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Neural subtype specification of fertilization and nuclear
transfer embryonic stem cells and application in

parkinsonian mice
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Anselme L Perrier!, Juan Bruses?, Maria E Rubio®, Norbert Topf®, Viviane Tabar!, Neil L Harrison®, M Flint Beal
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Existing protocols for the neural differentiation of mouse embryonic stem {ES) celis require extended in vitro culture, vield
variable differentiation results or are limited to the generation of selected neural subtypes. Here we provide a set of coculture
conditions that allows rapid and efficient derivation of most central nervous system phenotypes. The fate of both fertilization-
and nuciear transfer—derived ES (nES) celfs was directed selectively into neural stem cells, astrocytes, oligodendrocytes

or neurons. Specific differentiation into w-aminobutyric acid {GABA), dopamine, seroionin or mator neurons was athieved

by defining conditions to induce forebrain, midbrain, hindbrain and spinal cord identity. Neurona! function of ES cell-derived
dopaminergic neurons was shown in vifro by electron microscopy, measurement of neurotransmitter release and intracetiuiar
recarding. Furthermore, transplantation of ES and ntES ceil-derived dopaminergic neurons corrected the phenotype of a mouse
modet of Parkinson disease, demonstrating an in vivo application of therapeutic cloning in neural disease.

The differentiation of ES cells provides access to the earliest stages of
development and may serve as a source of specialized cells for regen-
erative medicine. Several in vitro systems allowing derivation of new-
ral progeny from ES cells have been described™™. However, these
differentiation protocals are hampered by disadvantages, such as the
need for extended in vitro culture®™®, cell line— and strain-dependent
variability of the differentiation results™, low efficiency of neural
induction® or generation of a Himited number of neural subtypes’.
Here we describe a coculture-based ES cell differentiation system
that provides bath fast, efficient neural induction and the abifity 10
generate a wide range of neural subtypes, including clonally defined
neural stem cells {NSCs). We also developed protocols for the selec-
tive gemeration of dopaminergic, serotonergic, cholinergic and
GABAergic newrons, as well as astroglia and oligodendroglia.
Compared with earlier techniques, this systern exhibited minimal
variability in ebtaining neural celis from a wide range of both fertil-
ization- and nthS cell-derived cells, facilitating the use of ntES cell
lines in therapeutic cloning in neural diseases. In vivo survival of ES
cell-derived dopaminergic neurons' and correction of the pheno-
type in parkinsonian rats using ES cells overexpressing Nurrl (ref. §)
have been described. However, the therapeutic potential of utES cells
and of ES cells not overexpressing Nurr1 has not béen demanstrated.
Here we show that transplantation of naive ES and ntES celi-derived

dapa-minergic nevrensinto parkinsonian mice resulted in the long-
term survival of the transplanted dopaminergic neurons aznd the cor-
rection of behavioral deficits.

RESULTS

Neural induction of mouse ES cells

We induced nevrat differentiation by coculturing ES cells with murine
bone marrow—derived stromal feeder cell lines MS5 (ref. 9) and §17
(ref. 10} or with primary stromal feeder cells obtained from the aorta-
gonad-mesonephros (AGM} region. Stromat feeder cell lines such as
MS5 are preadipocytic mesenchymal cells that were originally devel-
oped to support in vitre growth and tong-term expansion of highly
purified hematopoietic stem cells. We seeded undifferentiated mouse
ES cells on strommal cells at low density, and induced neural differentia-
tion in serum replacement medium (SRM}). Within 3 d, ES celi-
derived cells had formed small epithelial structures (Fig. al, and by
day 6, vireually all ES cefl-derived colonies were immunoreactive {0
neural precursor markers such as nestin!! {Fig, 1b), neural cell adhe-
sion molecules (NCAMSs? and musashi!®, Subsequent culture in N2
medium supplemented with basic fibroblast growth factor (bFGFI3H
allowed the purification and propagasion of neural precursor cells.
Neuronal differentiation was.induced by bFGF withdrawal and addi-
tion of ascorbic acid®1%. We monitored in vitro progression of ES cell
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Conditions for motor neurons were: on
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ventral neuronal subtypes, such as dopamine g
neurans. Exposure o retinoic acid, FGF4,
FGES, or bEGF led to enrichment of chol-
inergic, serotonergic, dopaminergic and
GABAergic neurons, respactively. The selec-
tive generation of these neuronal subtypes
was correlated with the increased expression
of spinal cord {cholinergic), hindbrain-mid-
brain (ser-otonergic, dopaminergic) and
forebrain (GABAergic) markers. The specific
conditions for dopamine neurons were: days
03, SRM; days 5-8, SRM + FGF8 + SHH}
days 8-11, N2 medium {N2)+ bFGF+ FGRS
+ SHH; days 1i-34, N2 + ascorbic acid +
brain-derived neurotrophic factor (BDNF}.
Conditions for serotonin neurons were the
same as those for dopamine neurons, ex-
cept on days 5-8 (SRM + EGF4 + SHH).

