhﬁculttﬁ@s aebhéh g E&.g)s\ﬁéﬂﬁlnbﬁbé”@i wM'?Z%M@f BAd %r Qﬂ@en

a clonal line deriv from HO to 46 Am t

rourf et ﬁ@cpﬁ@r%s%%%ﬁg@%fwﬁtﬁahﬁeaﬁeﬁy%.Jaea%surﬁdmwN
HCI %L%c@%gﬁgqrémpﬁgﬁmg@ﬁ cel?ggtlnft}negd fang}J l b cceq( al., supra,
2000; Zhang, S.-C., et al., supra, 1999).

[0091] Intracerebroventricular transplantation and in vivo analysis. A

suspension of 100,000 viable cells/ul 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
newborn 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%
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(DVEM [ F12, 20% serum repl acenent (G bco), 0.1 M

b- mer capt oet hanol , 2 rrg/ m heparin, and 4 ng/m of
wOeGhkB/ePepr oTech | nc. Rochy H 11, NJ) as prevrPougisgoo4/027841

descri bed (Thomson, J. A, et al., supra. 1998).

al. e l.lnes at the.. °
paralgpiiefRBe BB S ARt %%% o erl s ndFE seing Bive at4°C
cultures of ES cells. ES. cell cultures_ were incupated .
until Yse.n Dgingp selis wer identified im54-umy coronakvibiatomerspctions by in situ
m nut es, which renoved ES cell colonies intact. The ES
hybridiziation aisiny @ sligudige nireldbelextiprabestosthe Mdethn aluBpeat ¢lement
medi um wi t hout FGF2, and cultured for four days in a

(Brus?t@r O1let 4IS . BidtEEH. el 6+ 1 @1 Oy nmgwdr@r@eﬂwddy 5RO HTaN-

change. EScell colonies grew as floating EBs whereas

spec{’;’H&ynOHe ] Ceﬂt @nl(RAXIS g Aﬁbﬁgpﬁrﬁgpzolrﬁﬂﬁﬁn%@@% Z:rlgﬁr‘:ﬁ were

WET'e T enove r‘ansterrin

cou A R sk d1AEL -ahﬁxaetsﬂﬁ”@ﬁﬂ%' 41U, Babco,
su enented with insulin , transferrin (100

1:50%%523@(@9&& slanes /@-@C’rﬂr)d Hﬁer €360 eandephosphorylated
sodium selenite (30 nM, and heparin (2 ng/m) in the

medipneamimm;laxfwﬁ@ﬁﬂh(Jriﬂnnxdund)fjla(néha(tgonél-lmﬂ4&11 :58), a,gift of J.
supra . 2000; Zhang, S.-C, et al., supra. 1999).

TrojardWaRl). IFfthary atibdafbstiérled éte SedRHA B ropfigEURIS ng)l?@r'el-s

To separate the clusters of rosette cells fromthe

con GG PR A58k bsoebE, VAR B BRIt 2 anc

Leicr%settse clumps retracted whereas thesurroundi ng fl at
L ESPE S HEGC Y ferent . At this point, the rosette

cl unps were di sl odged by swaying the £ ask, which left
the flat cells adherent. The clunps were pelleted,

BEXAMBLE 12t GENERATOR @F%IUBH@MNDO@WNE’R@'IGQNE[DR@NS
a culture flask for 30 mnutes to allow the

[0092PNt ami M ffdt Reep flatl Hodntief bpplidatioAddtém cBthéﬂaggtm ng

rosette clunps were then transferred to a new f

r
rordELSA ok BB el b e
.h

posUBYE A R O AR, 18R S5 i oo St o

quantify the efficiency of neural differentiation and
functiongl depaminergies(A) neurons from human embryonic stem (ES) cells
through a specific sequence of morphogen actions. Treatment of human ES-derived
neuroectodermal cells at an early stage, before the expression of Sox1, with FGF8 is
essential 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
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separated cell clusters and the flat cells left behind

were dissociated with trypsin (0.025%in 0.1% EDTA)
wanasmeunt ed. The percentage of putative neuraPCT/US2004/027841

precursors (rosette cells) anong the total cells

Lffereqtiated fromES cel aj ne
as et Uk ARt Arafra G of et R o s e aﬁﬂsf?t Invariably
anal yses of the differentiation potential ,of the
loses: s ptfigary abd Hredueas Frriaug it slfeets) | Bl ANl By factors
ornithine/lamnin substrate in a nmedi um consi sting of
suchpsrpliat cell ling-deriped savratropGidiasior (GANIF) haobeen shpwninde
BDNF (10 ng/ m, PeproTech) without the presence of
effecti®& a%@ialbctlirM&iH:ll(GwSeS.d it Biey Mat. iMéd. ©5894895FE2003). This
cell -derived neural precursors were cultured in DVEM

therapyRPOAERIRHRAI W & sﬂﬁmb@t REMberf SHWI% eIA H@uﬂo\ﬁ%dand its long-

grow h factor A ( (2 ng/m) descri bed (Zzhang,
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re, matured neu re erformeddr n
neur%%lrdse@eaﬁr%m 88l fenSopoftoitstiean BiveretAsEn alkmative
i mrunohi st ochem cal staining To better_visualize the

therapydBiarkluny Aneng hindvell] Ouiat. NetFosch kb8 E54¢e2B00). doepme

with PBS and fixed in 4% par af or mal dehyde and 0. 25%
succgs$sftbecadese trpdsplentedifetal umidbidie cellx survive flos ower @ debade and

processed for enbedding in plastic resin as descri bed
contr{diteng theSrelief ofsyraptoms (Howdo w9 H., Ehal. ANl Engled. ped! s

were then sectioned in -nmthickness and stai ned

332: w#ém by Fogre Pkdis, PEQt all”NéFEQQ &&'o%bi”?o 13781 £RY &) P

cul tures’ weré i muhostained w l'ow ng 'pri mary

B R L A SRS PG RSy o ot toue
ol oo e B ok e, 24 g 20

of Ni NDS, 1:1,000 anti pol ysi al yl ated neuronal cell
Olangwh §sVVonetnall, énil. SHiBA0H 1o A93) g Vhege phepombna age
Rougon of University of Marseille, France, :200);
indicative eMheacdmpléxity ef PDg @ raiable, sén&wablle. sobk@nof functional human
Uni versity of Tokyo, Japan, 1:500); anti-GFAP

m1dbfé]ﬁ|D/A? henfdns |@Q}ﬁ§ent rieé&Qi) for grg stéiHéWstﬁEﬁBf the genesis of the
(Sternberg nonoclonals, 1: 4 (mouse I gM

DA SRX% jﬂﬁfﬁoi&??hﬂﬂ%@? reé:glgg)ctle S%Mva'i }?h&?uﬁ'&lon of DA neurons,

and development of the sustainable therapeutics for PD.
[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-

156, 1981; Martin, G.R., Proc. Natl. 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,
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remai ni ng anti bodi es were from Sigma: anti-pmtubulin

(nouse 1gG :500); antineurofilanment (NF) 68 (nouse
wO0g@s5/021729 000) ; anti-NF 200 (pol yclonal, 1:5, 080Y/US2004/027841

anti- MAP2ab (nouse 1gG 1:250); anti-g-am nobutyric

200 g eces e bpbi b M8 L R o o

|nc rporatiQn coversli ultures i ch group were
SHH| T BRRon i cH o e ot ot e A IIRCE Belbust SvStem to

t he cultures were fixed in 4% paraformal dehyde,
indueghuinandzsS welis (Framseni b et gk elcienee Qﬁaﬂﬁdrsab‘eﬂ H§98) to

and cell counting (zZhang, S.-C, et al., supra , 2000;
diffeignéiatp in® néliroettogiermabogltsa(Zhah§98)C., EDAIO Nlat. Biotechnol.

ntracerebroventricular transplantation and in vivo

19:1 9@ Y88 5200 1) tAHE RERSEpRRsE fto FEFDLRI SHIP| forebled aNaNGS
prepared in L15 nmedium (G bco) after di ssoci ati ng

prop@ﬂﬂgqg@/ﬁéeﬂ q}g'%h}r%r%@r‘%ﬁé&ro Az réét%ﬁlsc*t'hd;s. (R34 found

nati on fr bel ow t h 2~3. m.of cell
that, émgrs@ré? iR eae® S1A 3R s i B AP RGO matienal phenotypes,
%&e ventricles of cryoanesthetized newborn mce N
humaresReeslisdgauire gxpesetad Gird Refare neersaneallsgsones Sey
by daily injection of cyclosporin A (10 ng/kg, i.p.).
expregsing neroectglermahdells. ght weeks fol | owi ng
transplantation, mce were perfused transcardially
with Ringer's followed by 4%ar af or mal dehyde. Brains
Resulisr e di ssected and post-fixed in the sane fixative at
4C until use. Donor cells were identified in 50-nm
coronal vibratonme-sections by in situ hybridization
Humas iE8rderidéd)neimpectoddralaé telts displag & forébrairhcit@actru
repeat elenent (Brustle, P., e . Nat. Biotech.

[0095)6: 104@ES G4H colbaRs) detacheddrdrh @@Edéﬁla@eh%@&mﬂmréd i
nucl ear antigen (MAB1281 , Chem con,

suspbABBA MR dreyAtes bt ﬁ)u\‘*’%bgs fiPekl &l gﬁ@@ﬂ?ﬁ're‘ﬂ‘ll{rﬁ a?q_&e{r grown

anti bodi es to G-AP nestin tub

in an%rve é.g@r%ospﬁﬁ?a}??ﬁeﬁhggﬁ)égghrﬁerﬁﬁe@@uﬁgeﬁ%. %M{glnrng FGF2
(20 WYRPTABEAS 2050 LBk, Eneit Bie Bt ol Heveloped

appropriate fluorophoreconjugated secondary

colurghar meRhalogisand fingd updn @ resaity i@rmaiwnzarpgsd Aayaire (Fig. 4A).
and

These columnar cells were positive of Pax6, but negative for the pan-neural

transcription factor Sox1 (not shown), indicative of early neuroectodermal 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, L.H., 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

transcription factor expressed by midbrain cells (Davidson, D., et al., Development
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Leica | aser scan m croscopes. EXAVPLE 2 - GENERATI ON

OF M DBRAI N DOPAM NERG C NEURONS [0092] A first step
woawaridipot enti al application of stemcell therPapgsSeiw4/027841

neur ol ogi cal conditions is the directed

GhEenenthatidpn _of,, neural ]S W g
104:30:31B0 TRp SRSt s B B PGBt 126 20E5 Fuzs. dhgf). o
rohust generation of functional dopam nergic (DA)
Suggﬁéﬁ%ﬁsfgf%r%ﬁwqﬁawy@%lﬂejt;hv@oae@ﬁr teé)ne@mcéoe(iwmjgw"a
speci fic sequence of norphogen actions. Treatnent of
human_ ES- deri ved neuroect_dr mal cells at_an early

Industiomef midra notype regiiies eanly action of RGE& FGFS is
essential for specification of DA neurons with correct
[0096] dbr ai frermifferenitistion tm DAenewoas, praectpdesmalrtelsiin the neural

vitro generated DA neurons may be used for
tubetlieiroséttas wate endchetbihreughudiffesdntiat eagyratic and sddesion
potential cell therapy in Parkinson' s disease. [0093]

treatPRInk (DIsats'S. Al sqan e (b, 2009 ,'éxﬁaﬁ&é’@fcﬂ* odr Eégé ‘é@.agigre ates
ha e P

degener ati on of DA neurons i '

m dbr ai n, peci

TN P e EMA P PR R g g o
with %Hf@ﬁqqgléﬁ#‘fg?n‘%b%@%@E?f&@%@%ﬁﬁglﬁﬁ? ngol%‘?yé?py ' |
invariably | oses its efficacy and produces serious

