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SUMMARY

During embryogenesis the central and peripheral nervous morphology, gene expression and differentiation potential
systems arise from a neural precursor population, consistent with positionally unspecified neural tube.
neurectoderm, formed during gastrulation. We Differentiation of this population to homogeneous
demonstrate the differentiation of mouse embryonic stem populations of neural crest or glia was also achieved.
cells to neurectoderm in culture, in a manner which Neurectoderm formation in culture allows elucidation of
recapitulates embryogenesis, with the sequential and signals involved in neural specification and generation of
homogeneous formation of primitive ectoderm, neural implantable cell populations for therapeutic use.

plate and neural tube. Formation of neurectoderm occurs

in the absence of extraembryonic endoderm or mesoderm

and results in a stratified epithelium of cells with  Key words: Stem cells, Neurectoderm, Cell culture, Neural crest

INTRODUCTION ES cells therefore fulfil the requirements for cell therapy
applications, although methodologies for controlled
Cell therapy, the use of cells for the correction of diseasadlifferentiation of these cells have not been described. Human
provides an opportunity to create therapeutic agents fdgS cells, with similar properties to mouse ES cells, have been
previously untreatable human diseases caused by cell damaggorted (Thomson et al., 1998; Reubinoff et al., 2000) but not
or dysfunction. Potential sources of therapeutic cells includget characterised extensively.
the differentiated products of human adult stem cells, such askS cells can be aggregated and differentiated in suspension
neural stem cells and haemopoietic stem cells, and humanlture. In the absence of gp130 signalling, aggregated ES cells
pluripotent cells representative of pluripotent cells of the earlyjorm structures termed embryoid bodies (EBs), which
embryo (Rathjen et al., 1998). In order to fulfil requirementsecapitulate many aspects of cell differentiation during early
for cell production, progenitor cells must proliferate in culturemammalian embryogenesis (Doetschman et al., 1985; Shen
preferably from clonal isolates, allow precise geneticand Leder, 1992; Lake et al.,, 2000). Outer cells form
manipulation of the genome and differentiate effectively to celextraembryonic endoderm and its derivatives while inner cells
populations suitable for implantation. undergo processes equivalent to formation of the proamniotic
The best characterised pluripotent cells are mouseavity (Coucouvanis and Martin, 1995) and primitive ectoderm
embryonic stem (ES) cells isolated from the inner cell masg§Shen and Leder, 1992; Lake et al., 2000), followed by
(ICM) of the preimplantation blastocyst (Evans and Kaufmanpluripotent cell differentiation into differentiated tissues
1981; Martin, 1981; Brook and Gardner, 1997). ES cells caderived from all three germ layers. EB differentiation
be maintained stably as a pluripotent cell population in culturpotentially provides a model system for the characterisation of
for indefinite periods of time in the presence of gp130 agonisarly embryonic events and a protocol for the formation of
and support both clonal proliferation and precision genoméherapeutically useful cell populations. However, the lack of
modification (reviewed by Smith, 1992; Rathjen and Rathjenstructural organisation and positional information within EBs
2001). Withdrawal of gpl30 signalling, formation of during pluripotent cell differentiation results in heterogeneity
embryoid bodies (EBs) or reintroduction to the early mousé&oth within and between EBs, and exposure of differentiating
embryo leads to differentiation of ES cells into a variety ofcells to potentially inappropriate signalling environments
differentiated cell populations, which can include allresulting from the juxtaposition of temporally and spatially
embryonic and adult cell populations, including the gerndistinct cell populations (Rathjen and Rathjen, 2001). This
lineage (Bradley et al., 1984; Doetschman et al., 1985). Mougmtentially limits the use of EBs as a model system of early
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mammalian embryogenesis and for the production of celfiifferentiation potential and provided the first demonstration of
populations with therapeutic application. directed terminal differentiation of pluripotent cells in culture.

Lineage-specific differentiation of ES cells to both primitive Recapitulation of formation of the mammalian neural lineage
ectoderm and subsequently mesoderm has been achievedityvitro, in the absence of potentially instructive signals
manipulation of the differentiation environment. ES cellsoriginating from other cell lineages, provides a system for
cultured as monolayers in the presence of medium conditionebaluation, at a molecular and cellular level, of the mechanisms
by the human hepatocellular carcinoma cell line HepGaf neurectoderm formation.
(MEDII) have been shown to form a second, stable pluripotent
cell population, early primitive ectoderm-like EPL cells
(Rathjen et al., 1999). EPL cells demonstrate morphologfATERIALS AND METHODS
gene expression, differentiation potential and cytokine
responsiveness distinct from ES cells but characteristic of tHeell culture
post-implantation pluripotent cell population of the mouseES cell lines E14 (Hooper et al., 1987) and D3 (Doetschman et al.,
embryo, primitive ectoderm. Further differentiation of EPL1985) were used in this study. Routine culture of ES and EPL cells
cells within EBs results in the efficient formation of mesodernﬁ“gce{ggg%t;/ogghjw'eﬁ2{';\;”‘??{ :{anDé't';?“‘iggg)edB?:fﬂ;Umeggr; ;SHS
Zztg:jeerﬁ]xéﬁinn?;ggs kzl(_)g;(evgczlr.alzgggfderm and embryonyﬁnowles et a.I., 1980) (ATCC HB-8065) were trypsinised to a single

While f tion of po uIatior;s enriched in neural cells cell or near single cell suspension and seededfm“ﬁtells/cn’? in

ie forma pop : ; . ) 'DMEM (Gibco BRL #12800) supplemented with 10% foetal calf

from ES cells, has been achieved by differentiation in thgerym (FCs; Commonwealth Serum Laboratories) and 1 mM L-
presence of retinoic acid (Bain et al., 1996), use of selectivgutamine to give a ratio of 1.%&CP cells/ml medium. Conditioned
medium on ES cells and the products of EB differentiatiormedium was collected after 4 days culture, sterilised by filtration
(Okabe et al., 1996; Tropepe et al., 2001), coculture witkthrough a 22um membrane and supplemented with 0.1 iM
inactivated feeder layers (Kawasaki et al., 2000) or use ahercaptoethanoBtME) before use. MEDII was stored &Cifor 1-
genetically modified ES cells and antibiotic selection to select weeks. For these experiments MEDII was not frozen. HepG2 cells
for cells expressing early neural markers (Li et al., 1998), thenere replenished from frozen stocks every 2 months.
are inherent deficiencies in these approaches (Rathjen a%g
Rathjen, 2001). For example, neural precursors produce | . .
. L AT . cell aggregates were formed from single cell suspensiorsk0f1
In response to retlp0|c acid - induction appear tF’ .b%ells/ml) of ES or EPL cells cultured in bacterial Petri dishes. ES cell
developmentally restricted such that further differentiation,ng gpL cell embryoid bodies (EBs and EPLEBS respectively) were
results in production of a limited range of neural cell typeSormed as described previously (Lake et al., 2000). EBMs, cell
(Renoncourt et al., 1998). Furthermore, formation of neuradggregates formed and maintained in MEDII, were formed from ES
progenitors in the presence of other cell lineages, as generatadls aggregated in IC:DMEM (DMEM with 10% FCS, 40 mg/ml
for example within EBs, may expose developmentally plastigentamicin, 1 mM L-glutamine and 0.1 mfME) supplemented
cells to inappropriate signals. Finally, selective techniques amith 50% MEDII. Aggregates were divided 1 in 2 on days 2 and 4,
limited to cells with specific properties, such as gen@”d medium was changed on days 2 and 4 and then daily until

expression or survival, which may not necessarily be those be/lection. In early experiments 10-20 ng/ml FGF4 was added to the
suited to further anal);sis or exploitation medium from day 4, however this did not influence the outcome of