THIEri

THIE-Tub

days 0-4, SRM; days 4-8, SRM + SHH +
retinoic acid; days 8~11, N2 + bEGF + SHH;
days 11-14, N2 + ascorbic acid + BDNE
Conditions for GABAergic newrons were:
days 0-3, SRM; days 5-9, N2 + bFGF; days
911, N2 + bEGF + SHH + FGF; days 11-14,
N2 + BDNF + NT4. Forebrajn identity of
GABAergic neurons was demonstrated using

Parcentage

BF1/lac? knock-in reporter S cells (Fig. 3e). g
The winged-helix transcription factor brain ‘% 4.,
factor-1 (BFL; also called foxgl) is a fore- B

brain-specific marker within the CNS'S. The 1
MS5 GABA protocol caused a marked induc-
tion of BE expression, as assessed by [-gal
histochemistry of the ES cell-derived prog-
eny, consistent with {orebrain-specific differ-
entiation. A schematic representation of all
neural subtype-selective prowocols is pro-
vided as Figure 4.

These protocols for glial and neuronal sub-
rype-specific differentiation yielded cormpa-
rable results in a vartery of ES (CJ7, A2.2,
El4, B5) and ntES (C15, Ci6, CT1, CT2,
CON1, CN2Y cell lines. Head-to-head compar-
isan of the MS5 with the multistep embryoid
body-based dopamine neuron differentia-
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Figure 3 Neuronal fate specification. (a) Immunocytochemistry for neuron subtype-specific markers
under conditions that enrich for midbrain dopamine {DA} neurons (TH/ERL), motor neurons {MNs;
B-Tub/HE9), serotonin neurons {§-Tub/Ser) and GABA neurons (B-Tub/GABA). Scale bar, 20 ym for

all panels. (b} RT-PCR analysis of neurctransmitter and other subtype-specific markers confirms the
prasence of multiple neuronat subtypes such as GABA, serotonin, midbrain DA and MNs after 5-9 d

of in vifro ditferentiation. {c) Percentage of B-tubutin® neurons expressing DA, MN, serotonin or GABA
markers under induttion protocols optimized for each neuronal subtype. Each subtype-specific
condition resuited in a significant increase for a given phenotype (*F < 0.05 against each other group;
ANOVA. Schetfay. (d) Effect of SHH and retinolc acid (RA) on induction of the transcription faciors
Niw6.1, Nke2. 2 and Irx3 during MS5-induced in vitre differentiation. RA and SHH were added on days
3-7. (e) X-gal cytochemistry of BF 1-lacy knock-in ES cells differentiated under conditions selective Tor
GARA, DA, M and serotonin neyrons, Data show a marked increase in forebrain differentiation under
GABA-seiective conditions.

tion protocol>” confirmed reduced variabil-
ity and increased yield of TH-expressing
(TH*} neurons for both E§ and utES cell
tines (Fig. 5a). Cloned ES cell lines were derived through nuclear
transfer from adult tail p or cumulus cells as described”, Highly
restoducible differentiation among all ES and ntES cell lines tested
was = surprising fnding, given earlier results with embryoid
body-based protocols”. '

Functional charactetization of ES cell-derived neurons in vitro

A definite marker of newronal fate is the generation of synapses. ES
cell-derived neurons Fequently contained aggregates of synaptic vesi-
cles (50—100 nm) in the vicinity of the cell membrane (Fig. Sb, left). In
addition, we detected larger {>100 nm), electron-dense vesicles resem-
bling those observed at doparnine terminals, Synaptic contacis (Fig. 5b,
right} were seen between dendritic and axonal processes, or between an

1202

axonat process and a cell body. In addition to ultrastructural evidence
of synapse formation, HPLG revealed that ES cell-derived dopaming
neurons released dopamine both basally and upon stimulaton with
KC1 {Fig. 5¢). Blectraphysiological properties of ES celb-derived new-
rons were assessed in single-cell recordings (Fig, 5d). ES {(B5) and mtES
(T2} cells constitutively expressing enhanced green fluorescent pro-
tein (eGFP) were differentiated using the M55 protocol for dopamine
neuron differentiation and were replated on ghass coverslips at day 12 of
differentiation. Cells were kept in N2 medium supplemented with
ascorbic acid and BIINF for recordings at days 16-20 of differentiation.
Depolarization-induced action potentials that could be reversibly
blocked by terodotoxin {TTR) were observed in 4% of all ES
celi~derived (1 = 24 and two out of two (100%) atES cell-derived cells