Immuneeyteshaspical anglyses wvealeddhabihegrashmajedytafitiesuch as

glial cell line-derived neurotrophic factor (GDNF) has
neurpeefndermalcells romaiigcpositiee far Bf1 dubhbt fdribri-d ghot shawn).
(Gll, S .S, et al., Nat Med. 9:589-595, 2003). This

[0097her apyThefdildrsloPPGHFSAD indised Sbgi ‘andurbesidterdél cells to express
surviving DA neurons, and its |longtermtherapeutic

En-1?§§f§§|‘%isathaf ﬁi@%@% -b?plké%lsing;"r?eﬂrbgé’&)ﬁgrmﬁggﬂﬁ?ﬁa)%etrgﬁactory to

nature of neuronal degenerati on,
; aki 0 en..proposed . as_an alternative
patte BB A SRR ST BeoRRRAFEI 8rEPofiafid Bid Beks afer
... Neurgsci, 3:537-544 00Q). n sone successful cases,
diffeiPHAG3T GHPUHANGES Coks GRAATaleRdDIaSHiAra8 araarye horson,
decade and contribute to the relief of synptons
JA., ek ahasueia, 1998)) andiformed neuial tube-tike sBaciuras, 8hay eay
1995; Piccini, P., e, Nat. Neurosci. 2:1137-1140,
correspBAaY to the neuroectodermal cells at neural tube closure during which
neuroectodermal cells express Sox1 and are regionally specified (Lumsden, A. and
Krumlauf, R., Science 274:1109-1115, 1996). This led us to hypothesize that FGF8
may promote midbrain specification before neuroectodermal cells express Sox1.
We thus applied FGF8 (100 ng/ml) 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

condition, En-1 expression was observed in the nestin-expressing neuroectodermal
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al t hough the recent controlled clinical trials cast

doubt on the efficacy of fetal tissue transpl ant
woheosapy26or PD (Freed, C. R, et a]., L Engl. BCTNSE004/027841

344:710-71 , 2001 ; A anow, CW , et al., Ann. Neurol.

cells g 5N 0 e Bprehre SUErRINEr SndkSsed Par Tour B ofnus.
fu ctionlegumanrri bra%'n DA neurqns _is urgently N
neurﬂ%&eeerm%rc Is werestugippts fagignalized hefeyetbsy Hespmenzonia.

system pat hogenic process affecting the survival and
function of DA neurons, and devel op
egienalizgdmgureeetpdernal gellsdifferentiafe i
shown that DA neurons can be efficiently generated
[0098} om nolheenegosstddermahtells weks dissociatedfaruhdiffieecritiated in a
cell mass of pre-inplantation enbryos at the
neurdl diffemnyistios nagniumEVENe, dittinbt eaprbssastagabpedifitiembryonic
Nat ure 292:154- 56, 981; Martin, G R, Proc. Natl.
antighbgad ' '
e R e Y orig Rl HgHy et bood PY SRkl P Mufan E

first induc ermal cel
S qi < 1B 18- - 0 r
collsp e diShadteqs gL oEnatiels R Y bugeef). e
A . - 31-4 .. B i, T. j .
formeg ogitisisdbpio o M dayoBiaratimoTyey i ekendéd brocdsses and
_neuréﬁ%t odermal cells are subsequently exposed to FG-8
exhigitad pRisUMEYPIPY.oAt thien Maeks afien differentiation, ilboutenelshird of
we have established a robust systemto induce human ES
the tetal differantimied aell population(31.853i186 d¢1 28Ms bf 47, 96dells counted
1998) to differentiate into neuroectodernmal cells

from (fdineexperitadits) wereaposititéafor tFosinechyaRbxyldds Fh). A
2001) that, i)n resi!p))onse to )EgFS and SI-YH, ggﬂgfr)(ﬂ%d a)

similaPp&reeRIRRBATINCAs s Bﬁfﬁ%ﬁ% Bot W@gﬁ{j 41 human ES cell

proj ecti on characteristics. e oun hat , I'Nn
. t it h pd dbr.ai ' '
ines 5% TiPoAERRS Pl kAP0 o g LR Bbker
ol eF GBS bB Rk S el anar e IS APtne TH

neuroectodermal cells display a forebrain character

cells weoe stainey pepitivelyIvith aseutrnaiorarkier fotubuling eeronsayabout 50%
ver e cultured in

were TH™ (Fig. 5B, 6,383 TH" cells of 12,859 By-tubulin® 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-methyltransferase (PNMT), transform DA
to norepinephrine and catalyze norepinephrine to epinephrine, respectively.
Immunostaining showed that all TH* cells were AADC (Fig. 5C-E) although some
AADC" cells were negative for TH (Fig. 5E). However, TH" cells were negative for
DBH (Fig. 5F) and PNMT (not shown), although DBH strongly stained noradrenergic

neurons in the adult rat and embryonic monkey brainstem (inset in Fig. 5F). These
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suspensi on as aggregates for four days in ES cell

grow h nedium and then grown in an adhesive culture
wdaizeds/o2rr2a chem cal |y defined neural nedi um coRC&iUS200g/027841

FGF2 (20 ng/ M) (zZhang, S. et al]., supra . 2001).

C,
I j I [ vel o ol ummar
data 3flogRs el 1 TAroRtaSTd fRulRsTaREEs BofihabPaRca it ate
day njine (Fig. 4A), These, col ar cells were positive
necg5Rbpbler dopanive Sutthesisr grd fiv Thass newoms aTb 4 BenssgRther
factor Soxl (not shown), indicative of early
than narpdresergie ofr@drenargis neoyens.anot her five to six days
(day 14-15), the columar cells expanded and organi zed
into neural tube-like rosettes (Fig. 4B), and
ES cellinenesated $94 hepRing dignlpy raidbrainpbenptypes f act or
expressed by definitive neuroectodermal cells during
[0018@Lr al RUHRCRIarmlyses(ifdicated thatiNurrdt Limhx1b, Bav ¢ lapdrRir8, which
125:1967-1978, 1998). They were positive for brain

are ihesIved il BiidorairP DA sl 6h ideteepnicHt (REt&rsrbRS FEA. Bt al., Science
forebrain cells (Tao, W and Lai, E Neur on - T

276:%%§>-35023§?7%§$@athg/§ﬂ, &?,ﬁgﬁéb‘gg PI(%‘ILI AR &k %9&5@365-1 3310,
1097l B ho o8- el el Nef A S Ui gpiaot-4ota,
1908 3V BlTh . Stidhr o, Gal s 259 (31740 296 st M.P., et al., Nat.

neur oect odermal cells. Induction of m dbrain phenotype
Neurosgiu 33y -84t | 300 tSimenoH. eS8 a]. 0 Médurbsei. 21:3126-3134, 2001;
differentiation to DA neurons, neuroectodermal cells
Van den t\ienckbiof,&P., etigle- Dékelopment 1 86:26862542r POb8AINLIAEHUG Rt al.,
differential enzymatic and adhesi on treatnent (Zhang,

ProcSNatl. Rkad! Sci, BN 1300:42@&11)25092[@%5;)3 Rr Aot EQMetsﬁQ% 3t 8%igh

aggregates I nh suspension Wth , and were

v B8RPt SR HESAA SR B AT b

I nocyt ochem | . anal s reveal ed that the vast
immiyRARRS GeElRe Bt PR Bl el WP bl hemicAsass co-expressed
positive for Bfl but not for En-1 %not shown). [0097]
the migbrainimarker 6n-FirBetiidel doige 68dx ThueulP Adausoes generated using
cells to express En-1 suggests that the
the aboxe-apppoactspossass.e midtiraihepositiores identitpy be
refractory to patterning signals. Since the
[00160K 1- eXDA Rt PethbolfRcRYBORY aftéd chprarkaaafit®utyric acid

(GABA) (Kosaka, T., et al., Exp. Brain Res. 66:191-210, 1987; Gall, C.M.,, et al., J.

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" cells, 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 ventral tegmental area, co-express

cholecystokinin octapeptide (CCK8) or calbindin along with TH (McRitchie, D.A., et
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differentiation of human ES cells (equivalent to a

si x-day-old enbryo (Thonson, J. A, et a]., supra,
wa28Bjop1and formed neural tube-like structuresPCrusgo4/027841

may correspond to the neuroectodermal cells at neural

be closur g cells
al. J, L0t SSRUEE B TIS0, @é@nﬁh@ﬁﬁb"c&fﬂa Neifosd R09% 2124,
nd Krum auf, R, Science 274:1 09-1 he 1996). This led
1980)s Impunpiisteehgpical ﬁ'&@')’@%‘nﬁﬁiﬁt% Habtlee FHamiesrens were
speci fication before neuroectodermal cells express
obsepmdl(FigweS® huEhegsptalbindiraraurone verg/mostlyssmalheells. nido CCK8
when the cells in the colony center becanme col umar at

positivaycells veereAfdtestediin thkagdiuresl | s in the col ony center
devel oped neural tube-like formations, as seen in the
presence of FGF2. These neuroectodernal cells were

ES céil%;lg' hardt¥d O hebikshs aﬁélﬁtﬁcﬁ@g@ailﬂflﬁ@ﬁgnépr four days,
then treated wt or six days on the lam nin

[00162pPsSt QHﬁnuﬁMﬁmﬁ@éFﬁavﬁéd fHah 8l M urBRs eX%Prebsed c-Ret, a

expressi on was o bserved 1 n the nestin- expressi ng

com&ﬁ‘h%rﬂ E’f#j%{%@q’éxgﬁr@iﬁgﬁk 'ﬁ_!fﬁ@woﬁtg%?%é’\?ﬁe cells,
espeﬁ yRE55e ah Beensedsiat oS eipromad vasieUiErmoBeebii wapsporter

|Is differentiate into DA neurons [0098] The
2 (VMéifﬁoétg d&:=F hawhiel IS respensiblg fos parkaging degamine into subcellular
differentiated in a neural differentiation nedium

compdréyenisdnmoneapinesewons Nisermerf) M. £ et glonl. Neambsaiehs:4135-
4 (SSEA4), a glycoprotein highly expressed by

4145)11906. erremdm@drmﬁﬁmoﬁ@ expldssed YR apichhysinc aah&fhbrane
neur oectodermal cells, initrally distributed evenly,

glycd_Pﬁ%t;e‘i’r’f Eg AtRs & %ﬁ?ﬁs’érf@ﬁnéﬁoﬁ gdﬂaﬂéﬁsf\l aéﬁ(féco‘lﬁlfgr' RH., J. Biol.

n exten processes bited p

I fter differentiation,
Che'ﬂog§§%4ﬁgxf2h4%§g E?&%%@?qe??gﬂ differentiated cell
ul at on 31 8 .1% TH cel|ls of 17,965 cells counted
001930 §§ afupetionsdingllinark f DAyagiypas High
hydroxyl ase (TH) (Fig. S5A). A simlar percentage OH
peﬁ%mansemylcb@trameé@gmpbvh( £) analyses revealed theegrasente of
lines. Most TH expressing cells were 10-20 min
dopathingth éie mBdkiym &f DA diffetentidtionultaresywith 280 8¥44 Wﬁdﬂml in the

differentiabl e axons and dendrites (Fig. 5A). Al the
cultufids treated with ascorbic acid (AA), FGF8 and SHH and 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 cultures (Fig. 8A). However,
depolarization of the cultured neurons by 56 mM KCI in HBSS significantly increased
the amount of DA (35.8+9.2 and 111.0+15.0 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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cells were stained positively with a neuronal marker
i n-tubulin neurons, about 50% were TH (Fig. 5B, 6,383
wosakio of 12, 859 #n-tubulin neurons from f oBRCT/US2004/027841
experinments). [0099] n the biosynthesis of nonoam nes,
hydr ates .tyrosine ta LDOPA which i .
100190),02 . EikErBb R AHER) eoldings Visse e B chprimipgwhether ES-
An%[ﬁr t wo enzyrregj DY ?H and_ phenyl et hano| am ne
gengga Q| RSUWRRS BerR r(qhgmyy agtives Jihells mpaiptained in culture for
. horepi nephrine and catal yze norepi nephrine to
thirtyeiel thishheight daysa17dd). thelrestingrmendyeate motentish Oved) rahged from —
all TH cells were AADC (Fig. 5C-E) al though sonme AADC
32 taeV 2 sn\Wigisd +aemiV)veell capabifan€e ¢C, pRaIngeddvarer, toWs pF (21+2.7
cells were negative for OJ?H (Fig. 5F) and PNMI (not
pF), ahaWiut rabiskmea R )$éﬁ§€lﬂfrbﬁa§4 fbe§56@mﬂggmey 4389 MQ).

neurons in the adult rat and e ryoni ¢ no

st . . . hat.