. . . . differentiation and was omitted in later experiments. The time in days
Ge.’?e“‘? and b'themlcal. analys[s of neureCto_der om formation of aggregates was denoted by superscript with the day
specification, patterning and differentiation, and production of¢ formation denoted as day 0. For example, EBM 5 days after
cells for therapeutic application, would be facilitated by th&ormation are represented as EBM
availability of an embryologically relevant population of neural For continued suspension culture of EBs and EBMs, aggregates on
precursors generated by stepwise, homogeneous differentiatiday 7 were transferred to serum-free medium (50% DMEM, 50%
of ES cells in a manner recapitulating establishment of thislams F12; Gibco BRL # 11765) supplemented withidsulin-
lineage during embryogenesis. Here, we describe a novépnsferrin-sodium  selenite  (ITSS) supplement  (Boehringer
approach to generation of neural lineages, via directetfannheim)and 10 ng/ml FGF2 (Peprotech). _
differentiation of ES cells to a homogeneous population. For adherent culture, aggregates were seeded onto gelatin-treated
equivalent to embryonic neurectoderm without the formatio issue-culture grade plasticware (Falcon) on day 7 of development in

f brvoid bodi t b - I lati th 00l DMEM supplemented with 10% FCS (Commonwealth serum
of embryoid bodies, extraembryonic cell populations or o e[aboratories). On day 8 medium was removed and replaced with 50%

germ lineages and without the use of selective techniquegyen, 500 Hams F12 supplemented with ITSS (Boehringer
Differentiation of ES cells in suspension in mediumpyannheim).

supplemented with MEDII resulted in recapitulation of

neurectoderm formation in the embryo with the ordered an@nalysis of differentiation potential of cells within cellular
synchronous appearance of primitive ectoderm, neural plaf®dregates

and neural tube equivalent populations. The resultinggB’ and EBM were seeded as described above and assessed on
neurectoderm population comprised a columnar epithelidl@ys 8, 10, 12 and 14 for the presence of neurons, identified

sheet, consistent with the morphology of this cell populatioferPhologically by the presence of axonal projections (and confirmed
in vivo, which expressed earls neu%i’gl markers bBt pdid not y the expression of NF200; data not shown), and beating cardiocytes,

. . - ... .. ldentified morphologically by rhythmical contraction of cells within
express genes associated with positional specificatior}, aggregate.

Homogeneous differentiation of pluripotent cell-derived
neurectoderm to neural crest or glia, and the demonstratidweural crest formation
of neuron formation, was consistent with an unrestricte@BM?® were collected, washed in PBS, treated with 0.5 mM EGTA

rmation of cell aggregates
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pH 7.5 for 3 minutes, washed in PBS and disaggregated to smalblymeraseSox2transcripts were generated from a 748\op/Xba
clumps (20-200 cells) by trituration. Cell clumps were allowed tocDNA fragment cloned into pBluescript SK. Transcripts were
settle and single cells liberated during trituration were removed witlgenerated fronfAcd and Xba linearised plasmid transcribed with T3
the supernatant before plating onto tissue-culture grade plasticwafentisense) and T7 (sense) RNA polymerases respectivelySBrih
that had been coated with cellular fibronectinuglcn®; a gift from

M. D. Bettess, Department of Biochemistry, Adelaide University,
Australia) and allowed to dry. Cells were cultured in Hams F1Z
containing 3% FCS and 10 ng/ml FGF2 and supplemented with eiths
0.1% 25uM staurosporine (Sigma) in DMSO (final concentration, 25
nM) or 0.1% DMSO. Cellular aggregates were allowed to differentiatc
for 48 hours before fixation in 4% paraformaldehyde (PFA) for 3C
minutes.

Glial lineage formation

EBM® were collected, washed in PBS and broken into small clump
as described above. Cell clumps were transferred to tissue cultu
plasticware pretreated with poly-L-ornithine as per the manufacturer’
instructions (Sigma) and cultured in 50% DMEM, 50% F}ITSS,

1x N2 supplement (Sigma), 10 ng/ml FGF2, 20 ng/ml EGF (R&D
Systems Inc.) and fig/ml laminin (Sigma). Medium was changed
daily. After 5 days medium was changed to 50% DMEM, 50% F12
1x ITSS, x N2 supplement (Sigma), 10 ng/ml FGF2 and 10 ng/mi
PDGF-AA (R&D Systems Inc.). Cells were fixed for analysis on day
7 or 8 of culture by treatment with 4% PFA for 30 minutes.

Gene expression analysis

Northern blot analysis

Cytoplasmic RNA was isolated from cellular aggregates using th
method of Rathjen et al. (Rathjen et al., 2001). Northern blot analys
was performed as described previously (Thomas et al., 1995). DN
probes were prepared from DNA fragments using a Gigaprim
labelling kit (Bresagen). DNA fragments used were as describe
previously (Rathjen et al., 1999; Lake et al., 2000).

RNase protection analysis

20ug of cytoplasmic RNA, isolated from cellular aggregates (Rathjer
et al., 2001), was analysed for the expressioBaflandmGAPas
described by Lake et al. (Lake et al., 2000).

In situ hybridisation analysis

In situ hybridisation of cell layers and whole-mount in situ
hybridisation analysis of cell aggregates was performed using tr
method of Rosen and Beddington (Rosen and Beddington, 1993) wi
modifications (Rathjen et al., 1999; Lake et al., 2000). Antisense ar
sense probes for the detection @€t4, Fgf5and brachyury were
synthesised as described previously (Rathjen et al., 1999; Lake et ¢
2000). AntisenseSox1 probes were synthesised by T3 RNA
polymerase as run-off transcripts from plasmid #1022 linearised wit
BanHI. Sox1lsense transcripts, used as controls, were obtained froi
the same plasmid linearised witiindlll and transcribed by T7 RNA

brachyury

Fig. 1. Formation of early primitive ectoderm-like cells in suspension
culture. (A-D). 7um sections of EBMI(A,B) and EB (C,D) stained
with Haemotoxylin and Eosin (A,C) and Hoechst 22358 (B,D) and
viewed using brightfield (A,C) and fluorescent (UV2A filter; B,D)
microscopy. Scale bar: 170n. (E) RT-PCR analysis for the
presence of AFP and actin transcripts irf@Bd EB, two
independent populations of EBMnd EBM, and 8.5 d.p.c. mouse
embryos. A control reaction in which reverse transcriptase was
omitted is included (no RT). (F) Northern blot analysis ofig0of
RNA isolated from EB> and EBM-S probed forOct4 (1.55 kb),Fgf

5 (2.7 kb),brachyury(2.1 kb) andnGAP(1.5 kb). (G-L). Whole-
mount in situ hybridisation analysis of EBNG,H,K) and EB

(1,J,L) probed with digoxigenin-labelled antisense probe3did

(G,), Fgf5 (H,J) andbrachyury(K,L). Scale bar: 8fm.
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and Sox2containing plasmids were obtained from Dr R. Lovell- Histological analysis

Badge, Division of Developmental Genetics, National Institute forEg4 and EBM were fixed with 4% PFA for 30 minutes before
Medical Research, Mill Hill, London. Digoxigenin-labellé8bx2  embedding in paraffin wax and sectioning as described previously
riboprobes were generated from pG290 which contains a 290 bp PQRogan et al., 1994). im sections were stained with Haematoxylin
fragment from base 780 to 1070 of Be&x2cDNA (Chapman and  and Eosin (Kaufman, 1992), or with Hoechst 2235@g#n! in PBS;
Rathjen, 1995) cloned into pGEMT-easy (Promega). Antisense argigma) for 5 minutes. EBMs, which had been analysed by whole-
sense probes were transcribed fréal or Sty cut pG290, with T7  mount in situ hybridisation staining, were fixed in 4% PFA overnight,
or T3 RNA polymerase, respective§ox10probes were transcribed ashed several times with PBS, 0.1% Tween 20, treated with 100%
from pSox10E.1 (obtained from Dr Peter Koopman, IMB, Brisbanemethanol for 5 minutes and then isopropanol for 10 minutes. Bodies

Australia). Anti-sense and sense probes were transcribediraitil  \vere then treated and embedded as described previously (Hogan et
or BamHl cut pSox10E.1 with T7 or T3 RNA polymerase, ga|., 1994).
respectively.