VOLUME 27 NUMBER 10 OCTOBER 2003 NATURE BIOTECHNOLOGY
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HSC Astro Cligo DA Ser GABA MN {negative rotations after amphetamine chal-
o lenge} was observed, as reported carlier for
T SRM SKM SR SRM BRM SRM BRM _ s !
2 Nursl-overexpressing ES cells®. This result
4 i 1 l l .. 2 was surprising because some mice had
] Y SRM + GHH >40,000 surviving TH™ cells in the striatum, a
F .. ¥ BRI AFGFE  SRM +FGFR B2 + bEGF +«RA . .
g € | \Giveisr  werpror | mavseue +5HH + §HH : number that exceeds the ~10,000 midbrain
€ g - +EGF +EGF . S, 2 LY dopamine neurons present in the aduit
= . ¥ 42 + BFGF N2 4 BFGF . 2 N2+ BFGF L
2 4 o ThiGe  vSWMFGRD  <SHH+FGFD  NITEFGE + 5HH mouse midbrain.
E 15 - %2+ bEGH . + 3 + SHiK g FFS ¥ X
5 3 EGRecHTF  FF 2 FOGF Whereas ntES cell grafts appeared larger
£ ¥ M N2+ NT4 H2 +AA B P &
12 - e o poer el P el +BONF + BONF in size than ES cell grafts, in accordance
B 44 4 + & ¥ ¥ with the increased number of TH neurons
§' . {Fig, 6g), no obvious differences in fiber
16 1 T outgrowth or neural subtype composition
LT T N I, S was detected. The extentof THT fiher out-
20 i growth was not assessed across multiple
n ¥ et . . . i . X
v o sections, but within a single section {50 pm

Figure 4 Schamatic representation of culture conditions, The temporal sequence of medium and
growth factors is listed for the derivation of specific newal subtypes from mouse ES and ntES cells.
See Methods for detailed technica! information. Astro, astrocytes; DA, dopamine neurons; GABA, GABA
neudrons; MN, motor neurons; NSC, neural stem cells; Olige, aligodendrocytes; Ser, serolonin neurons.

thickness) THY fibers could be traced for as
far as 400 um into the host striatam (see
Suppiementary Fig. 3 online). Grafts typi-
cally contained a few GABAergic, cholinergic
and serotonergic neurons in addition to the

{Fig. 5d). These data confirm that MS5-induced ES celi differentiation
leads to rapid development into functional neurons.

Transplantation into parkinsonian mice

The in vivo functon and therapeutic potential of MS5-induced ES
cell-derived neuronal subtypes were assessed in mice with 6-hydroxy-
dopamine {6-OHDA}-induced lesions. Unilateral lesions were estab-
lished by intraventricular 6-OHDA injections, which resulted in the
ioss of 69.4 + 7.6% of the midbrain dopamine neurons & weeks after
the injections {1 = 5} ES cells were differentiated on M85 for 13 ¢
under dopamine neuron-enriching conditions, replated in the
absence of feeders and grown for an additional 3—4 d in N2 medium
supplemented with BDNF and ascorbic acid. Cells (10% cells derived
from eGFP-expressing ES (B5) or ntES (CT2) cell lines) were har-
vested by mechanical removal and subsequently injected into the ipsi-
lateral striatum (# = 6 mice {or each celf line and for saline-injected
controls), Histological analyses done 2 months after transplantation
showed grafts that extended over a large portion {up to 10 mm?, as
assessed by Cavalieri estimator) of the host striatum (Fig. 6a—c).
However, within this volume, areas of grafied cells were typically inter-
spersed with the striatum, precluding an accurate measure of total
graft volume. The highest density of TH* cells was found at the inter-
face of grafted and bost cells. Notably, the location of grafted eGFP®
cells was largely restricted to the striatum without crossing into the
neighboring cortex (Fig. 6d). Coexpression of the DAT and aromatic
acid decarboxylase (AADC) (Fig. 6e,fy confirmed dopamine neuron
fates in 270% of all TH* cells in the graft. The proportion of TH™ cells
expressing dopamine-f hydroxylase, a marker of noradrenergic neu-
rons, was <5%. Sterealogical counts yielded an average of 7,498 &
2,338 TH™ cells and 22,830 £ 8,451 TH* cells for B5 and CT2 cells,
respectively {Fig. 6g). No TH* celis were detected in the striata of con-
trol, saline-injected mice. In vive graft function was assessed by rever-
sal of amphetamine- and apomerphine-induced rotation behavior
{Fig. 6h,i). All mice grafted with ES or ntES cell-derived cells showed
»70% reduction in both amphetamine and apomorphing scores (n = 6
in each group}. No reductions in either score were observed in control
mice {n = 6 Fig. 6h,i}. These data demonstrate robust alleviation of
the behavioral deficits in grafted mice. Notably, no avercompensation

MATURE BIOTECHNOLOGY VOLUME 21 NUMBER 10 OCTOBER 2003

TH" <ell population {Supplementary Fig.3}.