Dep@A-tif et SRk (0f2. GA% 2006 boo ISR elgiRESholftion
are necessary for dopani ne synthesis nd that these

potefiidisr i TEREVER Rt AeCiemerinG FAIRe FbAatReehfielsgrere
adrenergi c neurons. ES cell-generated DA neurons

obsefyagh (g @picichiln Ppﬂﬁ@ﬁdﬂtqtgéfsalﬂeb’warpsmd pargeth foyse26 to —5.2
indicated that Nurri , Limxi b En-1 and Ptx3, which

mV (at 4it2vionygdamdh pedkid at -#9.5A0r8umvh AlR\salpionEh2 mV were
(Zetterstrom R H, et al., Science 276:248-250, 1997;

obsepred {3249 8 mV et ARIduratirreangdatitom Acted0.6¢hs (15Px1.3 ms).
94: 13305-13310, 997; Saucedo-Cardenas, O, et al,

i Iq i 4R 1 998; wallen,
SpoffEReoy o e e RS IEU B, "o ot P
al., . L.43:.337-341 ., 200Q: Sjnmon . H.
1001851 1~ In\Blipg R4S thon o] iz Sty fiients viere
obsqb 4| celnof iy, GOY el eiag.nausidon yared considerably,
100: 4245- 4250, 20&33, were not expressed at a high
Inware garrenis: werenasiivetast fapiilly (el mekland peakeddiitifieedmsat Adtivation

into DA neurons (Fig. 6A). | munostaining reveal ed
threshodd walss80FHno\E| haximdi peadicuireht amplitiRizswas obtained at a mean

co-expressed the mdbrain marker En-1 in the nucl ei
voltagidf-188).0 M7usnd BArrBRtY Were &SI Bldekbd By tetrodotoxin (TTX,
n=3). These properties are consistent with the presence of voltage-gated sodium
channels that underlie action potential generation. In three cells we observed
spontaneous transient 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 cell 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 biocytin, 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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t he above approach possess a m dbrain positional

identity. [00101] DA neurons in the olfactory bulb
woR0@sm2cne express -am nobutyric acid (GABA) ( Keealha2004/027841

T., e al.. Exp. Brain Res. 66:191-210, 1987; Gll,

Diic%%i_gpet al., J Conp. Neurol. 266:307-318, 1987).
e i nmunost ai ni ng of TH and GABA i ndi cat ed t hat

t of re.n ive f GABA al t hqugh .
10o1fBE, "o/ Be SR astlTierenaa e fons? DA Gelishe wilh fildorain
Ao all. TH cells, 8% (8.73.9% 6,520 TH cells
neurogalreiedtipg ANARACESHOS GaRbR §§I0@nﬂy@@|ﬂpr%tsd dbqsn byman ES cells
GABA. Most of these double positive cells were snall
throyghyibireg sireplp nop-genatici steps:gndetion daresiroectbdeimalmells with
neurons, especially those in the ventral tegnental
FGFar specificatienpfesstrahmidtogit idkhtityrbyocG R epidi SlidH( or
cal bindin along with TH (McRitchie, D A, etal.,

neurbes®deMAHr fokmalierd: drtilditfePentib®8h of ek f&jidnalll Ay -
R e e B O or S el spekifedf progenitors

to D%E%SY&%%) UH%%@%%S‘% %Eﬁﬁlemr&ﬂ%%‘ge \é%rcg%lf%ag{géﬁﬁ which DA

N neurons Were no
No 8,positi.ve cells were detected in fhe
neurffs Wip Dok EERPE et osic o Rbein Mairuoxanded
biolggic [y functional [00102] | nmunostai ning showed
neurpgeo rmahqui'ﬁéh%f%-%xg}ﬁsm-&@&o). we haip doend that
the receptor for GONF (Fig. 7A-C). The majority of the
specifigafien los regiepalizatiphywitrhb&E Svhefbrenpracutsed celbsibetasne Sox1*

expressed vesi cul ar nonoam ne transporter 2 (VMATZ,

neuréegiod@nal)cellatis ebsérttial Gsmprsbust geheration©f Ridh DA neurons with
dopam ne into subcellular conpartments in nonoam ne

corretg ighirt Bha aidiodal phenotysés.al -+ J. Neurosci.
16: 4135- 4145, 1996). n a&dltl on, TH neurons expressed

apt i, rptein essential to .

10018720 SRS BB S05eM SPAERAEL R sPER Ve lody todrect

Big - (hem  260: 24534- 24537. 1994) éFi g. 7A-1). _
MOUsS %o%ﬂ SHB ST ORCIPEeTER Cefls, axpanddbewy Eeginnalizespnsnsicify them

.. DA neurons. Hi gh performance |iquid chromatography

with FFb8gndRbIH) a8 subseguently differanista thenointd dphumenorisy a

the medi um of DA differentiation cultures, with
stepwise [Batocol deveibpedby McKay and colleagues (Lee, S.H., et al., supra,
2000). We hypothesized that the same principle should apply to human primates.
Indeed, we are able to generate a large number of DA neurons by differentiating
human ES cells into neuroectodermal cells that express Sox1 and organize into
neural tube-like rosettes in the presence of FGF2 (Zhang, S.C., et al., supra, 2001 ),
treating the neuroectodermal 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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cultures treated with ascorbic acid (AA), FG8 and SHH

and 46.39.2 pg/m in the control cultures wthout the
wonrestoaend of AA, FG-8 and SHH (Fig. 8A). Wienprcuiusenoed27841

cells were washed and i ncubated in HBSS for fourteen

nourPHGird 28RN Aty raEinebiis Fved apd S chrentinggative

cul tured peurons by 56 MKCl in HBSS significantly

for Eiﬂn%éé@%lﬁ%@r ugtﬂggﬁstmﬂa%§.%@tez<p5$§§?n®msum9§mrmal cells
in the cultures without and with AA, FGF8 and SHH

are refragiome far speeifisetion (@ hymidbrajn faia) . Thenprosesd of nedrdestaglermal
suggest that the in vitro generated DA neurons can

differemtintioe fiofn hachanteS rcelle iseuodulidfe system parallels what is seen
activity-dependent.[00104] El ectrophysi ol ogi cal

durirf[gelﬁQii&B 88velvSinent Athrig SUEt, %nam'cal 200351 V}?Vivlgggm%ﬂ?é@hﬁ@ be

A neurons were functionally ive. n cel
o3t R G O el ] Snd B Pl 89 e
neur%é?t?ﬂégﬁ %pﬁlg%qe@%@g{uég%@ge E?Q\B%q pﬁg'hlgu§c agﬁ@'&cﬁé‘&%m‘&udy
resi stance (R ) ranged from480_to 3500 MN&1506282
(Peme-l‘beﬁcﬁlab_%@m@M%ﬂ%%ﬂ@?@m PO&A In cptiores dioe ns)

usually elicited single action potentials, but in
neurgestodermalacalls fden meweal ttuberlike aosedtesfarabexprese Soxmtafter swo
were observed (Fig. 8bi and ii). Action potential (AP)

weekdwidiffefahtiatiog édnt haman 29 dells thatar8¥qlivhlentdo b sibay-old
and peaked at -9.6 to 30 nV. APs up to 50.2 nV were

g (555eh Y, it OO RS e

irrn serve

: (A Q. : I e .
e 8, R P e, S b PR BB s o e

cells (not sho , but their relative nmagnitude
neurgEiub At eRle Ftasia And igsedeisednpemarela e plready

_rapidly '§i<l ms), and peaked within 1-3 ms. Activation

regiangdly sRecifiedasiringdhe procassaf meurg dake elasues (Lumspden, viand

was obtained at a nmean voltage of -131 .9 nV, and
Krundauf, &t suprar ¢986hpT ks ehgy explaiedhypthe ktmad EDxel-gendvated

n=3). These properties are consistent with the
SoxPegSeRSiAgdHeurobdtagemsalils 394k piBsess forebrain phenotypes are not
responsive to morphogens for generating DA neurons with midbrain phenotypes.
Our 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 En1, after the Sox1” columnar cells in the early rosettes are
treated with FGF8.
[00108] It is presently not clear why FGF2-induced mouse ES cell-, but not
human ES cell-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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channel s that underlie action potential generation. n

three cells we observed spontaneous transient currents
woheds/kedot he characteristics of synaptic currearais2004/027841

including a rapid rise and sl ower decay phase. One of

hese.recordi ngs was nade w th a K-g] uconate based
progp S TR rdtE SRk SRR oy Bo Blolated st tutture,
al lowed us to observe both outward (inhibitoz%% and
especily iy theREsease o | G (eahay. Lrig) al s Meusen48i485-499, 2003),
_ Although all fourteen cells were injected with
whichinagyypamly asspbynt fov the eqpabilityof expanded swusttES-denived
conpl eti on of the imrunostaining procedures. However,

neuraédttodérmdlecdls te blirespédified.i Oupdtuaiiéd on\Wes differberlistidbnTdf other
(Fig. 8E-G.D scussion [00106] We have denonstrated

projeldfib® nelpsns sUXH é@Qﬁiha%,oWéiﬁén%Fé‘?&qubﬂ @/itﬂ% BR&dent

projection characteristics can be efficien

obscl S o4 BN BF I 35S QSR LU, P

ith FGF2, specification of ventral mdbrain identity
9RBES and SHH duri ng neur oectodernmal fornation, and
differentiation of the regionally specified
[00109] genil?A NeufeNsAerRIgsoRisin severat @rearof thediraiys including
obt ai ned from nouse ES cell studies in which DA
midbraioy bypothatamus, détire, endiaifagtdrg butis. CEhe haras £8 wetlafepdrated
from expanded neuroectodermal cells (Lee, S.H, et alL,

DA neupirs in2RBMtudywedemisle iaidbebih prdjess DIN #AlirbAS. Most of the DA
regionalization with FG-8 before precursor cells

neu r@iﬁ@%o@ﬁex@%ﬁs"@ﬂ dWHE?é%%%Je&PPe%sﬁﬁ?%%\?ﬁ é@(’é TRis a

obust ‘generation of Human neurons W
majof FE O g YT B BoET BigeR; Toed el bupe’ ThEPE g

to direct S cells to neuroectodermal cells,
C-M-e%én@ueﬁéﬁ?@sgf%ﬂm rain. $hrreiarg at irast ve majergroaing of DA
SHH, and subsequently differentiate theminto DA
neureRs: these indhetsubatardiaprigreod9) anehinltbe ventrgl tegrentalredtea (A10),
col | eagues (Lee, S.H., et aj., supra. 2000). W
eachhgvirighdifferant tatyets (Bjeridard; Ardnacliiptealk [ uUHandbebl of Chemical
human primates. Indeed, we are able to generate a

Neurbahaie i Mer 2:0C1438id2e FraismiBkrinfthe s i(BfdrkEnd, A., Hokfelt, T.,

mor

eds), Amsterdam, Elsevier Science Publishers, pp. 55-111, 1984). Most DA
neurons in the ventral tegmental area express calbindin or CCK, whereas few in the