Radiolabelled in situ hybridisation was performed as describetmmunohistochemical analysis

previously (Keough et al., 1995). Antisenddct4 probe was  Cellular aggregates were fixed in 4% PFA in PBS for 30 minutes and
synthesised by T3 RNA polymerase as run-off by transcripts frongehydrated in sequential 30-minute washes in 50% ethanol and 70%
Bluescript containing a 462 ttu Oct4 cDNA fragment (Schéler et ethanol. Cells were rehydrated in PBS and permeabilised with RIPA
al., 1990) linearised withiindIll. buffer (150 mM NaCl, 1% NP-40; 0.5% NaDOC, 0.1% SDS) for 30

. . minutes, washed in PBS and blocked in 10% goat serum, 2% BSA in
PCR analysis of neurectoderm gene expression _ 'PBS for 30 minutes. Primary antibodies, diluted in blocking buffer,

Total RNA was extracted from cell aggregates as described by Rathjgfere added and incubated overnight at 4°C. After washing in PBS,
etal. (Rathjen et al., 2001). cDNA was synthesised froum af total  aggregates were incubated with alkaline phosphatase-conjugated,

RNA using Superscript! Il First-Strand Synthesis System for RT- species-specific secondary antibodies directed against the primary
PCR (Gibco BRL) following the manufacturer’s instructions. PCR

was performed using Platinum PCR Supermix (Gibco BRL) following
the manufacturer’s instructions. Reactions were performed in
capillary thermocycler (Corbett Research), with cycling parameters ¢
follows; denaturing 94°C, 10 seconds, annealing 55°C, 10 seconi
and extension 72°C, 60 seconds. Cycling times were determined f
each primer set to be within the exponential phase of amplificatior
Primers for amplification ofctin, En-1, Hoxa7 and Otx1 have been
described previously (Okabe et al., 1996). Primer sequences and f
length of amplified products were as follows:

AFP(471 bp)

(5 CAAAGCATTGCACGAAAATG 3': 5 TAAACACCCATCG-
CCAGAGT 3),

EmxZ198 bp)

D EB EBM
45
(5 CCAAAGCGGATTCGAACCGC 3 5 TGAGCCTTCTTCCT- Octd. . .
CTAGC 3), '

6 7 8 4 5__Q7_8
LR
En2 (512 bp)

(5 AGGCTCAAGGCTGAGTTTCA 3 5 CAGTCCCCTTTGC- mGAP S = . ' - e e - e
AGAAAAA 3",

Hesx1(310 bp)

(5 GGGAAGGTGCTCAGCTC 3 5 CGTCCTCGGTACCAAC-
TC 3),

HoxB1(501 bp)

(5 CGAAAGGTTGTAGGGCAAGA 3; 5 CGGTCTGCTCAG-
TTCCGTAT 3),

Krox20 (502 bp)

(5 GGAGGGCAAAAGGAGATACC 3; 5 GGTCCAGTTCAG-
GCTGAGTC 3),

Mash1(482 bp)

(5 CGTCCTCTCCGGAACTGAT 3 5 TCCTGCTTCCAAA-
GTCCATT 3),

Nkx2.2(514 bp) Fig. 2. Morphology and gene expression in differentiating

(5 CTCTTCTCCAAAGCGCAGAC 3 5 AACAACCGTGGTA- pluripotent cells in vitro and in vivo. (A) EBKand (B) EBM
AGGATCG 3), viewed using Hoffmann interference contrast microscopy. (@h7

Pax3(502 bp) section of an EBMaggregate stained with haemotoxylin and viewed

(5 CGTGTCAGATCCCAGTAGCA 3 5 CCTTCCAGGAGGA-  using Hoffmann interference contrast microscopy. Size barsu210
ACTACCC 3), (D) Northern blot analysis of 20g RNA isolated from EB® and

Pax6 (500 bp) EBM48 probed forOct4andmGAR (E) Whole-mount in situ

(5 AGTTCTTCGCAACCTGGCTA 3 5 TGAAGCTGCTGCTG-  hybridisation analysis of an EBMiggregate seeded and cultured for
ATAGGA 3'), a further 24 hours and probed with a digoxigenin-labelled antisense

Shh(502 bp) probe toOct4. Size bar: 21@m. (F,G) 10um transverse section of a

(5 GGAACTCACCCCCAATTACA 3; 5 GAAGGTGAGGAAG-  7.75 d.p.c. mouse embryo probed with a radiolabelled antisense
TCGCTGT 3), probe toOct4viewed in brightfield (F) and darkfield

_PCR _pr_oducts were analysed on 2% agarose gels and visualisg®) illumination. A concentration of silver grains can be seen over
with ethidium bromide. the neural ectoderm (black arrow). Mesoderm (outlined arrow).
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Fig. 3. Differentiation of EPL cell aggregates in MEDII
D 100 results in the formation of homogeneous populations of
HEB i neurectoderm. (A) 1fg of RNA isolated from EBNt®
OEBM was analysed for the expressiorSoixlandmGAPby
RNase protection. (B) Immunohistochemical analysis for
‘\‘ the presence of the neurofilament protein nestin in a seeded

EBM7 aggregate after a further 48 hours culture. Size bar:
210um. (C,D) EB7 and EBM7 were seeded into individual
2 ml wells and examined on days 8, 10 and 12 for the
formation of beating cardiocytes (C) and neural extensions
-‘ (D). n>48/experiment, 5 experimental repeats represented.

L - (E,F) EBM” were seeded and cultured for a further 4 days
in serum-free medium before analysis for the presence of
NeuN (E) and tubulirg Ill (F). (G,H) EBM® were analysed
by whole-mount in situ hybridisation for the expression of
Sox1(G) andSox2(H) using digoxigenin-labelled anti-
sense probes. After colour development, aggregates were
fixed, embedded and cut intquh sections. Sections were
viewed under brightfield microscopy. Size bar: pb.
(1) EBM0were disaggregated, probed for the expression of
NCAM by immunohistochemistry and analysed by flow
cytometry. The bar, which indicates positive fluorescence,
was determined experimentally by analysis of cells probed
with secondary antibody alone (data not shown).
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antibodies in 100 mM Tris-HCI (pH 7.5), 100 mM NaCl, 0.5% (mouse anti-neuronal nuclei, Chemicon #MAB377) used at a dilution
blocking reagent (Boehringer Mannheim). Cellular aggregates weref 1:200, and GFAP (anti-glial fibrillary acidic protein; Sigma
washed in Buffer 2 (100 mM Tris-HCI (pH 9.5), 100 mM NaCl, 5 #G9269) used at a dilution of 1/1000. Secondary antibodies were
mM MgCl) and antibody conjugates were detected enzymatically witkalkaline phosphatase-conjugated goat anti-mouse IgG (ZyMax grade,
NBT and BCIP (both Boehringer Mannheim) made up in Buffer 2Zymed Laboratories Inc.) used at a concentration of 1:1000 and
according to the manufacturer's instructions. Aggregates weralkaline phosphatase-conjugated goat anti-rabbit IgG (ZyMax grade,
examined using a Nikon TE300 microscope with HoffmannZymed Laboratories Inc.) used at a dilution of 1/1000.