Immunchistochemistry for CD40 {activated
immune cells}, CD1 b {microglia) and GFAP (astrocytes) detected
no obvious signs of inflammation or immune response against the
grafted cells (Supplementary Fig. 3). No signs of aberrant differenti-
ation or teratocarcinema formation were observed on routine hema-
toxylin and eosin staining and examination, The only significant
difference between ntES and ES cell grafts was an increased TH®
soma size, as assessed by stereological meagures (nucleator probe):
ntES dopamine neurons {1 = 244), 2,268 & 129 gm*; ES dopamine
reurons (n = 168), 3,088+ 126 ;1!115; P <000

MSCUSSION

In the present study, we describe a fast and efficient method for the in

vitro neurak conversion of mouse ES cells, We and ethers have reported
elsewhere the generation of neural progeny from a variety of pluripo-
tent cell sourcest 731718 The protocols described here offer a sim-
pler, more repid and versatile platform for the selective generation of a
wide range of nevral phenotypes. In vitro induction of region-specific
fates has been reported in embryoid body-based culture systems,
including the generation of midbrain dopamine neurens?, hindbrain
serotonin netrons® and hindbrain—spinal cord motor neurons'®. We
expand on these findings by demonstrating the efficient and selective
generation of all these phenotypes in a single feeder-based syster. In
addition, we demonstrate the selective generation of forebrain
GABAergic neurons from ES cells, which has not been reported before,

Whereas initial data suggested that stromal feeder cells induce mid-
brain neuronal fates by defanlt, our study demeonstrates that regional
fate specification can be contrelled by manipulation of external
medhsm conditions and by sequential patterning cues that seem
recapitulate i vive development {see Supplementary Fig. 1 online).
Studies in Xenopus lnevis have suggested that the early neural fate is
anterior in nature by default® but modulated and posteriorized by
retinoid, FGF and Wnt sigraling®. Our data are compatible with this
proposal, considering that the chief modification for generating ante-
rior fates consisted of a delayed application of FGF8 and SHH, after
the time window during which i vitro specifications of midbrain-
hindbrain organizer genes typically ocour (Fig, 3b), Similarty, an early
switch to N2 medium + bFGF was chosen to prevent the midbrain-
promoting activity of SRM? and to keep early neural precursors under

1203
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Figure 5 Variability of dopamine (DA) neuron differentiation and in vitio
function of ES celt-derived neurons. {a} The percentage of TH* neurons
derived from varicus £S and ntES cell lines differentiated with the M85 or
the embryeld bedy-based DA neuren protecol. in addition to decraased
variability, there was a significantly increased percentage of TH* celis

(P = 0.001, ANOVA: Schaffé). (b} Elactron microscopy shows numerous
boutons filled with synaptic vesicles (left). These structures often made
axodendritic and axesomatic contacts and displayed pre- and postsynaptic
densities (rightl. (¢} Exampie of an HPLC chromatogram showing high
tevels of DA in the medium of ES celi-detivad neurons {green line, medium
conditioned for 24 h: 522 + 124 pg/mi}. Relatively low basal DA release
was detected {btue line, exposure to buffer for 15 min: 68 + 34 pg/mi)

as compared with very high levels of DA after 15 min of KCi-avoked
depolarization {red tine, 1,398 £ 322 pgimi}. (d) ES cell-derived neurons
were patched in the whole-cell configuration in current-clamp mode. Action
potentials were evoked by depolarizing currents at a threshold of ~40 mV.
All action potentials were TTX sensitive. Scale bars in b, 0.12 um.

proliferative conditions. Late application of SHH and FGF8 was initi-
ated to mimic signaling within the basal forebrain essential for gener-
ating the ventral telencephalon (GABAergic neurons™). It thus
appears that stromal feeder differentiation does not bias regional iden-
tity of BS cell-derived progeny and is responsive to developmentally
based patterning strategies. The specificity of forebrain versus mid-
brain versus hindbrain versus spinal cerd induction in our culture
protocols provides an i vitro assay (o screen for additional molecules
involved in anteroposterior {AP) patierning.