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 CCK8 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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human ES cells into neuroectodermal cells that express
Sox1l and organi ze into neural tube-like rosettes in
woheosprerence of FGF2 (Zhang, S. , et aj., supPar/US2004/027841
2001), treating the neuroectodermal cells with FG-8
nd SHH tao induce.a.ventral m dbrain fate and finall
an uiPieeanehed nttfi ! 815681 tof sath i Gine Sasoaevalsttent
. of the DA neurons generated in this way |ack, sone of
using e Rigpaprz? sell sYstem. cQuUpHata darpansiraies adeduisameat for
neurons, e.g., large size with conpl ex norphol ogy and
morphogessssuch a$ FaFdhtaant on eaady nepraestoderotad cslistwhibtle are
protein |l evel. The Soxl1l positiveneuroectodernal cells,
unspexcifiedafdrahe igeaatationt ofvaarly U%ﬁ'—rﬁ!nidbﬁhiﬁiyi‘bjeaﬂi@ Bl héurons. This
negative for En-1 but positive for Bf , suggesting the
may f@szgsﬂaireway%%@mr&ngwpe@g“érm@% %B|at§@ lahd e%?%naea iR 8fbryonic

or specification to a mdbrain fate. € process o

anc S84 A A458ABL B4 HR 5 A BoL R TR bl et
i g SIS R 10 e o, g B 7 Do

human gestation and Sox1l is expressed by the

M.Mpang Yaissdes h Neurasgl. 18:4484-4496 1995 Sterchadedet@h, Exp.
nmouse enbryol ogi cal study (Pevny, LH, et alL,

Neuk Vigl0oph825,1280 1)9 6Thel Badiro yeaedated hamarubA, ndurens also offer a
neur oect odermal cells form neural tube-like rosettes

syste doretoRice sy i ehdasHdmacentiom esfecting fdrfchepiitaldtdn@rugs that
fromhuman ES cells that are equivalent to a

may %ﬁ%gﬁé@{m@hq}ﬁ H@ﬁfbmmai&Tmmméyﬁ%pﬁgér%ﬁd%whﬁ ese

he projection neurons, 1nc rarn

num i R B Geea ol artuled PRTLORH SR CtFEin P arimal

neur oectodermal cells are already regionally specified
MOd@l§r i ng the process of neural tube closure (Lunsden, A

and Krum auf, R, supra , 1996). This may explain why

the human ES cel |l -generated Sox1-expressing
Methessr oect odermal cell s that possess forebrain

phenotypes are not responsive to norphogens for
[0013ther atﬁpﬁgglbsulﬁmc:déuman tEScelblings Hth@it-§Pleand Bir(p35-40),
hypot hesis that FGF8 may instruct the early precursors
weret gropegatiedaweeldp oaiimadidtet inbysée enesmbhicrtibroblisstsi®EF) with a
generation of DA neurons that have characteristics of
daily change of an ES cell growth medium that consisted of Dulbecco’s modified
Eagle’s medium (DMEM)/F12 (Gibco), 20% serum replacer (Gibco), 1 mM glutamine
(8Sigma), 0.1 mM non-essential amino acids (Gibco), 2 pg/ml of heparin (Sigma), 0.1
mM B-mercaptoethanol (sigma), and 4 ng/ml of FGF2 (R & D Systems), as
described by Thomson (Thomson, J.A., 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 morphology and immunostaining with

Oct4 and SSEA4.
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proj ection neurons such as large cell bodies with

conpl ex processes and expression of m dbrain nmakers
wandasoafter the Sox1l columar cells in the ear PgT/US2004/027841

rosettes are treated with FG F8. [00108] t is

[001’8%1?3‘32{&&@@&@'@5%@9“‘% hiisciof DA GGl el If-slwgman ES
C be efficiently onaI i zed after expans on.

cell olonias whre dolashredramMET lyeadydhe tisatment @famelca@ma wgth 0.2
of neural progenitors isolated from nouse spinal cord

mg/miwj dispaser(&pehatlidgngsitics) @indugrewneasiteating cell aggregates
presence of FGF2 (Gabay, L., et al., Neuron

(embéybid Body Pfor faM0days with aRiaigychaage lof B ealkmodin. They were
capabil ity of expanded nouse ES-derived

then @%W@ﬁ?éﬁ%hgﬁént GBbbFateqn Rend GaPREd drﬁ‘éon@éfln%bPﬁbil\)ﬁ?M/FQ

on the differentiation of other projection neurons

BT AR et o
O Ve e W RS A——

areas of the brain, including m dbra| n, hypot hal anus,

and fpgppﬁ@dlyﬁgabq:qlg@pglay apunskdayraix. INetaeetgdermal cells, exhibited
cell -generated DA neurons in this study resenble

by colirdbancellspergasizingintdreumral tubeslikeMusettes, wore dévelepedats
do not co-express GABA, vvhereas co-expressi on of GABA

arourkhday fburteeh (Zha0, By, et al. duprhf 200 P W@%étﬁkbﬁfdé%%@'\ﬁere
(Kosaka, T., et a] supra 987; Gl

isolatedRhfbu hltﬁﬁ’@entlﬁl éﬁ‘%m‘?éﬁipfe%bﬁﬂ Eﬁlﬁ LS‘SC? ﬁg%@?@_&v\@%ﬂ

maj or groups of eur ons

r al nt 0
Gro“@la%]& aw%@e %ﬁ%%‘?@ﬂig r%oé{rge Pgﬁgﬁi i |on "éfb\l e
. \{ }-Esrdbook of Chemi cal Neuroanatorry , Vol .

reglogahz@ '8§§?‘€%Iresltf snitters in the CNS (Bjorklund, A,

Hokfelt, T., eds), Ansterdam Elsevier Science
[00113]bl i s eurgn diffsrentiations The evisichebheuecoeciodernmaltdels were

ventral tegnental area express cal bindin or CCK,
dissocizded by 0L €26 %Itryipsin and 812V EDTIAINEPBES dt/d7RCtfeR €-15 minutes

DA. et al.. J Conp. Neurol. 364:121-150. 1996;

and ;)Ll_lgl‘égsirft% 1E-mn€b0\?€rshp§\l%‘ﬂé%ﬁted ﬁltRQ% okt poRBHhithine and 10

ug/ml laminin) at a density of 40,000-50,000 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 ug/ml laminin, 1 pM
cAMP, 200 uM AA (Sigma), 10 ng/ml 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 al., supra, 2001). The
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362: 400-410, 1995). Qur observation that the human ES
cell -generated DA neurons do not co-express TH with

WQGhKB/0er72¢al bi ndi n suggests that these DA neur 8as/US2004/027841
resenbl e nore closely the substantia nigra DNA

ot o A Ve 54 OB S B e oo

|ate r i on ent it such as m dbrain
(1:5Gnchmou ﬁuﬁé%@@cfmym&pv@gﬁmmm #licies hybridoma
di ssect the early phase of neural devel opnent using
bank) niabliireti-Box d 411 15099,snabh1t agtirhuwnaam ndslin (s 20Q), eabkit anti-AADC
requi renent for norphogens, such as FGF8, to act on

(1:1064))) sheeguante Dgbt) €1 400),andlse anttisghaptophysiafes00) add rabbit
for the generation of early born mdbrain projection

anti-O8KBUR 2060, allfrém ThermitBh Rinfoldt ag-TH @1 060)%mouse anti-fll
progenitors isol ated and expanded from enbryonic and

tubuF?r?'r'i BO@?%‘%& QHtl-@A?BRZ1 '5665 Bh& nidUse2oht- éﬁg@d&{ Efjéﬁ’ﬁ all from

refractd ry to generat proj Ctl on neurons

sl e ME a8, Bl

rol . 170:317-325, 2001). The in
Goakﬁ'itke-%%r(éﬂ&@éanﬁmtﬂﬁ@m*rém%ﬁb1QD@onihff@m Sagja Ceug); rabbit

for toxicol ogr i cal and pharmaceutical screening for
anti-Bfie(#i:2Q0Q giftfroo LigrenztBiudeyy Axftibedy-anligen rééctiveLwas sevealed
Studi es are underway to determ ne whether these human

by a@kopaateaﬁhmmmoﬁ-ctd‘umgijet@d segbhdarg drgibody diCHN rickei were
functional in PD ani mal nodels. Methods [00111] ES

staxn@@'Wntf?beélﬁﬁ%%ﬂu Sinfiey %glwéd esd with 4 Rﬁ%)l g@or@%nce

), were propagate yonlrra

40
e tS.( ai |y change
mwf%%?%- %‘3 ??étgr omﬁv‘f AR a8 sl penkelRire used
Du). becco : s /| F12 (G bco),
as PO EnidFTs 651 MEBY Of Bebeaitodios, pERDE R ENaEY BAG ARds. 1
mM non- essential amno acids (G bco), 2 ng/m of
neurgisaRsmitterssi heaptiveycantrals yer sm@etcrm cpmﬁtmg thsi primpry or
and 4 ng/m of FGF2 (R & D Systens), as described by
secomtarysantibotiemindhe imnmnostainiag.prosethres, CE3Hunting was
Differentiated col oni es
achieved blindly by using a reticule on eyepiece and a 40x objective. The cells in

ten visual fields were randomly selected and counted from each coverslip.

RT-PCR

[00115] Total RNA was extracted from cultured cells using RNA Stat-60 (Tel-
Test, Friendswood, TX), followed 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 mMRNA abundance with denaturation at 94°C for 15 seconds, annealing
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were physically renoved using a curved Pasteur pipette
and the undifferentiated state of ES cells was

woanfsioemed by typical norphol ogy and i nmmunost aPQTg2004/027841
with Cct4 and SSEA4.[00112] Differentiation and

tome BB LRI Yo PLofS e P S hdnd YR Ao 6B

of, th [ture with 0.2 ng/mM of dispase (Roche o
e'on%tﬁgrﬁgﬁpcfgs ﬁﬁﬁecav&m Nggativyeaentfg) was achigyed By oaytting

(enbryoid body) for four days with a daily change of
transpriptesk duisgireverseHeansagption aeaDbfosample divingdRERenthe primers

substrate in a neural medium consisting of DVEM F12

and gr2dagt, leagihs| vesrerdseidllowsh GEPDE (36ACCACAGVICCATGCCATCAC-3,,
non-essential amno acids, 2 ng/m heparin with a

5’-TO®N®@WC¢@FG¢T@(§TGTN®?45@%}S?; Niye1 - cel | aggr egat es
attached and forned individual col onies at around day

CGA@Q&;CT@G‘T@W@Q@@%CA@-&S 5'- ﬂ&@}rf%dﬂ@é@@é@é‘é@g@m-&

S organi zi ng 0 neural e roset

dev (£Lhang, S. , et a].,
858 @p?k%@ﬁﬁa%ﬁ@%émég&g re isolated
rough differential enzymatic response (Zhang, S. , e
TTC(;?C&@W?@G%%%N@-@M%&M%'em&aé@e added during
the course of differentiation to influence
CGGAIG GRANAGT COTACTGRCrR TG TAGTIGAGEET TGCASAGRA-3', 218 bp);
differentiation . The enriched neuroectodermal cells
En-1\(8r€CATESOTTACAC THFCCARBI,I5HBCAGTCT CTEGGCGRTETPATT-3,
PBS at 37 C for 10-15 mnutes and plated onto 12-mm
162 tﬁgyersl ips (pre-coated with 100 ng/ M pol yom t hi ne and
ng/mM lamnin) at a density of 40, 000-50, 000
cell s/coverslip. The neuronal differentiation nmedium
s of neurobasal nedium (G bco) suppl enent ed
DA a: 8 .1 mM non-essential am no acids, 0.5 nM

too1 R4 PPy sheBiHe AR 015a o g diisrentidod) e

concTanea 6% PUTMERS e Solshe, ARisEdbbrgi ipamine
day. [00114] |munocvtochem stry and cel |l

releaa@,gr@m th;gﬂ{t@ﬂd cellpwasdnegswad byrfisst ganditioning cultured cells in

Hank’s balanced salt solution (HBSS) for 15 minutes and then replacing it with
HBSS containing 56 mM KCI for 14 minutes at 37°C. Dopamine in the culture media
or in 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 model 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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fixed in 4% paraf or mal dehyde in PBS for 10-20 m nutes
or nmethanol (-20 C) for 5 mnutes and processed for

wommasrestai ni ng (Zhang, S. et al., supra. 2001PCT/US2004/027841
Thefol I owing primary antibodies were used: nouse
Elecffd Il] 3 a - 4 nouse anti-En-1 ( :50) and nouse