interference contrast optics. The antibodies used were directed against )

nestin (Developmental Studies Hybridoma Bank, reference Rat 40£Jow cytometry analysis

used at a dilution of 1:150, tubulpll (mouse anti-tubulin, beta Il EB!® and EBMP were collected and washed in PBS, then
isoform; Chemicon #MAB1637) used at a dilution of 1:1000, NeuNdisassociated by incubating for 5 minutes in 0.5 mM EDTA/PBS
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(Rosner et al., 1990; Scholer et al., 1990), gi®, a gene up-
regulated in pluripotent cells upon primitive ectoderm
formation (Haub and Goldfarb, 19910)ct4 expression was
maintained at high levels throughout these early stages of EBM
development indicating that pluripotent cell differentiation had
not commenced within these aggregates. High |&veti4

31.7 expression in EBM was accompanied by elevatéeyfs
expression, indicating that the pluripotent cells had formed
primitive ectoderm. Consistent with this, expressioriRekl

=
o
o

] .beating cardiocytes
|[Eneurons 8373

[«2] 2]
o o

% EB forming
N
i

beating cardiocytes/neurons

[
o

T 11 3.6 a marker of the pluripotent cells of the ICM but not primitive
O —CPlEE  cepieom _EPLEB " EPLEBM ectoderm, was down regulated between days 1 and 2 of EBM

development (data not shown). In contrast, highest levels of
Fig. 4. MEDII reduces the formation of mesoderm and promotes ~ Oct4 and Fgf5 expression in EBs were observed at days 2-3
neuron formation from EPL cell embryoid bodies. EPL&Bd and day 3 respectively. Downregulation of both genes i EB
EPLEBM’ aggregates were seeded into individual 2 ml wells and  indicated that pluripotent cells within these aggregates had
cultured for a further 5 days before scoring for the presence of commenced differentiation.
beating cardiocytes and neural extensiord8/experiment, 3 The distribution of pluripotent cells within aggregates was
experimental repeats represented. investigated by whole-mount in situ hybridisation of*E®d
EBM*4 with Oct4 and Fgf5 antisense probes. Uniform
followed by vigorous pipetting and agitation to a single cellexpression ofct4 (Fig. 1G) andFgf5 (Fig. 1H) within and
suspension. Cells were washed several times in PBS before fixatigpstween individual EBMlaggregates was consistent with the
‘é"ggl‘gg’spm for 30 dm('j”“ttexslbe':'xe?l ?ellls wedre_wasbheid dW'ththl%deduced cellular homogeneity of primitive ectoderm within
, resuspenae a cells/iml, an Incubate Wi : :
antibody directed F;1gainst NCAM (Santa Cruz Biotech, SC-1507) at rﬁ:i:r?t?;i?:éev?/i t?]nga?:r:)slIZg(epr;(éisci)ér?gjfntﬁcéfen;\%erllzrt:v(\ji?r):i:.

dilution of 1:2 for 1 hour. Cells were washed with 1% BSA/PBS v . ;
before incubation with FITC-conjugated goat anti-mouse IgM ( and between individual EBaggregates (Fig. 11,J), consistent

specific: Sigma) used at a concentration of 1:100. FITC-conjugatedith the variable onset and progression of pluripotent cell

goat anti-mouse IgM was pre-adsorbed for 1 hour in 1% BSA/PB#ifferentiation within EBs described here and by others (Haub

before use. Cells were washed in PBS and fixed in 1% PFA for 3@and Goldfarb, 1991).

minutes. Data was collected om1D* cells on a Becton Dickinson The expression ofbrachyury, a marker for nascent

FACScan and analysis performed using CellQuest 3.1. mesoderm (Herrmann, 1991), was used to confirm the onset of
mesodermal differentiation in the aggregat@&achyury
expression was analysed in EB®and EB-4 by northern blot

RESULTS (Fig. 1F) and in EBM and EB by whole-mount in situ
) ] ) hybridisation (Fig. 1K,L). In EBsbrachyuryexpression was
Formation of EPL cells from ES cells in suspension up regulated on day 4 of development, coincident with the loss

Previous results described the formation of EPL cells from ESf pluripotency in the aggregates. In contrésachyury
cells cultured in monolayer (Rathjen et al., 1999). To test thexpression could not be detected by either method inEBM
effects of suspension culture, ES cells were aggregated a@onsistent with the maintenance @fct4 expression and
IC:DMEM or IC:DMEM supplemented with 50% MEDII to supporting a lack of differentiation within these aggregates.
form EBs and EBMs respectively. After 4 days, cellularEBM# therefore appear to constitute a homogeneous
aggregates formed in the presence of MEDII (EBbbuld be  population of EPL cells equivalent to embryonic primitive
distinguished from EB8by morphology. Histological analysis ectoderm.
of sectioned EB and EBM showed EBM to comprise a MEDII has been shown to contain 50-100 units of human
multi-cell layer of uniform thickness surrounding a single,LIF (Rathjen et al., 1999). LIF has been shown to retard the
internal area of cell death indicated by the presence of pyknotievelopmental progression of EBs in vitro (Shen and Leder,
nuclei (Fig. 1A,B). In contrast, EB were internally 1992). ES cells aggregated and maintained in medium
disorganised with sporadic, multiple foci of cell deathsupplemented with 100 units of LIF did not duplicate the
dispersed throughout the aggregates (Fig. 1C,D). Consistemiorphology or gene expression profile of EBMs (data not
with the results of others (Doetschman et al., 1985) ahown), indicating the importance of additional secreted
morphologically distinct outer layer of extraembryonic factorsin MEDII (Rathjen et al., 1999) for EPL cell induction.
endoderm was apparent at low levels in*EBd at higher )
levels in more advanced EBs, and expression of AFP, a markeirected formation of ectodermal and .
of visceral endoderm, was detected in botH Bid EE (Fig.  neurectodermal lineages by EPL cell formation and
1E). By contrast, extra-embryonic endoderm could not be sedlifferentiation
in EBM# or in later populations of EBMs. Furthermore, AFP Continued culture of EBMs in medium containing 50% MEDII
expression could not detected by RT-PCR in populations oksulted in the formation of cellular aggregates displaying an
EBM* and was detected only at extremely low levels inunusual and distinct morphology. By day 7, >95% of the
populations of EBM (Fig. 1E), suggesting an absence of extra-cellular aggregates within the EBM population had formed a
embryonic cell types. convoluted stratified epithelial sheet of cells as shown in Fig.
EB25and EBM-5were analysed by northern blot (Fig. 1F) 2A. EBM’ transferred to 50% DMEM:50% Hams F12
for the expression dDct4, a marker gene for pluripotent cells supplemented with ITSS and 10 ng/ml FGF2 for a further 2
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Fig. 5. Temporal expression &oxlandGbx2in EPL
cell-derived neurectoderm. (A-F) Seeded EBMre
cultured for a further 24 (A,D), 48 (B,E) and 72 (C,F)
hours and analysed by in situ hybridisation with
digoxigenin-labelled antisense probes directed against
Sox1(A-C) andGbx2(D-F). Aggregates were viewed
using Hoffmann interference contrast microscopy. Size
bar: 210um.