Tin contrast to the PAG feeder system, in which no significant giial
differentiation was reported!, our technique allows efficient and
rapid differentiation into both astroglia and cligndendroglia.
However, a direct comparison of M85 and PAG revealed that both
systems can derive astroglial and oligodendroglial progeny under
appropriate culture conditions (data not shown). Owr study demon-
strates neurai-inducing activity in 517, in addition to M55 and PAG,
as well as in primary stromal cells derived fram the AGM region, sug-
gesting that the inducing activity is not a unique feature of bone
martow-derived stromal cells. Comparisons between- various stro-
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Figure &6 In vivo function of ES celi~derived neurons, (a-c) TH immunohisio-
chwmnistry of the striatum in 2 mouse grafted with niLS celi-derived cells.
{a) TH* fibers in the striatum contyaiateral to the fesion. (b) TH™ celis and
fibers within the graft, (g) High-power image of boxed area in b shows large
TH* cells with complex neuritic arbarizations, (d) GFPT grafied celis were
confined 1o the striatum {5t} and did not cross into cortical areas (Cx).
te,f) Double immunochistochemistry for TH {(green) and DAT {red) in e and
TH (green) and AADC (red) in § shaw colocaiization (yellow) in the majority
of TH cells. (g) Number of surviving TH* cells in the graft, Data are mean
5.0, £<0.05 for both ES and ntES compared with sham groupn (ANGVA:
Scheffa). (h, i) Amphetamine- and apomorphine-induced rotation in £3,
nfES and sham-grafted mice. Data are mean £5.d., P<0.001 for both

ES and ntES compared with sham group (ANOVA interaction: weeks after
grafting x cell type), Scale bar in f, 100 pum fora, b, d; 50 um fore and ©;
26 umfore,

mal cell types with pative neural-inducing activity, neural-inducing,
activity upon paraformaldehyde crosslinking! or noninducing feed-
ers should help identify the molecular nature of neural induction by
stromal feeder cells,

Neural induction with the MS3 protocol was more robust than that
jrvolving embryoid body-based systems. This was refiected in our
successful use here, in the treatment of pakinsonian mice, of the
eGFP-expressing line CT2, which had the lowest efficdency of
dopaminergic differentiation among all ntES cell lines in embryoid
body-based protocols”. Efficient neural differentiation of s wide range
of ntES cells is a prerequisite for fature autologous applications in
therapeutic cloning, in which it will be unrealistic (o adapt cuiture
conditions to every single ntES celf line, The efficiency of the cultwre
systern is further demonstrated by calculating the number of special-
ized progeny, such as depamine neurons, obtained from a single ES
cell. Whereas embryoid body-based protocols typically yield two to
three dopaminergic neurons per ES cell initially plated?, the M85
dopamine protocol results in 1,000 dopaminergic neurons {1 x 167 ES
cells yield an average of 2 % 10° TUY neurons and 0.9§ % 10°
dopamine cells at day 14 of differentiation}.

Qur in vitro data add to the functional characierization of ES
cell-derived neurons, Although electrophysiological evidence of
synapse formation using embryoid body-based multistage ditferentia-
tion protocols has already been reported?, we provide proof that mES

VOLUME 21 NUMBER 10 OCTOBER 2003 NATURE BIOTECHNCOLOGY
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cell-derived neurons have the same functional properties. Therefore,
cloning and long-term expansion of undifferentiated neES cells do not
interfere with the functionality of their differentiated progeny. The
uitrastructural detection of typical large, dense-core vesicles suggests
that these are dopaminergic neurons.

There has been great interest in developing renewable cell sources for
the generation of dopamnine neurons in the experimental treatment of
Parkinson disease. Although some success has been reported in obtain-
ing dopamine-like neurens fm vitro from CNS-derived precursors,
CNS-based sources of dopamine nevrons generally showed limited in
vitro expansion % and in vive function®*3. Two recent studies vsing
undifferentiated £S cells?® or neurally induced ES cells averexpressing
Nurr! {ref. 83 have shown behavioral improvement in 6-OHDA-
fesioned rats. However, undifferentiated ES cells caused teratomas in &
Targe proportion of grafted animals®. No tumors were reported in
grafis of dopamine neurons derived from Nurrl-overexpressing ES
cells. However, the usc of cells expressing transgenes raises questions
about long-term safety. Our study demenstrates functionality of ES
cell- and ntES cell-derived neurons in 6-OHDA-lesioned mice, with-
out the requirement for exogenous Nurrl expression, The transplanta-
tio results using ntES cell-derived dopamine neurons in
parkinsonian miice demonstrates the efficacy of therapeutic cloning in
an enimal model of CNGS disease. Earlier work has shown in vive func-
tionality of havine dapamine nevrons extracted from cloned fetuses®.
However, the use of cloned fetuses as cell donors raises ethical barriess
that preclude applications in human disease. Notably, the dopamine
neuron survival rate in vivo was higher in ntES than in ES cefi-derived
grafts {(~80% versus 40%, 8 weeks after ransplantation}. The presence
of up to 40,000 surviving TH* neurons in some mice suggests that at
least some of the ES celi—derived dopamine neurons were born in vivo.