S ,m Il from Devel opnental studies
rid ank); rabbjt anti-Saox 1 : 500), r.abbit.
oo1fPT | R RENsiob@RabbsPetienttthe i néuise dRSRmaied from
sh%% awti b, (1;400), nouse anti -S)(naptophysi n_
human Efpeslisamare inyestioaied usingrehqle-cefi peitchariamp tagording
Chemi con); nouse anti-TH (1:1000), nouse anti-/?I1]
technigyes (iMammmit,00)P., etalhiRflugers AGBAN1185000) 1981). rRipsttes were
anti-cal bindin (1:400, all from Sigma); rabbit anti-TH
filled (Wit Biaceluar sdibtibnsodmtaMiitiy e KEDI0L408b1 Kighwdbnate 140, Na™-
Pel - Freez); CGoat anti-c-Ret :400) and nouse

{4 : + i ol i . .
HEPES 10 ARTA LT 02 B 57 S BRI B SINI. Bocyn

O ]SRN R BRI Sl LT B YRR
svesBUELALER I PRl o RSp o i S0 W

sections fromadult rats and E38 enbryoni c nonkeys
was YgstqidentityDpnauronse Eaabath solptien santaingd (nrnawMyNaCl 127,
anti bodi es agai nst neuronal types and
KH2R@uil @, KEH <9, tNail €03126) BaGle 2 Mg D05 1wk rgducdseo! & @5%D,/5%
omtting the primary or secondary antibodies in the
CO, (pHTI® 00 M0N0 ' FEsrasbiing exp&itkents) Tmix ﬁgpmﬁla%jfdoljpﬂéﬁ% the
X

blindly by using a reticule on eyepiece and a

bath 8BIuBhi¥ Block VoifeReldatkd shftint biittéhis! | | ds vere

randomy selected a counted fromeach coverslip.
o0t P b DR B B RSB sing -

follo by the treatnment with DNase (DNA-free,
MultiEFamE APOAG RIS (BXh Todhummbpis)-cRIGnBLaB fiere at HekHz,
Superscript First-Strand Synthesis System for RT-PCR
samqled@tﬂﬂd@-&ﬂsia@@d})uid@@a 11822 Acanaiog:tigitaLicenvester (Axon
directions. PCR anplification was perforned using a
Instrsmentiyr ahcacqerke andvstated ah Pedmpeter$@rd Biskiey corfftercially
nunber of cycles varied from25 to 35 cycl es dependi ng

avail@bletsdftware (pClamp9, 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). Viest and action potentials were examined in current-clamp
mode. Spontaneous excitatory (inward) and inhibitory (outward) synaptic currents
were characterized in voltage-clamp mode using K-gluconate based pipette solution
and Vhoa=-40 mV. Synaptic events were detected using a template detection

algorithm (Mini Analysis Program 4.6.28, Synaptosoft) and deactivation phase was

-53 -



particul ar mRNA abundance with denaturation at 94C for
seconds, anneal i ngtenperatures at 55 C or 60 C for 30

weeawsrds2according to the prinmers, and el ongat POWUAR004/027841
72C for 45 seconds. Negative control was achi eved by

. mtting transcriptase.duri reverse, transcri pti,on

fited i 0ieabpne A A sgioBdingrihs thvenbrtd HaraRaglialdortim. Bata are
| engths were as foll ows: GAPDH (

presentgg@smReRCEATICCCATCAC- S |, ! - TCCACCACCCTGTTGCTGTA- S' |

450 bp); Nu (5'- CGATGCCTTGTGTTCAGGCGCAG 3',
' - AGCCTTTGCAGCCCTCACAGGTG- S, 858 bp): Ptx3 (

AR S SERERATEIN OF NTOR NEURONS
001 ST OGNS Ui St AR e
three[ ﬁ%ge%}%m@%ﬂgw% Q%Esz, &%ﬁ%ﬁl q%&%ﬁcﬂ“}ﬁg %ré%péectod ermal

differentjation, media conditioned for forty-eight
cellsyang wenteslization of thesaudalized ineyral dseseritars ¢épssellne.M., Nat. Rev.
rel ease fromthe cultured cells was neasured by first
Geneioh@0:29R009)c We dirstestablisbed m ¢udinike systehaforedficiant
solution (HBSS) for mnutes and then replacing it with
neurd&35d eromdl alifficregtidiomfrsad hiESrcelld (Thambes, AA.,BtGl., Science
Dopanine in the culture nedia or in HBSS was

22 A 7 (R s g v

presdHlfs STCERaALSG . ety N Bicteqriol 1156 133,2001), based

| evel s  of noam nes were determ ned by HPLC ( Mod
on the RMETHIS AFREEDERIG TIRHRr BT ovalebR S ROBGRITR § GRoandior
. electrochem cal detector (Coulocheml|l, ESA Inc.) b
anti-BMPrpons-mumhesenetip nfﬁemé stgnalsnVijsormi$el. @nmdtdlued, T, Nat.
each group were triplicated and data were. coll ected
Neurbscindt :Suppe: B§dat 68 20049 iTmerfirst iy of neplay siffdreniiatidn was the
recording [001 ] El ectrophysiol ogical properties of

appehafendefofiidnar Bells raitg Risetles iPfRe center of colonies 8-10 days

after ES cells were removed from feeder cells for differentiation. The columnar cells
in the rosettes, but not the flat cells in the outgrowth area, expressed a
neuroectoderm marker Pax6 but not the pan-neuroectodermal transcription factor
Soxl (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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human ES cells were investigated using whol e-cel |

pat ch-cl anp recordi ng technigues (Hanm I, P.P., et
wabhkoos/Rf120gers Arch. 391:85-100. 1981 ). Pi pet Pes/USRI02/027841

filled with intracellular solutions contai ning (mMvy

140 or K- conat.e 140, Na P BAPTA 1 .
10013377 4 IpREYSCSGt a5 oxS ot the Jegetie,Solls, Which
(0. 5% ) was added to the recording solution and
eprGﬁ@l@é&ﬁ)@w&'—lg ) Seylwandh nesting yvereinasiival fox Otk (Figgd.(H), a
: 1000, Mbl ecul ar Probes) and an anti body agai nst TH
homembmaiacprbteim deprieist§d by fored madsmidfimirbetlls; bat negative for
contained (in mV¥ NaCll127, KH P 1.2, KC 1.9, NaHCO

H & T
T g e

wereaa‘Psgi \)%i%'i‘%nqa%\bczﬂg% steetﬂ) fd‘bré’lf?ll %e?@G(F%ab@; These

currents rrent-

erf or med, us
fesuwt{qag% 5ﬂvpa"*‘?ﬁ%ﬂga&a%h@?eiw“fﬁ%‘b%p%%%srsm?esa% Bngpalyee:
tered at Hz, sanpl ed at usin
S'm"%ﬁt@.taa*t 'Q't@ﬁzﬂﬁqﬁﬁ%fﬁ E@jﬂ&i‘-'{ﬂ%%‘ﬁ%fmﬁ}@?r%ﬂu('m%ﬁqy in vivo
Instrunents), and acquired and stored on a conputer
develepmenti(Sterns Prg., Nainidev. Neurpsely 2192298 2G5t war e
(pd anp9, Axon Instrunments). Access resistance was
[00124)pi calToydifferdviliatan thotasnerons front agduivecistddinfal deilg) Sox1™
anplifier circuitry. Voltages were corrected for

neurééc%dé#m:él Rells ‘Prﬂtlﬁ?ﬁélﬂ*al ﬂﬂbeQTke r%%e‘?t’eé N%'P@isolﬁed thfugads
Enzvnol . 207:123-131 , action

enzy@%tt@?ééﬁ%%gi"gx@r@g or ygg al, nNgP:rélg{éghﬁbﬁqgl e1133 2001) and
dnﬁer%et‘@%% rlvﬁ}ﬁnﬁw Sugstfs %‘e@&%?ér{‘c%r%grgﬁé&éeaﬁgi@ 0.001-1

sol ution and - naptl c events were detected usi

HM), & camsisliaing r@@ﬂ@@tt(Bbrmber@oﬁ tetral( Reavelonmentst 24 &?%@Y%m? 997
4.6.28, Synaptosoft) and deactivation phase wasfitted

and $IdHa(5Bi-@ng/emib,iaaVerittalitztriganor:m"iownt(Uessell, T.M., Nat. Rev. Genet.
Levenber g- Marquardt algorithm Data are presented as

1:20-202R00FEBrisotd\VHL End EricsERNERATCUENG N MEGBbINEURCES 49, 2001).

[00119] Generation of notor neurons in Vertebrate

By foRftelR| dhys B phstirdt al 18R number of cells in the outgrowth area formed

a network through their processes (Fig. 10A). Immunostaining analyses indicated
that the differentiated cells were positive for neuronal markers By-tubulin and MAP2.
A large proportion (>50%) of them were also positive for Isl 1 (Fig. 10A) and Lim3
(not shown), transcription factors that are associated with motor neuron
development (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 transcription factor (Arber, S., et al., Neuron 23:659-674,
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three steps: neuralization of ectodermal cells,

caudal i zati on of the neuroectodermal cells, and
woenmisriali2aat i on of the caudal i zed neural progeRCTAISS004/027841

(Jessell, T.M, Nat. Rev. Genet. :20-29, 2000). W

I £st_established a culture systemfqr efficient

1900} o TR BhAde RSB bt AeErdarioatontioels bl 68 tefractory for
Thonson, J. A, et a]., Science 282:1145-1147, 1998)

mOtOEPEU'EPr'\"d'nFiBC‘l'CPmes) usi ng an adherent colony culture in
the presence of FG-2 (Zhang, S e , Nat. Biotechnol.

[00122]: 1123 he1Sex1-eppresyingaelid nuay coreegpandciopieairoectodermal cells in
vert ebrate neuroectoderm devel ops in response to FG-

the naofHl aubeagiven BV forpeationnafrduegietobilike RO S&tEsANG bghr@ksion of
(Wlson, S. 1. and Edlund, T., Nat. Neurosci.

Sox14tHmk e Htlté%tht?ﬁ%week-m& hunist e .thé‘ﬁléﬁﬁesctodermal

differentlation was appear ance of col umar ce

oo PR ABLSLEBH% b iSOG Al GRIAR £ Bttt .