undifferentiated neural cells (Pevny et al., 1998).
Furthermore, EBM seeded for 48 hours were
analysed by immunohistochemistry for expression
of nestin, a neurofilament protein expressed in
neural progenitor cells (Fig. 3B) (Zimmerman et
al., 1994). Expression of bo®®oxland nestin by
EBMs indicated the formation of neurectoderm.
Consistent with earlier results (Fig. 1), the
expression obrachyurywas not detected within
these later EBM populations by in situ
days of culture, formed a population in which the cells of théwybridisation (data not shown).
monolayer appeared to have become more columnar (Fig. Spontaneously differentiated cells were apparent in and
2B,C). Populations of EBRwere relatively homogeneous, surrounding aggregates after seeding. Individual ERid
with >95% of the aggregates exhibiting this distinctiveEB” were seeded and assessed on days 8, 10 and 12 (Fig. 3C,D)
morphology, and the differentiation was reproduced routinelyor the presence of beating cardiocytes, a differentiated
using both the D3 and E14 cell lines. Cellular aggregates ahesoderm derivative, and neurons, a differentiated ectoderm
similar morphology were not detected within the’EB EB°  derivative that were identified by morphology and the
populations although equivalent cell layers could be detecteskpression of the markers neurofilament 200 (data not shown),
within a proportion of individual aggregates (data not shown)neuronal nuclei (NeuN) (Mullen et al., 1992) and fhéll
Cell death was not observed during the further differentiatiorsoform of tubulin (Draberova et al., 1998) (Fig. 3E,F).
of EBM* suggesting that this morphological homogeneity waConsistent with the up-regulation of neurectoderm-specific
achieved by directed differentiation and not formation andnarkers, and lack obrachyury expression, neurons were
subsequent loss of other cell lineages. This is in contrast formed in the majority of EBMs (91.33%) while <2% of EBMs
many other published methodologies in which the requiremeribrmed beating cardiocytes. In contrast, as expected for
for selection or use of toxic chemicals results in significant celeterogeneous differentiation, EBs contained a mixed
death (J. R., unpublished) (Tropepe et al., 2001). population of differentiated cells that included both beating
Northern blot analysis of E® and EBM-8showed a down- cardiocytes (54.5%) and neurons (24.9%) on day 12.
regulation ofOct4 in both populations (Fig. 2D) indicating ) )
differentiation of the pluripotent cells within both populations.EBMs constitute a homogeneous population of
However, whileOct4 was undetectable in EBs after day 5, aneural progenitor cells
low but consistent level @ct4expression, 4.2-fold lower than Morphology and differentiation of EBMs suggested that within
EBM4, was detected in EBMs on all days of development aftethe population nearly 100% of the cellular aggregates were
day 5. EBM were seeded and analysed after a further 24 hourseural progenitor cells. The number of cells within the
culture (EBMP) by whole-mount in situ hybridisation with a population expressing neural-specific markers was evaluated to
DIG-labelled Oct4 antisense probe. This analysis failed toassess the homogeneity of differentiation. EBMre probed
detect cells expressin@ct4 at levels equivalent to pluripotent by whole-mount in situ hybridisation for expressionSafx1,
cells (Fig. 2E). Similarly, in situ hybridisation analysis of aandSox2which shows a similar expression patterstx1but
single cell suspension of EBMfailed to detectOct4 is expressed earlier in embryogenesis (Pevny et al., 1998).
expressing cells (data not shown), suggesting thaOitd  Representative sections (Fig. 3G,H) showed that ERNb a
expression detected by northern blot analysis represented lemorphologically uniform population of cells equivalent to the
level expression by the majority of cells within the populationneurectoderm-like monolayer, in which each cell stained
and not expression by a small population of residuapositive for expression oSox1and Sox2.No signal was
pluripotent cells within the aggregates. Previous reportdetected with sense probes (data not shown).
(Rosner et al., 1990; Schdler et al., 1990) and data shown hereTo enable comparative quantitation of neurectoderm
(Fig. 2F,G) demonstrate maintenancelat4 expression after formation, EBM?and EB?were disaggregated to a single cell
gastrulation in the neurectoderm lineage at 7.75-8.5 d.p.c. Buspension, labelled immunocytochemically with antibodies
conjunction with the overt neurectoderm morphology (Figdirected against NCAM, a cell adhesion molecule expressed
2B,C), low level expression ddct4 suggested formation of strongly in the nervous system (Rutihauser, 1992; Ronn et al.,
neurectoderm within EBMs. 1998), and analysed by flow cytometry (Fig. 3I). 95.7% of cells
RNA from EBM®9 was analysed by RNase protection forfrom EBM!O were scored positive for NCAM expression,
the expression oBox1(Fig. 3A), a marker which has been demonstrating relatively uniform differentiation of these
shown to delineate the neural plate and is expressed by aljgregates to neural lineages. In comparison, only 42.13% of




2656 J. Rathjen and others

cells from EB? expressed NCAM, consistent with the after 24 hours, but was seen in fewer cells within the population
established heterogeneity of ES cell differentiation within thisn after 48 hours and was virtually undetectable after 72 hours

system. (Fig. 5D,E,F). The loss oBbx2 expression in aggregates in

. ) o which Sox1 expression persists recapitulates the temporal
MEDII redirects EPL cell differentiation from regulation of this gene in the developing neural tube of the
mesoderm to ectoderm embryo and suggests that the progression of neurectoderm

It has been previously reported that EPL cells form neuronfermation in vitro recapitulates the formation of this cell
poorly, if at all, when differentiated as EBs, but form elevategopulation in vivo.
levels of nascent and differentiated mesoderm (Lake et al., ) ) ]
2000). This has been interpreted as reflecting disruptedPL cell-derived neurectoderm induced by MEDII is
signalling from visceral endoderm or visceral endodermnot positionally specified
derived ECM (Lake et al., 2000; Rathjen et al., 2001). EPILn vivo the neural tube acquires region-specific gene expression
cells, formed by culture of ES cells in IC:DMEM with respect to both the rostral-caudal and dorsal-ventral axes,
supplemented with 50% MEDII for 2 days, were aggregateéhdicative of restricted developmental fate. Expression of
and cultured in suspension for 7 days in either IC:DMEMmarkers of the neural tube in vivo shortly after closure in
(EPLEBs) or IC:DMEM supplemented with 50% MEDII restricted anterior, posterior and ventral domains was analysed
(EPLEBM). On day 7, individual EPL cell embryoid bodiesin EBM® by RT-PCR, and compared to EBvhich is a mixed
were seeded onto gelatin-treated tissue culture plasticware population of cells containing ectoderm and mesoderm, and
IC:DMEM. On day 8 the medium was changed to DMEM:F12EPLEB’, a mesoderm-enriched, ectoderm deficient (Lake et
and embryoid bodies were cultured for a further 4 days befora., 2000) population.
microscopic inspection for the presence of beating cardiocytes As shown in Fig. 6, the expression of genes marking
and neurons. presumptive forebrairjesx1(Thomas and Beddington, 1996)
As shown in Fig. 4A, EPL cell embryoid bodies formedandNkx2.2(Price et al., 1992), individual rhombomeres of the
beating cardiocytes efficiently (35.25%) but neurons at lowhindbrain,HoxB1 (Studer et al., 1998) arikrox20 (Nieto et
levels (3.6%), consistent with previous reports and genal., 1991), posterior ectoderm and trukloxa7(Mahon et al.,
expression (Lake et al., 2000). In contrast, EPL cell embryoid988) and ventral neural tutghh(Marti et al., 1995) was not
bodies cultured in the presence of 50% MEDII (EPLEBM)detected in EBM Furthermore, the absenceSithexpression
exhibited significantly lower levels of beating cardiocytesuggests that the signalling pathways leading to ventralisation
formation (0.9%), and an up regulation in neuron formation t@f the neural tube were not active in the EBM system (Echelard
83.73% (Fig. 4B). These data suggest that signals containetial., 1993).
within  MEDII replace those deficient in the EPLEB Enl En2andOtx1lare expressed in a broad region of the
differentiation environment (Lake et al., 2000; Rathjen et al.anterior neural tube around the time of closure and
2001) to direct the pluripotent cells to an ectodermal/neuraubsequently within defined regions of the midbrain (Davis and