Our differentiation method provides a means to effictently direct ES
and mES cells into a wide variety of specific neural fates, Qur results
also demonstrate the potential of therapeutic cloning in monse maod-
els of Parkinson discase and suggest additional applications for
motoneuronal and demyelinating disorders. Future therapeutic apph-
cations may require extensive work to adapt our protocols to human
ES cells.

METHODS

Cell culture, Data were obtained with CJ7, BS and BF1/4acZ-73 ES cells?, and
C15 and CT2 #tES cells”. In addition, A2.2, £14 ES cells, and CT3, CN1, CN2
and C16 niES cefls” were used (o compare the variability of nenral differentia-
tion amony culture systems. Undifferentiated BS and ntES cells were main-
tained as described??,

Stromal cells. The stromal cell lines successfully used in this study were M35
{Kirin Brewery), $17 (provided by M. Moore), PA6 (Riken Cell Bank) and vari-
ous (a total of 10) AGM-derived stromal cell lines. AGM stromal celfs were
established as reported™, All the stromal cell lines were maintained as mono-
Tayer cultures in ¢-minimal essential medium (0-MEM) containing 10% FBS
and 2 mM L-ghuiamine (Gibeo-Invitrogen) and were passaged at 70% confln-
ency. For neural induction of ES cells, stromal cells were prown ta 100% confiu-
ency {contact inhibition-induced growth arrest). Alternatively, stromal cells
can be growth arrested by irradiation and replated a1 50 % 103 cells/em®. Neural
induction is inftiated by plating unditferentiated ES cells as single-cell suspen-
sion at a density of 50 cells/em® in SRM composed of Dulbecco’s modified
Fagle medium with 15% seram replacement, 2 mM L-glutamine and 10 UM
f-mercaptoethanol {Gibeo-invitrogen).

Meural stem cells, S celi—derived NSCs were generated after 6 d on MS5 cocul-
ture in SRM {changed every 2-3 d}, gently erypsinized and replated at single-
cell densities {-5—10 cellsicm? on polyarnithine- and fibronectin-coared dishes
in N2 medium supplemented with 19 ng/ml bFGE These BS celi-derived
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NSCs can be cloned and propagated under conditions identical to those
described for primary rat NSCs',

Astrocytes, After 6 d of culture in SRM, ES cell-derived neural progeniters were
induced to profiferate in N2 medium supplemented with 10 ng/ral bFGE and
20 ng/ml BGF (days 6-9), and then coltured for an additional 3 d in N2
medium with bFGF, EGF and 20 ng/ral CNTE At day 12 aft growth factors

except ONTF were withdrawn, and cefls were typically analyzed at day 18.

Oligodendrocytes. Conditions for eligadendroglial differentiation were identi-
cal to those for astrocytic differentiation wniil day 9. From day 9 to day 12, cells
were expased to N2 mediwm supplemented with 20 ng/ml PDGE in addition to
bEGF and BGE These immature oligoprogenitors were expanded in PDGF
alone from day 12 to day 16 and differentiated by PDGF withdrawal. The addi-
tlon of 10 ng/ml neurotrophin-3 and 40 ng/ml triiedothyronine (T3) can-be
used to enhance differentiation further.

Glial differentiation can be induced in the absence of stromal feeders after
replating BS cell-derived neural precursors at day 6 of differentiation on M35
as for NSCs (see earfier),

Dopamine neurans. After & d of culture, 260 ng/mi SHH and 100 ng/mi FGF8
were added to the SRM, and then the medium was changed to N2 supple-
mented with SHH and FGFS in the presence of 10 ng/ml bRGE (days 8-113. A
day 11, terminal differentiation was induced by withdrawal of SHH, FGFY and
WFGE and the addition of 200 pM ascorbic acid and 20 ng/mi BDNE

Serotonin neurons. The same culture conditions were used ag for dopamine neu-
yoms, except that 100 ngfm] FGF4 was added instead of FGE from day 5 to day 8.