. dif niiatian, e.columar cells in the rosettes
Scierig 27T 1093 1B a1o9el 1h%s (Osideralion Teshiin 16 FuptthesizS that RA
expressed a neuroect oderm nmar ker Pax6 but not the
may pemefe fasdlatizrtiomand/of meler neirpespesaificatiorsbgiore Fi g.
9A), which is expressed by neuroepithelial cells
neurakotodeynmad wells ekplessfSoxtat\Verth(Pdreayed the newwbeatodermal cells
Devel opnment 125:1967-1978, 1998). Wth further

with RAI(DW001RY U dthh eaier sdelUine.f ahefrilifhal €8lls Beyan toe
days, the columar cells organized into neural

abenli . " .
orgB RIS Sipi o PAIEN g (OB B PEFT he
f 0ec | cells fr hES cells J,nvolves a
devefbpgB NS AR KA e BseTen AT eRBBEY Sorto stRgu—hable from
| u r cells in the early rosettes eight to ten days
FGFZ freatecheuliies | AltaE egioselinalustersmigie inaldted ary pdhered to the
_form ng neural tube-like |ate rosettes fourteen days
lamingn substraiguoumenouDnawiies extandedyitav eerichsterasaeariyeas twenty-
reveal ed that the rosette cells, which expressed Pax6

four toRogy-eidht, hdtes dfteapldtings Byrfourteer dags iaftev platiag, Bexieurite
(Fig. 9F, H), a honeodomain protein expressed by fore-

outgrgWEh ﬁ"ré?% B6ArBd GihbSt thBWENtiRE §f-nfA cﬁé’rhfe{é@)(@/érﬁhﬂalﬂ%;?gh there

oneodomai n protein produced by cells 1n the spin
wereii)%ﬁ%&@éﬁ%g?{/geénﬁ rrgfl?anl'}é%gﬁ{dg‘(%:{ngcﬁegi&gro%lgégeé {Fig. 10A). The
majority of cells were positive for Isl 1/2, among which about 50% were also HB9*
(Fig. 10B), suggesting that these double positive cells are motor neurons. The Isl
1/2* and HBY" cells were likely interneurons.
[00123] HB9-expressing cells first appeared at day six and reached a high
proportion around day ten to twelve after 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 uM of RA. RA at the
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results suggest that the neuroectodermal cells possess

a forebrain phenotype, simlar to that initially
waceonsioeedo by neur oect odernal cells during ear| pCTAS204/027841

devel opnent (Stern, D.C., Nat Rev. Neurosci. 2:92-98,

12 diff f
dose 793} o ulE %ot FRsdhd SEEN hES SRR Bl SRS etined
the neural tube-like rosettes were isolated through

adheggitrittres. t Indhe abseneerhiRg, osSEH, o bothethereerevsRdew HBS"
19:1129-1133, 2001) and differentiated on the [amnin

cells ¢kigs10@).cAll the hlBQsemreasieg oklls weirestained with (Gratubulin (Fig.
0.001-1 mV), a caudalizing reagent (Blunberg, B., et

10C)alThusDeasthrepiaith R,/X@n?éa'iw&?éhroé@t%brmélﬂﬁél@hkkécﬁﬁre’ﬁ%r efficient
ng/m), a ventralizing norphogen (Jessell, T.M.

mducrn’%\"\ Of(ﬁﬁ@@}neg‘r&g 29, 2000; Briscoe, J. and Erlcson
. Cur pi n. Neurobiol. :43-49. 2001 ). By fourteen

o013, i inf U RV R Pl
cos S S ol R L B B ot e

for neuronal markers /?wtubulin and MAP2. A | arge
caudglizaiiontafdhe neyoactedermad eeler Ereateenp ok paily eogetie galls

(Fig. 10A) and LinB (not shown), transcription factors
(Pax6 TiaoxIgvetrBA©Le0 e dl.OniMh onBGH2 (@6utgimiXfev seegmdays resulted in

(Jessell, T.M, supra ; Briscoe, J. and Ericson, J.,

the debi¥aded @@%ssuﬁhbf @vaKand RoréasbdPéddression lof Ho%‘g‘éhes such as
Rev Neur osci. 25:251-281 . 2002). However, very f

Hox la% 5 5%%@&5«3 @(%é"@@ e%ttrﬁaﬁrjigrﬁlﬁ g"qQﬁSC“ petesse%rf?qessed

eur on- speci

by m%%éé%ﬂ%ﬁﬁ Sei€vers md%ﬁga%yﬁﬁ% B RA; Heatintor lato rosette

%g refract,ory for notor neuron inductijion. [00122] The

cells g%t ggqlthd?/ééq)q gnqm/ye[g@,lql ggb@lf;ﬁj’ thg Hox gene expression
neuroectodernal cells in the neural tube given the

pattefvingiiced bydf Gha(nell shaws- | TheeRAdseated sadydosstts eelts, irolated
of Sox1 at a time equivalent to a three-week-old hunan

and eurgd in tHeenaeonalediffodaitiation aeddismi Bxprlessad HoxCa protein first at
are regionally specified (Lumsden, A and Krunl auf,

day sﬁS( an§¢h@é’d§t9at?d73‘§/ t&A48 tvl«ell'é aftlz? %ﬁ?ereﬂ—fétﬁnrp @8TE(es1aHIbyn

us to hypothesize
|mmunocytochem|stry (Fig. 11D). Cells at this stage lacked Otx2 expression

(Fig. 11C). All the HoxC8" cells were (8-tubulin® neurons (Fig. 11E). In
contrast, late rosette cells treated with RA for one week and then differentiated
for two weeks, yielded few HoxC8" cells, although Otx2-expressing cells were
decreased (not shown). Thus treatment of early but not late neuroectodermal
cells 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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may pronote caudalization and/or notor neuron
specification before neuroectodermal cells express

waands/02Y20t hus treated t he neuroect oder mal cel PeTMISRGD4/027841
RA (0.001-1 m) at an earlier stage, i.e., when

[ umm eIIs be i, nto rosettes and
l°°1%3=ﬂpr o s ok omplre NSt o SHH Rn e S i Bler 6
ays devel o ed |nto neur al tube I|k rosettes and
neur%@é? dargal cetx for viertiaization. EhBES gelligrvednquragetedermal
cultures. After the rosette clusters were isolated and
cells,andmethedthey wére Pax6 rariSadbsdidatot expressr@lig? (Fdgr1tsa
extended fromthe cluster as early as twentyfour to

homdaaionyairipgbeirhexpresséd #r vgnitedl inedral Byodenitdreelis ¢tsare destined
after plating, the neurite outgrowh area covered

to be%ﬁ@%oﬁ?%eﬁ%ﬁé &nd oﬂgdﬂBr@r@éEﬁé@H th‘é"éﬁﬁé]'do?%gl.& hQ¥@het al.,

there were i mted nunbers of” neuronal dies in

Cell %69678%%9?@ i) @6 ft? ?—5%5 N@Yon éri\zzg‘i@o‘?r 26@5120\%}1 Wgrtge

pos ch "abo

so  HB9 1OB esti t hese dou
Pax6SEr | Jarpepibded %@a?grﬁ&wwﬂeé & HeRensSOtRE fpgne
cells were likely interneurons. [00123] HB9-expressing
weekg thansisplated ang Mﬁ?@oﬁlﬁem@aﬁeﬁ fior angthes Awa avpeksHn dine absence
proportion around day ten to twelve after the neural
of SHHhswEry faw welle epprassed Qlig2dinbt shawn ). dowever] irethewsnesence of
| argely localized to the cluster, with about 21% of

SHHt(5\©-500trf§j/m€)§hieﬁ18/l d@ll&@gﬁémﬂe{m i thewuerdil(Bigl m18hein

outgrom h area (Fig. 10A e hi ghest proportion
contr@%t F‘%%CISBH’ r&ie@fﬂé%?ﬁla'l &‘%IH1 %lfFHrSﬁfFé’cgaf&f twd Wedks Bnder the
RA at thedose over m resu

same %ﬁﬁ@ﬁ%@%@{%ﬁg38%@?&%%%%%'8§%3ﬁ9&%"9°Eb HE ﬁﬁ%”ed

neurqer?éoqiﬁ i&%ﬂ%ﬁt&e%égaéﬁhé v@lé'r%g %quer wﬁn ?WL stq%eﬁmbe
(Fig. 10C). Thus treatnment with RA on early

efficientlyt ipdueeditr awentrel neurakproggnitetate iy raspphae &nSHH.

i nducti on of notor neurons. [00124] To understand why

[00128] | ndUeefsirther Hiscbrt wheteaklgtRA treatmentt is dequirdd forInhstot neuron
differentiate into notor neurons, we first exam ned

oo g o ehlaiea iyl 8 (i, 113 yo ramind
the eXBiesSion of Class | (Irx3, Pax6) and Class Il (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 neuroectodermal cells (Fig. 11B). Thus, early neuroectodermal
cells are more responsive to RA in upregulating the expression of SHH and Class !
factors, which are essential for motor neuron specification.

[00127] Cells that expressed choline acetyltransferase (ChAT) appeared three

weeks after the caudalized neuroectodermal cells were plated for motor neuron
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(Pax6 /SoxQ with RA (0.001-1.0 m) or FGF2 (20 ng/m)

for seven days resulted in the decreased expression of
warai/anmioi ncreased expressi on of Hox genes suebtTas2dden27841

B , B6, C5, and C8 in a dose- dependent manner (Fig.

CGe db [ d
differsphgtigfAnd a%%ﬁég%%eweyafgﬁﬁwﬁw 8 up T 85yt ugek b fngest
(Pax6 [/ Sox1 ) wit or. one week did not alter the
CUWF%R%%@“@'XE@@%'F% SMM Eith 12Adud b WhA Fexpressitg cells were

shown). The RA-treated early rosette cells, isolated
largefnicalitedutodieialustar(Frig.ut 2Aja conte s gandimg tcatheolncaﬁra'tiomof the
expressed HoxC protein first at day six and nostly at

HBOUeallst eThdse delsl wereahtimly hultfpdlsdells Bndrhadiairge ¥ 6mas &f 15-20
by i rmunocyt ochemi stry (Flg D). Cells at this stage

um it 6Fdﬁ$&eg\%|ﬁ1 gdﬂ?l(e%e‘ih Bs(b’: %s 3@)pm/ﬁﬂg ‘Igg\ntH?X@% é)?drbésmn of

were (/7w tubulin neurons ast

on PGS USRI e ol wz\%qu%%d;%@?r

weekis}éfﬁ;)’l%rq— Ug- ﬁégt ﬁé’ﬁi o} t'l'x(eg"l:ae!rqsgxg{yl%r%gfshepi@%twey stained for

_neuroectodermal cells with RA results in efficient
vesicgdarcaetyenqling ipnsposies (¥AShdn Figr. 1RBYOVpichtie iessentighfetstorage
are associ ated with spinal not or neur ons (Liu, J.P.,
and releasie, ofNmatyloh@hied Many CHAT 22014, esp[é?tﬁHIBEthéMIveWweks in
conpared the effect of SHH on early and late

culturs; Were goitRienplaberid Br tphapsm bhalell Hidie¥and BroddsSes (Fig.12E).

cel | -deri ved neur oect oder mal cells, whet her they were

[001 ﬁi\ﬁe orW§°3%Jsess€d %ﬂ&ibnﬁ?‘rﬁ’i'é\g.géyéﬁ \l}glﬁtg e&r%&bfsrcﬁoglcal

odonai n pro el n express

techrﬁa?&?% ﬁﬁ%’ﬁeﬁ& Jondie B ik tﬁﬁsr?é%@ﬁf?%tv@qﬁbﬁﬁ%%%\? ed input

é@ﬁ Cell 109:75-86, 2002: Zhou
resisRAMIHESIS 7 M5y, Single pet o BAtaalsARS, Figh 12 or

neur oectodermal cells were cultured in the presence of
decr@nenting trainswiEdd, 12Mii@ were ellettafbb)adelpcﬁlarlzmgrcurrent steps (0.15-0.2
differentiated for another two weeks in the absence of
nA x 38}, inetavenf efthirdnsneurpns sestdd OSipgAtaneous AR8mtiggered by

However, in the presence of SHH (50-500 ng/m), many
spon%éo%s%o%ﬁ%ﬁg Shaptic iRplitsvéerecdisd obsbfed¥Flg. 12G). Although
not all cells survived recording and subsequent immunohistochemical analysis,
double immunostaining with biocytin and ChAT demonstrated that many of the cells
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 currents and action potentials were blocked by 1.0 uM tetrodotoxin
(TTX, n=3), confirming the presence of voltage-activated sodium channels. Outward