fate. Joyner, 1988; Simeone et al., 1998). These genes were
. o ] ) expressed in EBRias wasviashl a gene expressed in domains
Neural formation within EBMs is relatively of the neuroepithelium of the forebrain, midbrain and spinal
synchronous and reflects the temporal formation of cord between days 8.5 and 10.5 d.p.c. (Guillemot and Joyner,
neural lineages in the embryo 1993), Pax3 and Pax6 (Goulding et al., 1991; Walther and

During embryogenesis, formation of neurectoderm iBruce, 1991), anEmx2 a gene expressed in the forebrain at
characterised by progressive alterations in gene expressidh5 d.p.c. (Simeone et al., 1992). Gene expression therefore
The neural plate, which contains the earliest neural precursomjggested that neurectoderm formed within EBMs lacked
is characterised by expressionSx1within a group of cells positional information and was most similar to unspecified
on the anterior midline of the embryo (Pevny et al., 1998). Thianterior neurectoderm with characteristics of fore- and mid-
population of cells also expresses the homeobox @dne&  brain.
(Wassarman et al.,, 1997). With continued development the Consistent with the described mesodermal differentiation
neural plate folds at the midline and the outer edges close wathin EPLEBs (Lake et al., 2000), expression of neural
form the neural tubeSoxlexpression is maintained after tube marker genes in EPLEBwvas absent or detected at very low
closure butGbx2expression is down regulated in the majoritylevels. Where expression was detected it was ascribed to
of cells of the neural lineage and persists only in a restrictegdditional, non-neural sites of expression in the embryo, for
population of cells at the mid-brain/hind-brain boundaryexample,Shhexpression in the prechordal plate (Marti et al.,
(Wassarman et al., 1997). 1995),Hoxblexpression in primitive streak mesoderm (Studer
After further culture for 24, 48 and 72 hours, whole-mountet al., 1998),Hoxa7 expression in the primordia of the
in situ hybridisation of seeded EBMvas used to investigate vertebrae and ribs (Mahon et al., 19883x3 expression in
the temporal regulation oSox1 and Gbx2 during EBM  newly formed somites and later in the dermomyotome
progression. After 24 hoursSoxl was expressed in (Goulding etal., 1991) arieinlexpression in tissues of somitic
approximately 50% of the cells within the seeded aggregatesigin (Davis and Joyner, 1988).
(Fig. 5A). The extent oSoxlexpression was increased after Expression of all genes was detected irf,&Bflecting the
48 hours, and evident in the majority of cells within thecomplex mix of cell populations formed in this differentiation
aggregates after 48 and 72 hours culture (Fig. 5B,C), indicatirenvironment. As for EPLEBSs, a proportion of this expression
formation of neurectodermGhx2 was also expressed in could be attributed to non-neural sites of embryonic
approximately 50% of the cells within the seeded aggregatexpression. However, the expression withir? BBKrox20and
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Minichiello, 1996). The phenotypic alteration induced by
staurosporine was homogeneous across the population of
aggregate explants, and was not observed in EBM explants
cultured in medium containing 0.1% DMSO (Fig. 7B). This
differentiation was observed in the presence of 1 nM to 100
nM  staurosporine, although efficient, homogeneous
differentiation required concentrations of 10 nM or greater
(data not shown). After 48 hours culture, EBM explants were
analysed by in situ hybridisation for expressiorsok10(Fig.
7D) which is up regulated on the formation of mouse neural
crest in vivo (Southard-Smith et al., 1998). Consistent with the
crest-like morphology of the differentiating cell§ox10
expression was observed in all migratory cells cultured in
medium containing staurosporine, but not in cells cultured in
medium containing 0.1% DMSO.
Sequential culture of ES cell derived neural stem cells in
EGF/laminin and PDGF-AA has been shown to enrich for glial
lineages (Brustle et al., 1999). EBMxplants were cultured in
medium containing FGF2 (10 ng/ml), EGF (20 ng/ml) and
_ _ laminin (1pg/ml). After 5 days EGF and laminin were omitted
Fig. 6.Expression of from the medium and PDGF-AA was added to a concentration
gglllj-ro?grti(\)/gg”r?eLnrzrcl:g:jse:rrr]nEPL of 10 ng/ml for a further 2-3 days. Cells were not trypsinised
oDNA was svnthesised from 1 " triturated during differentiation. Differentiation of EBM
yntnesiseda rrom . ..
ug of total RNA isolated from explants in response to EGF_/Iamlnm and PDGF-AA follpwe_d
EB°, EPLEE®, EBM® and a homogeneous morphological progression depicted in Fig.
10.5 d.p.c. mouse embryo 7TE-G. After PDGF-AA treatment cultures were analysed by
(used as a positive control), or immunohistochemistry for the expression of glial fibrillary
EB°, EBM8, EBM? and 8.5 acidic protein (GFAP), a marker expressed by both glial
d.p.c. mouse embryo (used as precursors and differentiated astrocytes (Landry et al., 1990).
a positive control), and used  Consistent with the uniform morphology of the cells formed,

%
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Mashli

Enl

En2

HoxB1

Hoxa7

@i} Zf] ; t:i?glfattﬁeforelr::gstenoted >95% of differentiated cells formed from EBM explants, using

Expr)éssion oiac%inwas o ¢ this  protocol, expressed GFAP (Fig. 7H), indicating

Hesxl homogeneous  differentiation of EPL  cell-derived
as an example of a gene S
expressed in all cell types to neurectoderm to cells of the glial lineage.

Emx2 normalise the PCR reaction. EPL cell-derived neurectoderm therefore forms a range of
Primer sequences and product Cell types, including neurons, and responds to exogenous

Actin sizes can be found in the signals in a manner consistent with the known properties of
Materials and Methods. embryonic neurectoderm. Homogeneous formation of

differentiated products, in contrast to that described elsewhere
Nkx2.2 the expression of which is restricted to limited domaingBrustle et al., 1999), is indicative of homogeneity within the
within the neural lineage, indicated that cryptic positionalstarting neurectoderm population.
information is generated within the EB environment.