GABA neurons. Aller 5 d in SRM, the cells were transferred to N2 medinm sup-
plemented with 16 ng/ml bFGF for 4 ¢, At day 9,200 ng/ml SHH and 100 ng/ml
FGFE were added to the N2-bFGF for 2 d more. Ditferentiation was induced by
mitogen withdrawal and the addition of 20 ng/ml neurotrophin-4 (NT4) and
20 ngfm! BINE

Motor neurons. At day 4 of cultare, 300 ng/mi SHH and 1 WM retinoic acid were
added to SRM, and then the cultured was transferred to N2 medum supple-
mented with 10 ng/mi bFGF and SHH from day 8 to day 11, Differentiation was
induced at day 11 in N2 medium supplemented with ascorhicacid and 20 ngfml
BONE For long-term colture of motor neurons, the addition of 10 ng/mi glial-
derived neurotrophic factor is required,

For culture of all nenronal subtypes in the absence of stromal feeders, ES
cell-derived progeny can be removed at day 11 of differentiation, after incuba-
tion in Ca- and Mg-free Hanks balanced salt solution (HBSS) for 30 min,
mechanical trituration and replating at 56 % 1 celisfem? .

All growth factors were purchased from R&D Systems; all-frans retinoic acid
and 1% were from Sigma-Aldrich.

Iamunchistochemistry, Cells were fixed in 4% paraformaldehyde-0.15%
picric acid and were stained with the foliowing primary sntibodies. Rabbit
polycional antibodies: against nestin no. 130 {provided by R, McKay); musashi,
GFAP, HDBY {Chemicon}: TH (PelFreex); GABA and serotonin (Sigma-Aldrich };
Btubulin 11 (Covance), Mouse menoclonal antibodies: againgt Tajl
{Covance); MBP, NG2, 04 and O! {Chemicon); CNP (Sternberger
Maonodonalsh NCAM (BD Pharmingen); TH (Sigma-Aldrich); Enl, DSHBE
(provided by T. Jesselt). Appropriate cyanin-2- {Cy2) and Cy3-labeled second-
ary antibodies {Jackson ImmunoResearch) and DAPL counterstain were used
for visualization,

RT-PCR. Total RNA was extracied using Trizol ultra pure reagent (Gibco-
Invitrogen) and subsequently incubated with DNAfree (Ambion} to minimizc
genomic DINA comtamination, SuperSeript kit (Gibeo-Tnvitrogen) was used for
reverse transcription (5 pyg RNA per condition). PCR conditions were opti-
mived by varying the MgCl, concentration and cycle rambers 10 determine a
linear amplification range, PCR products were identified by size and confirmed
by DNA sequencing, Primer sequences, cycle numbers and enaealing tempera-
tures are provided as Supplementary Table I online. Gels were imaged using 2
12-bit CCD camera (Alphainnoetech).
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Fiectron microscopy, Cells differentiated for 131 d in dopamine neuron—
promoting conditions were replated on eight-well Permanox charnber slides
{Lab-Tele: Nunc) {1 % 10° celishwell), and were cultured for an additional 5-7 d
befare analysis. Cuitures were fixed in 4% paraformaldehyde~2.5% glutaralde-
hyde, washed in cacodylic buffer, post-fixed in 1% osmium tetroxide, dehy-
drated in ethanol and propylene oxide, infiltrated and fat embedded in Epon
resin, Ultrathin sections were stained with 1% aranyl acetate and 3% lead cit-
rate and were abserved with a Jeol 1200EX or 2 Zeiss 100CX ILtransmission elec-
tron microscope, Blectron micrographs were taken at 50,000 magnification.

HPILC analysis, Dopamine release was measured by RP-HPLC, as described®!.
Bricfly, samples woere collected at day 14 of differentiation conditioned medium
{24 h}, basal release {15 min in HBS$S) and evoked release {15 min in HBSS +
56 mM KCH. Samples were stabilized and extracted by aluminum adsorption
(Chromosystems). Separation of injected sammples (BSA Antosampier 540} was
achieved by isocratic elution in MD-TM mobile phase {(ESA)} at 0.5 ml/min.
The oxidative potential of the analytical cell {ESA Mod. 5011, Cowlochem 1t}
wasset at 350 mV. Resnlts were validated by coelution with catecholamine stan-
dards under varying buffer conditions and detector settings.