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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contrast, Pax6 /Soxl neuroectodernal cells,

differentiated for two weeks under the sane condition,
wagemsriated few O ig2-expressing cells (Fig. H) PCThiS$004/027841

neuroectodermal cells, treated with RA at an early but

not the, | gt , can b fficiently induced. to.a.
not ofjineidf bk duF uit §9&rRRaRatie s SHbehon el tiftondintact
F£00126] To further discern why early RA treatnment is
synapticiagyretrapsmissinrsr Wi 6:8CGlyeanate-based pirstteselubioywutward
. FG2 al so induces a caudal fate (Fig. 1A), we exam ned
(inhibithey) exprents decaysd shhwlys(1816 k8, nP3R @vents) a0dagarel blocked by a
(Aig2, Nkx2.2, Nkx6.1) nolecules that are inportant
combiimatiosf ofrtryghpinegemd bicuculiing wiserieas tthe remiaimitg havaitd (excitatory)
(Jessell, T.M, supra . 2000; Briscoe, J., and
currehtd d&%?ed%apioﬂlgz;.] #ms, 72 ¥ eventSYArdWEFREBI0BKEH BY S @rfbination

r obust “expressi of SHH and E:Iass Il genes
t ' d i v, ' .
of DRSS ALY (h! #8120 Bl hollily 1 Wy (S AGcine) ana
excitgiieliafiate) Towolrpsolsiumoer saih v nirakepingl cord (Gao,

factors, which are essential for notor neuron
B.X., gbaki 4 Neuwiophysiph @247 7c228% 1998). expressed chol i ne
acetyltransferase (ChAT) appeared three weeks after
[00130]e ca@ialpresehtretudydemodsirates that functienal moter eéufans can be
not or neurondifferentiation and these cells increased

efficigitBegbriaratcer fro Humas EScaleakfou dresedkermdl diffentiation
period analyzed in this study (Fig. 12A). The

i b4 _ I h
by P YRR EREh g bz ior B PRI neriEte pfasd ¥,
f 1 HBO cells. T e cells were, majnly nultipolar.
neurdligahQf i niieaeliogl I Tatph 18 Pa5t iolicindife heffongin he
somne being as hig as 30 m (Fig._12A, B). Co-expression
presegiceiqighe enfralising marphagerokit RhisJuggiamenial principles of
processes was observed after three weeks of culture
neurgl deyelopp@nt learsieddron kaimalgmoay beappliat $o hpowsn prireaies and
stai ned for vesicular acetyl choline transporter

recapifihetbd in Vitm. |h2ontraghiocd récent sleardristiatibnrof sistorgeurand
rel ease of acetyl choline. Many ChAT cells, especially

differehtigtiorf fréi MBaLS ESW?QE'O(Wibﬁterl\&,? Fe, &gl dered w:é@%g%?,dzooz),

or synapsin on cel di es and processes (Fig.

f
we hé\&géﬁg%%%\gsoﬁg l‘?@% fjgd:ﬁefsg % BEB%ctmrH{a?tdiifPé}eHﬁét% and

discovered that specification of early-born projection neurons such as spinal motor
neurons requires treatment with morphogens before precursors become Sox1-
expressing neuroectoderm 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. 21:1200-1207, 2003;

Lee, S.H., et al., Nat. Biotechnol. 18:675-679, 2000) or RA and SHH for motor

neuron differentiation (Wichterle, H., et al., supra, 2002). These observations seem
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techni ques (n=28 cells). The nean resting potenti al

was -36.92.6 V and i nput resistance was 92057 MN
waizogle1aat i on potentials (AP's, Fig. 12Fi) or PCT/US2004/027841

decrenenting trains (Fig. 12F ) were elicited by

. depol.arizi current steps ([0.15-Q, 2.A X S) in
to it §REGE el fefitis Atk e fec iup ptndlin n b helRpiupe. Our
triggered by spontaneous depol arizing synaptic inputs
P"es%rogsﬁf‘%'oﬂéé iGalg that (e fﬁ%ﬂerw@,r%%hemﬁsam cells
survi ved recordi ng and subsequent i munohi st ocheni cal
neureacidgeringgl cetisihich atsaposseshardgrelirain phievotmperararrafraptary to
denonstrated that nmany of the cells fromwhich we
generate @pilel mstoenemions. Mg 8081 -ekpi@ssihgells[gederabd from hES
Vol t age cl anp anal ysis revealed tine- and ‘

cells ¥PbLPERLHE RYBERN FedMiRE IhSSinHEWRILYaIGUDE 888 they form neural

consistent Wwth sodium and del ayed rectifier potassium
r LI S .
tube- {8 5 sy MG Hpfte SR B R ifercBfni Hoffynes
t he ,presence of voltage-act,ivated sqodi um channels.
colls WHiGIERE SalivaRns o s 6RO RN STy SRR S
al so observed spontaneous synaptic currents (Fig. 12H,
HematopheroBtem Gell Res &63@_347&@@5). wardve,dbe deyral fube forms at the
frequency butnot elimnated by .0 mM TTX,
end afdhivd steekt ofriginbdre gestatioe (o odf, H.Bnahd &piskopounyaddlech. Dev.
synaptic neurotransm ssion. Wth a Csd uconat e- based
86:197-201 | 09 did Sox1 RUREsEed BN tH ﬁ@jmbcﬁdéfrﬂ@ﬁing the
decayed slowy (13.6 ns, n=10 events) and were bl ocked

form or?oFmE’tf}Lélﬁél' BBe Gh aﬁhﬁéﬁ%?é@@%ﬂt?g%@ Qek/éﬁr%_ment 125:1967-

er eas e remal ni ng
d [ r api 1. n=l7 nt re bl ocke
1078, T oot LB AN EhisRRRelY o sEE: fBef Oubfifcing SBGESEs that
dempnstrating that inhibito GABA/ gl ycj.ne) and
the spgeificaion 9\l 2 gl%ﬁémeéyor}ﬁe@.t Qﬂs;!%ra% ‘PJSE"‘%E?%W% yugh as
the intact spinal cord (Gao, B. X, et al.. J
motoKiseH sy Hegins bejorpstznpodip bemosy SoxbExpoIssg neuwressindermal

study denonstrates that functional notor neurons can

cells badahby thienéxplaipaniey biadedbrioend heorseplbeliatdeis f4il tougenerate
neur oect odermal differentiation by FGF2, specification

proje@fiéh RBUFGHLIGH 4 dffcr&rit rBYioRAl Fiehtigg the | ate phase of
neural i zation, and subSequent di'fferentiation to

[00115’5}‘St i m'Ithclat fu%cﬂgﬁéirm&%v Ih%[]F‘oris,r'fchIIr]lechca renewable source of hES cells

offer generic human motor neurons 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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presence of the ventralizing norphogen SHH Thus,
fundanental principles of neural devel opnent | earned
wobrasamoal s nay be applied to hunman pri mat esPamnas2004/027841
recapitulated in vitro. n contrast to a recent
M ﬂdggnnstration of notor neuron differentiation from
lse ES cells (Wchterle, H, et a]., Celdl
10: 385 397, 2002), we have di ssected out the process
' fere riation and di scovered that
0j ecti on neurons such as

i nal rmtor reat nent
[001 phod'éwgaaé’éi '?spﬁ'@ A8 Ko, GBSaehe 18 1042 wers guttured
neur oect oderm cel | s. 00131 Mouse ES cells have been
and w%sfﬁgedlw%ﬂsé@ntaofeﬁéaf leyet ebisragiated amiyyamicdRousefiprebiasts as
treated with norphogens such as FG8 and SHH f or
descgbed éFleomsan, bA. igttad, doprayil888Yi Theeodifieserftzdet state of ES
T., et al.. Nat. Biotechnol. 21:1200-1207. 2003; Lee,

cells Wdrle confirraedibly tyBealtracipologyldn® érpeéSion 2 @dt4 @indBSEA4. For
and SHH for notor neuron differentiation (Wchterle,

neurbbcto@érrﬁél diffétéfigtion, HES bells" %F@aé@%@%&'&f fo?rf‘él#]sc?évg &hd then

fit the notion that neurons are s I ed

Y AR N A Y S —
it LB S 50 BRI g AR b 1S et . s

generate spi nal notor neurons. The Sox1-expressing

1del I's generated fromhES cells in our culture system
resenbl e those in the neural tube, as they form neural

[00184]e- | iFar mbtonoeurasingndtiex the ssorPhsderticated nounveeksiermal
of differentiation fromhES cells which are equival ent

cellsWaerd phated dito oFlthMETRMIAMCEYRel 4808@&1ipSin a riderdiAt her .
Stem Cell Res. 12:625-634, 2003). n vivo, the neural

agH,on
Rl A el s i
t he ne ect pderm

supp %fgapﬂ&%ﬁ’ﬁ%tq G0 i e drepafod BHRAR By st 1o

Pevn et al Devel opnent 125:1967- 19
500 e, R dor $nvwesli ALY Shel BNy GO aRd inadsiie asawth

finding suggests that the specification of a class of
factondul GR4) (td ng/mlsPepenTepehdno)) ewre addad do dins madiiimeand the

concentration of SHH was reduced to 50 ng/ml.

Immunocytochemistry and microscopy (Zhang, S.C., et al., supra, 2001)

[00135] Primary antibodies used in this study included polyclonal antibodies
against neuronal class Il g-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 (Chemicon, 1:50), and
VACRKT (Chemicon, 1:1000), Isll/2 (S. Pfaff), Otx2 (F. Vaccarino), and Olig2 (M.
Nakafuku). Antibodies against MNR2 or HB9 (81.5C10), Isletl (40.2D6), Lim3

(67.4E12), Pax6, and Nkx2.2, were purchased from Developmental Studies
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not or neurons, begins before stemcells becone

Sox1- expressi ng neuroectodernmal cells and may thus
wexplsam2ahy brai n-deri ved neuroepithelial cel PeTfuaRdo4/027841

to generate projection neurons of a different regi onal

FybrdhER Bt (E . dhe ik YRS PR R Rt Rizgarcn

r s for.screen hay maceuti cal s des . .
F’mdﬂafs 112 R reRi oh SfkeRap b apglselirecrion AL, biocytin
S. These ceIIs al so provide a useful source for
(Mol@%d@rr Prahesafilled celly weralebetast with straptayidindiT Gr{gignehi16200)
may soneday lead to applications in patients with
and statread foe QAT . dinsagesewers cdlgicted usingd S poiudigitalatanesta mounted
Culture of ES cells and neural differentiation [00133]

onto FUNRBn BB opéddent hhncms,ob& 660 QFHQ’ERUN@aH@ﬁtIé)Q u‘})’Zér ¥ebRfocal

cul tured and passaged ekly on a feeder |ayer of
mlcrdﬁg{@ '(Nll&% ﬁ;&k&%og‘é&irﬂoﬁ%p%ﬂﬂ@g%g%ﬁn@ﬁdgg%ﬂamﬁ?gnotor
S HEE T N TRy

For euroect odermal differentiation, hES cells were
deV%@ﬁJQ@%ﬁlaﬁt RYFPrigigte Heguesswere nerified in embayasic gn34 or E36)
adhesi ve plastic surface for ten days in F12/ DVEM
rhesds psinkey spingl wordhana braip gissues (prowigediby, therliseeRgin(Pimate
ng/m) or RA (zZhang, S.C., et a]., supra, 2001 ).
Resddl0d &Entér)r not or neuron i nduction, the
nmor phogen-treated neuroectodernmal cells were plated
onto om thine/lam nin-coated coverslips in a neuronal
Quantifichgpgnt i ati on nedi um whi ch consi sted of Neurobasal
medi um (G bco), N2 suppl enent, and cAMP (Sigma, 1gM
[00132‘][)t he THEBEPGIatoh ORHH@eﬂprg%mg%@llsgldh'\cf@méig)%é]@ﬁﬂéted cells
, an

for one week. After that
s o) Ve 0 5 Bt T R4 e s

elther%]aneurgllvﬁsﬁnognthe Me amorp% so?tv\yacrg(zUnlversal Ir%aglng Corporation,