EPL cell-derived neurectoderm has a developmental DISCUSSION

potential consistent with embryonic neural tube and

can be directed to neural crest or glial lineages in We have demonstrated here the formation, from pluripotent
response to exogenous signals cells, of a homogeneous population of neural precursors

Embryonic neurectoderm acts as the progenitor population f@quivalent to the embryonic neural epithelium, the
the neural, glial and neural crest lineages in vivo. Others haveeurectoderm. This cell type is normally found in the neural
developed conditions that promote formation of the neurgblate and neural tube. Unlike previously described
crest and glial lineages from neural precursors in vitro. Neurahethodologies, MEDII-directed differentiation recapitulates
tube explants from the quail have been shown to form neurgbtablishment of the neural lineage in the embryo, with the
crest in response to the protein kinase C inhibitor staurosporirsequential elaboration of intermediate populations, and results
(Newgreen and Minichiello, 1996). EBMvere dissociated to in a homogeneous population of neurectoderm as characterised
clumps and cultured in medium supplemented with either 2By morphology, gene expression and differentiation potential.
nM staurosporine in DMSO or 0.1% DMSO. Within 3 hoursWithout the concurrent formation of alternative ES cell
of seeding into medium containing staurosporine, EBMglifferentiation products, such as extraembryonic endoderm,
explants were surrounded by a halo of morphologicallydifferentiation occurs in an environment free of known sources
uniform migrating cells (Fig. 7A), which appeared of instructive signals, which permits single lineage
indistinguishable from avian neural crest cells produced frordifferentiation. This results in formation of a naive or
avian neural tube in response to staurosporine (Newgreen andpatterned neurectoderm, a cell population previously
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unidentified in vivo or in vitro. Synchronous and homogeneou
formation of the embryonic neural precursor provides ¢
powerful system for elucidating the molecular and cellulal
interactions required for formation and patterning of the neure
lineage, and a well characterised neural precursor fc
implantation studies and further differentiation into
homogeneous populations of terminally differentiated neure
cell populations.

Formation of EPL cells/primitive ectoderm in
suspension culture

Aggregation of ES cells in medium supplemented with MEDI|I
(EBMs), resulted in the homogeneous and synchronot
formation of EPL cells from ES cells in suspension, a transitio
previously demonstrated only in adherent culture. On day 4 ¢
development EBMs constituted a homogeneous populatiol
which were characterised by morphology and the acquisitio
of a gene expression profile equivalent to EPL cells, with th
expression oDct4 andFgf5, but notRex1 As expected these
cells exhibited a broad differentiation potential, able to forrr
both ectoderm and mesoderm (Fig. 3; data not shown
However no detectable associated differentiated cells
including cells of the primitive endoderm lineage, were seel
in EBM4,

EBM4formed cellular aggregates of distinctive morphology
with a homogeneous multiple cell layer encompassing a sing
region of cell death. Analysis of EBMs earlier in developmen
did not show formation of multiple foci of cell death that
merged to form the single foci seen in E8NThis is in contrast
to EBs, which have been shown here and by others to for
multiple foci of cell death at early stages that combine to forn
a single cavity (Coucouvanis and Martin, 1995). Cavity
formation has been postulated to result from the activity of tw
distinct signals within the embryoid body, a diffusible ‘death’
signal from the extraembryonic endoderm and a matrix
associated survival signal from the extracellular matrix forme:
between the endoderm and pluripotent cells (Coucouvan
and Martin, 1995). EBMs, however, did not form the
extraembryonic endoderm lineage, as assessed by morpholcrig. 7. EPL cell-derived neurectoderm can be directed to neural crest
and gene expression and would as a consequence lack and glial lineages (A-D). EBRexplants were seeded onto cellular
‘death’ signal. Similarly, cavitation and formation of a fibronectin-treated tissue culture plasticware in medium
columnar primitive ectoderm epithelium in the absence osupplemented with 25 nM staurosporine/0.1% DMSO (A,C,D) or
extraembryonic endoderm has been observed in EBs culturQ-1% DMSO alone (B). Cultures were examined after 3 (A,B) or 48

; ; ; ; ; hours (C,D). (D) In situ hybridisation analysis of EBbkplants
1|r_1hrgseed gjg;?ggﬁ?szg[igv:?hgsx]&rrgﬁlgﬁt (fI(_)Ir‘z[ ggétzhogig’with digoxigenin-labelled antisense probes$ox10 (E-H) EBM?
explants were seeded onto poly-L-ornithine-treated tissue culture

in EB cavitgiti_on anc_l support an alf[er_native model for indUCtio'plasticware in medium supplemented with 10 ng/ml FGF2, 20 ng/ml
of apoptosis in pluripotent cells within EBs, perhaps from l0SEGE and fug/ml laminin (E,F) followed by culture in medium

of cell-ECM contact (Li et al., 2001). supplemented with 10 ng/ml PDGF-AA (G,H). Cultures were
. o . examined after 2 (A), 4 (F) and 6 (G,H) days.

Programmed differentiation of pluripotent cells to (H) Immunohistochemistry of EBRexplants with antibodies

neurectoderm in vitro directed against glial fibrillary acidic protein (GFAP).

Differentiation of EPL cells as aggregates in medium withou

MEDII (EPLEBs) results in the efficient formation of MEDII, programs differentiation of the pluripotent cells to a
mesoderm with an accompanying failure to form neuronselatively homogeneous population of neurectoderm in the
(Lake et al., 2000). Furthermore, gene expression analysis absence of extraembryonic endoderm lineages or other germ
EPLEB differentiation did not detect expression of thelineages. Consistent with this, EPL cell-derived neurectoderm
ectoderm-specific gen8ox1 suggesting that differentiation failed to express positional markers induced by visceral
within this system led to the preferential formation ofendodermilesx) and notochordhH (Echalard et al., 1993;
mesoderm. Gene expression and differentiation analys@homas and Beddington, 1996). Differentiation in response to
indicated that continued culture of EBMwhich formed an MEDII was complete, without residual pluripotent cells
homogeneous population of EPL cells, in the presence afetectable within the cellular aggregates. Cells within these
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aggregates were organised as a stratified neural epitheliuextraembryonic visceral endoderm (Meehan et al., 1984,
morphologically equivalent to the neural epitheliumRossant, 1995; Barbacci et al., 1999), therefore the induction
established during neural induction in embryogenesis. Thisf neurectoderm by MEDII may result from a recapitulation of
contrasts with previous reports of production of neuralisceral endoderm signalling (Rathjen et al., 2001).
precursors from ES cells which do not result in organisation dfractionation of MEDII should establish the nature of the
cells into a neural epithelium (Bain et al., 1996; Okabe et alneural induction signal.
1996; Li et al., 1998; Kawasaki et al., 2000; Tropepe et al., Paradoxically, MEDII can be used to maintain a population
2001). Supplementation of EPLEB culture medium withof EPL cells in adherent culture for several passages without
MEDII led to a reduction in mesoderm formation andinduction of a neural cell fate within the cells (Rathjen et al.,
redirection of pluripotent cells to a neurectodermal cell fate1999; Lake et al., 2000), suggesting a role for maintenance of
These data suggest that activities within the conditionedell-cell contact and/or cell-ECM association in neurectoderm
MEDII direct the differentiation of pluripotent cells to the induction. During gastrulation, neurectoderm arises from
neurectodermal lineage. pluripotent cells positioned in the anteriodistal portion of the