Rlectrophysiology. Cells were placed on the stage of an inverted microscope
{Axiovert 25; Zeiss), The culture medium was replaced by u physictogical
saline solution containing 145 mM NaCh 3 mM KCL 1.5 mM CaCly, | mM
MgChy, 5 mM ghucose, 10 md HEPES {pH 7.4) and having 320-33¢ midsm
esmotarity. GFP cells were identified by fluorescence mictoscopy, and record-
ings were done at 25 °C, using the whole-cell patch-clamp techniquze. The
patch pipette solution contained 135 mM potassivm glconate, 2 mM NacCl,
1 mM CaCly, | mM MgCly, 16 mM HEPES, 10 mM EGTA, 2 mM Mg-ATE
0.4 mM NaG'UP (pH 7.3) and osmolarity adjusted to 295 mOsm. Pipette-to-
bath resistance was typically 510 M. When TTX was applied, the final con-
centration was 500 nM. Cells were recarded in curreni-clamp maode using the
Axopaich 1C amplifier, and the membrane potential was manually adjusted to
60 mV, Current commands were applied for 300 ms using pCLAMP 5, and
membrane potential was digitized with an analog-to-digital comverter {TL-1
DMA interface) at 20 kFle. Data were anslyzed using Azograph 4.6 {adl from
Axon Instroments).

n vive studies, Male 1295v] mice (30-35 g Jackson Laboratory) were housed
and trested according to the National Institutes of Health {NTH) guidelines. All
protocols were approved by the Institational Animal Careand Use Committes
of Sloan-Kettering institute and Cornell University,

The mice were anesthetized with isoflurane, and 50 pg 6-OHDA (Sigma-
Aldrich) diluted in 2.1 0.05% ascorbic acid was injected into the lateral ventri-
cle at the following coordinates (in millimeters): AR (3 (from bregmal; ML,
1.0; DV, 3.0 (from dura). To protect noradrenergic neurons, 30 min before
6-OHDA injection, desipramine {Sigma-Aldrich) was injected intraperi-
toneally (ip.) at a dose of 25 mg/kg. Itraventricular 6-O1DA administration
led to & complete denervaiion of the medial striatum with only & few remaining
TH* fibers in the lateral striatam. Mice with successful lesions were selected,
and 10° cells resuspended in 1yl were injected into the striatun at the follow-
ing coordinates {in mm): AR 0.5 ML, 2.0; DV, 3.5.

Behavioral tests were done 4 weeks before transplantation and 3, 4, 6 and
8 weeks affer grafiing. Mice were injected Lp. with apomorphine (10 mp/kg;
tef, 32} and. after a 2-d interval, with amphetamine (10 mgfkg both Sigma-
Aldrich) as deseribed?>, At 15 min after injection, the number of rotations was
scored three separate times for 1-min periods, and the average was expressed as
the number of fuli-body turns. Mice selected for transplantaton had an average
ol > 10 full-body turns per minute. At 8 weeks afler transplontation, mice were
perfused transcardially with PBS and then 4% paraformaidehyde. Brains were
removed and cryesections were generated at 50-im thickness. Every fourth sec-
rion was immunostained for TH using the avidin-biotin peroxidase protocol.
After pretreatment with 3% H, Oy, free-floating sections were incubated sequen-
tially in 1% BSA—0.20 Triton, rabbit satibody to TH {Chemicon), biotinylated
anti-rabbit 1gG  and avidin-biotin-peroxidase  complex {Vector)., The
immunorerction was visaalized using 3,3'-diaminobenzidine terrahydrochio-
ride diliydrate with nickel intensification {Vector} as the chremogen. The same

staining protocol was used on selecied sections for GABA, serotonin, GFAP (all -
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Sigma-Aldvich), ChAT {(Chemicon), CD11b and CD4G antibodies {both
Seratec) using appropyiate secondary antibodies, Sections were mounted onto
gelatin-coated slides, dehydrated, cleared in xylene and coverslipped.
Stereotogical analysis® was carried out for the number of TH-immunoreactive
cells {optical fractionator), siriatal volume covered by graft {Cavaliert estimator)
and TH' soma size (nucleator probe) using Stereo Investigator (Version 4.35)
{Microbrightfield). Immunohistochemistry for TH-DAT and TH-AADC colo-
catization was carried out with the same protocol, but wsing rat DAT
{Chemicon} or rabbit AADC {Protas Blotech) antibodies. Sections were incu-
bated in 1% BSA-0.2% Triton X-100 for 30 min, and then in the primary anli-
body mixture containing rabbit {TH-DAT) or mouse TH {TH/AADC
Sigma-Aldrich) i 0.5% BSA in PBS overnight. Appropriate Cy5 and Cy3 sec-
ondary antibedies {Jackson ImmunoResearch} were used for detection,

Statisticat analysis. Statistical analyses were carried out using a commercially
availabie software package {Statistica 5.5, Statsoft). Significance of behavioral
dats was tested by ANOVA {interaction of time ¥ group}. Data for the total
number of surviving TF' cells in vive and neuronal subtype data were tested
with ANCOVA and Scheffé post lroc analysis. Data are presented as mean +s.e.on.
unless indicated otherwise, All i vitro results were derbved from ai least three
independent experiments,

Note: Supplemeniary information is available on the Natire Riotechnology website.
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