Downingtown, PA) or by stereological measurement. An area to be measured was
outlined by a tracer, with the number of counting frames preset so that the scope
sampled the measuring 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

neuroectodermal cells at different stages and motor neuron differentiation cultures.
-63 -



I mmunocyt ochemi strv and mi croscopy (Zhang, S.C.. et

al., supra. 2001) [00135] Primary anti bodies used in
wohbes/etady i ncl uded pol ycl onal anti bodi es agaPasts2004/027841

neuronal class Il ~-tubulin (Covance Research

he YR o WSl o henc, 5.
rocREEARE A I Ak 1200 O

% Pfaff1)_ Qax2 (F. Vac'carinpl_), and di Z@é_M

TCGHRGT A& | CRM TABES' agjal 16 TRGOAGGERE TRFGE6HS) 290 bp;
| sletl (40.2D6), LinB (67.4E12), Pax6, and Nkx2. 2,

HoxB&rad-AACTEEACC T TOEORG ECAME N 62CTSOIHG ESFHZIBCCGARACACG-3',
Bank (DSHB, lowa City, IA), and anti-HoxC8 from

340 KpveDEe SREAATABCRGRNTESAGGION-3', Bar i dentification

of el ectrophysiol ogical”™ recorded cells, biocytin

oraQ S SCRaSLT  otg oagrs shee0 11
A A S PR A R B PR RRT Er S BaT T d b et b
crrbifsrApGET e taR RS, s rerAGRR e LeiTRaTaTA S,

not or neuron transcription factors and homeodomai n
450 bp:dPlighH-AMFCGAGREAGIGGCTIICAAGECeB'0ped agai nst

non-primate tissues, were verified in enbryonic (E34
CGQICABOGAGTESCT TAATKEB', Fisnad; Mikw2d2,a81d brain tissues

(provided by the Wsconsin Prinmate Research Center).

TGCHITTCETTRTEMACETTG-3T - oMM TOTGECACCAGTTG-3', 337 bp.
HB9- expressing cells anong total differentiated cells

. t ¢ _ar
I, A B A AL T SR eI BB TR g3,
Vet A ive i, Cor por at i on,
473 B R R e AR A B A AT H Y ms i erent - an
re 0. .be neasured was outlined by a tracer, with the
TOARBET CHCEGARATINSEr Anded bpe S, & GUAA T T A AAGSECGACATC-
sanpl ed the neasuring sites randomy using an
3', 5'uCGAE EUCT CIGC DI AEE-35 B8R dipe iNKxB. 1558 eo
I nvestigator software (McroBrightField Inc,
ACATGGAGACOCASTITTFQCG-3', 5-TGCTGGACTTGTGCTTCTTCAAC-3', 335

bp.

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,, et al., J. Neurophysiol. 79:2277-2287, 1998).
Tetrodotoxin (TTX, | uM, Sigma), bicuculline (20 pM, Sigma), strychnine (5 M,
Sigma), D-2-amino-5-phosphonovaleric acid (AP-5, 40 uM, Sigma) or 6-cyano-7-
nitroquinoxaline-2,3-dione (CNQX, 20 uM, RBI, Natick, MA) were applied in the bath

solution to confirm the identity of voltage-activated or synaptic currents. For some

-64 -



counting areas wth overlapping cells, the m croscope

was preset to nove up and down to focus on the
weoasisteveocel s in different |ayers and the torai/usedo/o27841

nunber in the cluster was estimated by the software.

ool £ YL AARE o R BB G e

| %00137 RT- PCR anpl |fci)cat| o re performed from hES

clampdpeor gsv%renﬁ depe@ MeliGlamp: 7 QYA aeplifier €vQfes
and notor neuron differentiation cultures. The

Instrgmentsailindon Gitye €4 ) wSignals were filkared, atzt kHa 1smrpled lad 1 0%Hz
5'- TCGGGGTGCTTCCTTGTAGC-3', 290 bp; HoxBS,

usingsa-mgrd@m’r BTRREHaRCAGEalcConvaaer Mixordnstuments), and acquired
- CAACAGCAGAATGGAGGTCA-S', 5' -

and ?@W@k ugﬂ'@;gcchigmeg@é@avéllable software

(pCI%me_ Wﬁfﬁéé res%pa%cgﬂmag))p%lly 815 M 3nd was
compeqﬁWpﬁﬂér érz:%ltlb)? Spontaheous synaptic currents

GIGICTGITCGG- 3', 459 bp;
were d g atenplatatetection algorlthm (Mml Analysis Program 5.6.28,

5' - CCGAGITCTCTGCTTTCACC- 3', 339 bp; Nkx6.1, 5'- 335
Synaptosdft, &ftoaﬂprhﬁa‘k)cﬂnmﬁrtte@m dianpexponeaiial function using the
El ectrophysi ol ogi cal properties of hES cell-derived

Levenbtm-Maeguands algoriehm. Results are presented as mean + SEM.
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investigated in cultures differentiated for five to
si x weeks using whol e-cell patchclanp recording
woeaisgues (Gao, BX, et a J. Neurophvsiol. PCT/US2004/027841
79:2277-2287, 1998). Tetrodotoxin (TTX, m, Signma),
bi cuculline (20 m, Sigma), strychnine (5 nM Sigm),
D- 2- am no- 5- phosphonoval eg:LQN]@%i d (AP-5, 40 MM Signmm)
or 6-cyano-7- nitroqui nox =2, 3-di one (CNQX, 20 mM
RBI, Natick, MA) were applied in the bath solution to
We claimii rmthe identity of voltage-activated or synaptic
currents. For soneexperinents, 1% biocytin was added
t 01t he Aensthed e cesutitg ®pop@afic R af cew@omshéiag%}@mmnous
recordings were performed using a Multi Cl anp 700
b ( : : ) . .
popA&Hdn bf <|§‘élls tﬁé?ﬁge' éllﬁ&f TS epggycg‘[ic %ﬁﬁ(ﬁglﬁ%ﬁ‘garg ThRtérized by

were filtere I[|z,.s.arrp
an P [oiR OGHUR B8 Mo Bid SaR: ErmBrs S Baptansiof:

hard di usi ng copmercial ly avail apl e sof tware .

(pd an‘p(%li\xonorpgég?‘m%ﬁmo ¢ stegm CP@%!@Q gAY Qid dodies and
typically 8-15 Wand was conpensated by 50-80% usi ng

anmpl i fi @X ci Proppgating spbnycid dodiesspited syrchranoes pepulation of
were detected using a tenplate detection algorithm

neura\stem éeilsl indhe féino of eanlpbraseli@s, Wiomm tHobropddetiahus in the
GA) and fitted to a nonoexponential function using the

presbRy® BPPGF2VEGRAIFEFRbPPGFMNIM Results are presented
as mean SEM CLAIMS W claim . A nethod of creating a

popul ation of cells conprising a synchronous
popul ation of cells that are cultured from enbryonic
sette

wLem cothS i SPRERE ShhERT B B0 bl REh e an
e o RS a8 e 0 erryor d

synchronous popul ation of neural stemcells in the
formof early rosettes, wherein this propagation is in
the presence of FGF2, FGF8, FGF9 or FGF4. 2. The

me3.hod e method df elain di whétein tHepomasticiobRaxE?Bo%t @Rlls is at
(a) and devel opnment of early rosettes is 8 - days.

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 cells

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



3. The nmethod of claim1 wherein the popul ation of

Pax6 / Sox1" cells is at |east 70%of the total cell
woamsliatizon. 4. The nmethod of claim 1l wherein eabmgeiodo27841

bodi es are cultured for between 4 - 6 days in the

sence of FGR2, FGE8 GF9 or FGE4.. 5. The nethod of

PaxeEfSiieh nhaEeon o $iaBiasicoliiipgiaels Tl aje

popul ation of cells generated by the nethod of claim.
chargcterizeshby an estrlygpselte mprahelegyieadiass Spxisyaer dor 4-8ays in

neural stemcells wherein the cells are characterized
the pgsencesfifaGF2 UBBF4| k6FBpseRAe nor phol ogy and ar ePax6

/ Sox1 , the method conprising the step of culturing

cells that are characterized by an early rosette

nor phol ogy and are Sox1", Pax6 for 4-6 days in the

prgesen ; i ; d_ @f

G5 m 7 shaeRidrel 5T T iitrein B Bhosto i orfBRANL- Bgiavs.

A popul ation of cells created by the nethod of claim

8. 10. The cells of claim9 wherein the cells were

cyltured with FG- d ar | ... . The, cells of claim

5 Yuher d ROPHEtER Y colios Balas Dy ftisimalhos REHBTaR or o

Bfl . 12. The cells of claim9 wherein the cells were

cultured with RA and are Hox . 13. A nethod of

creating a popul ati on of m dbrain dopam ne neurons,

cdifpr i sihegecéliscofdlaim 9 wheneinuthe nells here elltsredfwith BEGHRStand are

SHH while in the presence of FG-8, wherein the
EN1tesulting cells express TH, AADC, EN-1, VMAT2 and DAT

but do not express DbH and PNMI, and wherein the cells

produce dopam ne. 14. The nethod of claimwherein the

exposure to SHH is between 6 - 7 days.15. A popul ation

€21 55 ADRBIR b B
Lconprising
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 presence of
FGF8, wherein the resulting cells express TH, AADC, EN-1, VMAT2 and DAT but do

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

14.  The method of claim 13 wherein the exposure to SHH is between 6 — 7

days.
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the step of culturing the cells of claimw th SHH,

wherein the resulting cells express HB9, HoxBl, HoxB
woélanid®2112oxC , ChAT and VAChT and produce PCT/US2004/027841

acetylcholine. . The nethod of claimwherein the cells

arge exposed ta SHH betwee - 7 days. . opul ati on

of el A PePuafian ohgoi eatach bt MEXiof laBi 4. et oo

of creating a popul ation of forebrain dopam ne

neurons, conprising the step of culturing the cells of

claimwi th SHH, wherein the resulting cells express

TH6. AABCMeaRhdq otisoiatingta Hopulatiomppspinal mBlbrareir@hd/fomprising

and wherein the cells produce dopam ne. 20. The net hod

the s@dp of ailturingeheicells beclah!1D witte Seip astestelrothehidshikihg @etls
7 days. 2 . A population of cells created by the

expré® ARY, PbxBH aHBXAE. H§§C5:°1-|H§C§P§hﬂfl' a??mpihzg?rfﬂ bfotfuce

compound for’ the ability to perturb neura
axﬂﬁ&%ﬁh%p”ent conprising the step of exposing the test

conpound to the cells ofclaimand exam ning the

results of the exposure conpared to a contro

popul ati on of cells that has not been exposed to the

test conpound. 23. A nethod of exam ning a test

c dpounide Bethadobglaim (16 wherpisy theraella e gxpesed to SHH

devel opnent conprising the step of exposing the test
betweemBoudlays. t he cells of claim 18 and exani ning the

results of the exposure conpared to a contro

popul ation of cells that has not been exposed to the

test conmpound. 24. A nethod of exam ning a test

c ou : hiid I

GerEEl opRoflichOR of Bobe bibei B S LI EPUEREYS. | o,

conpound to the cells of claim21 and exam ning the

results of the exposure conpared to a contro

opul atjon of cells that has not been exposed to the
ItO eﬁq. cdiprthed of creating a population of forebrainpdopamine neurons,

comprising the step of culturing the cells of claim 11 with SHH, wherein the resulting
cells express TH, AADC, Bf1, Otx2 but do not express DBH and PNMT and wherein

the cells produce dopamine.

20. The method of claim 19 wherein the cells are exposed to SHH for 6 — 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

cell 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 ability to perturb neural
cell development comprising the step of exposing the test compound to the cells 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 to perturb neural
cell development comprising the step of exposing the test compound to the cells of
claim 21 and examining the resulits of the exposure compared to a control population

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

-69 -