Induction of the neural lineage in lower vertebrates has begiregastrulation egg cylinder. With gastrulation and recruitment
suggested to occur in response to BMP4 antagonists such @fspluripotent cells to the primitive streak, this population of
noggin and chordin emanating from Spemmann’s organiserlls expands and populates the anterior half of the egg cylinder
(reviewed by Streit and Stern, 1999). A site of equivalen{Quinlan et al., 1995). Throughout gastrulation cells fated to
organiser activity has been demonstrated to occur at the tingentribute to ectoderm lineages maintain cell-cell contact and
of gastrulation in birds and mammals, called Henson’s nodeontact with the ECM and do not delaminate or enter the
and node respectively (reviewed by Smith and Schoenwolfyrimitive streak. In contrast, migration of cells through the
1998). However, increasing evidence suggests that thepeimitive streak involves loss of cell-cell and cell-ECM
organiser structures in higher vertebrates do not play anteractions and results in establishment of the mesodermal
equivalent role in neural induction. AblationtdNF33in mice  lineages. FgfR1~ pluripotent cells, which are unable to
results in embryos lacking a morphological node, node genaigrate through the primitive streak, accumulate on the border
expression and node derivatives. However, these embryo$the streak and form a second site of neurectoderm formation
undergo both neural induction and some neural patternin@iruna et al., 1997). Like cells of the anterior ectoderm,
(Klingensmith et al., 1999). Similarly, mice lacking the FgfR17cells fail to delaminate and maintain cell-cell and cell-
organiser-specific gengoosecoid misexpression of which ECM contact during gastrulation suggesting that these
results in formation of a supernumerary axiXanopug§Cho environmental cues are involved in pluripotent cell
et al., 1991; Blum et al., 1992), manifest no obvious defects idifferentiation and determination of neural cell fate during
gastrulation or neural induction (Yamada et al., 1995; Riveragastrulation. Purification of active components of MEDII has
Perez et al.,, 1995). Consistent with this, misexpression daflentified a known ECM component within the medium
BMP4 antagonists in chick and mouse failed to demonstrate(8ettess, 2001) which may act to enforce ECM association of
relationship between BMP4 antagonism and neural inductiopluripotent cells during differentiation as EBM and act to
(Streit et al., 1998; Klingensmith et al., 1999; Streit et al.suppress the epithelial to mesenchymal transition associated
2000). with mesoderm induction in vivo.

The programmed lineage-specific differentiation of
pluripotent cells described here relies on initial formation ofEPL cell-derived neurectoderm lacks positional
EPL cells from ES cells, and the activity of biologically derivedspecification
factors found within the conditioned medium MEDII. This Signals required for the expression of positionally restricted
results in the sequential and relatively synchronous formatiogenes within neurectoderm have been postulated to originate
of progressively more differentiated intermediate cellfrom adjacent cell populations such as the notochord, overlying
populations with a temporal progression equivalent teectoderm and visceral/definitive endoderm (Echelard et al.,
embryogenesis. Sequential alteration of the differentiatiod993; Thomas and Beddington, 1996; Liem et al., 1997). As
environment can be used to direct differentiation of the neurahight be expected for neurectoderm formed in the absence of
progenitor cells to alternate neural fates. The inductive factorgotentially interacting cell types, the expression of many
in MEDII required for ectodermal and neurectodermalpositionally restricted genes, including markers for the
formation from pluripotent cells have not been characterisedorebrain, hindbrain and trunk, could not be detected.
Previous demonstration that EPL cells differentiated a&urthermoreShh the product of which has been implicated in
EPLEBs fail to form both the neurectoderm lineage and thestablishment of ventral specification, did not appear to be
extraembryonic visceral endoderm lineage has been interpretegpressed in EPL cell-derived neurectoderm. However, the
as evidence that neurectoderm induction requires viscerakpression of a subset of genes broadly expressed within
endoderm or visceral endoderm-associated signalling (Lake meurectoderm around the time of neural tube closure was
al., 2000; Rathjen et al., 2001). This is in contrast to a receuetected in EBNL Many of these genes are expressed within
report supporting a default mechanism of neural determinatiaihe midbrain and forebrain suggesting that ES cell-derived
from pluripotent cells (Tropepe et al., 2001). However, the lowneurectoderm may represent a neural cell progenitor
efficiency of neural determination that occurred spontaneouslgopulation with equivalence to anterior neurectoderm.
from ES cells (0.2%) compared to the robust induction oflternatively, this gene expression may be characteristic of
neural differentiation seen here questions the relevance of thimscent neurectoderm, with expression restricted with
differentiation pathway. Liver cells and cell lines, includingregionalisation of the neural tube. For example, although
HepG2 cells, share similarities in gene expression witkexpression oPax3andPax6is restricted positionally to dorsal
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and ventral aspects of the neural tube, respectively (Gouldirgum, M., Gaunt, S. J., Cho, K. W. Y., Steinbeisser, H., Blumberg, B.
et al., 1991; Walther and Gruss, 1991), evidence from chick Biltmefhtﬁ-eé;]r(\)% Zib%?(beeﬂis,olfs-el\c/l(-)&l’gﬁ)égﬁgélaltif&in the mouse: the
(Gomdmg et al., 1993) SqueSts. that both these genes ?éréa(aiz; A., Evans, M. g.,rgKDaufman, M. H. and Robert.son, E(1984).
widely e_zxpressed. at a low level in neu.ral tube before their comation of germ-line chimaeras form embryo-derived teratocarcinoma
expression domains become restricted in response to ventradell lines.Nature 309, 225-256.
specification. Although expression of the forebrain markeBrook, F. A. and Gardner, R. L. (1997). The origin and efficient derivation
Emx2 has not been reported prior to 8.5 d.p.c., a similar of embryonic stem cells in the mousgoc. Natl. Acad. Sci. US@4, 5709-
situation could account for the expression of this gene i%fztlé' 0. Jones, K. N., Learish, R. D., Karram, K., Choudhary, K.
EBMS. This would suggest that EPL cell-derived neurectoderm wiestler, 0. D., Duncan. I. D. and McKay, R. D(1999). Embryonic stem
represents an unspecified population of neural cell precursorscell-derived glial precursors: a source of myelinating transpl&uience

Gene expression was much more promiscuous fy &@ih 285 754-756. _ _
detection of all positionally restricted neural patterning geneghci‘?lnggp\;atgh 2}[‘?heRn"}|tJ‘rJif%'bx'f'2h%'é}ﬁ%%( Se%‘i‘érécg Lz‘t‘;r ;gzluznsogrlary
analysed within this system. This indicates that stochastic 595 gene: ’
differentiation within the EB system is accompanied bycho, K. W., Blumberg, B., Steinbeiser, H. and De Robertis, E. M1991).
expression of cryptic positional specification. Cells formed Molecular nature of Spemann’s organizer: the role of the Xenopus
within this complex environment could potentially be eXposedCohu(::rgﬁ\?:r?i); glgngngdml:/ls:r‘ii?\g” 6&(133%?386&5 for death and survival:
to glourlltslf)slfeﬁpd \’Nli?hsotl;?ee Cgs:tsu’|Eilrt]iaoﬁlpr(())[fmaégI_Slgggllsaerived a two-step ’me'chanism for’ca\'/itaiion in fhe vertebrate em@gib83, 279- '

- 287.

neurectoderm as naive, the developmental analysis of theSeuna, B. G., Schwartz, L., Harpal, K., Yamaguchi, T. P. and Rossant, J.
cells demonstrated potential to form cells of the neural, glial (1997). Chimeric analysis of fibroblast growth factor receptor-1 (Fgfrl)
and neural crest lineages. The homogeneity of differentiation L”r?nif't‘;/r; S";‘regﬂ%;%l:;niﬁz? Z”é'g;?gggfne“c movement through the
observed with directed differentiation to glial and neural Cres[Bavis, C. A. and Joyner, A. L.(lgsé). Expressibn patterns of the homeobox-
lineages suggested that no pre-existing commitment to cell fatecontaining genes En-1 and En-2 and the proto-oncogene int-1 diverge during
was present within the starting population. mouse developmenGenes Dew, 1736-1744

Ability to form a primitive ectoderm-like cell population Doetschman, T. C., Eistetter, H., Katz, M., Schmidt, W. and Kemler, R.
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