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To understand the range of competence of embryonic stem (ES)
cell-derived neural precursors, we have examined in vitro differ-
entiation of mouse and primate ES cells into the dorsal- (neural
crest) and ventralmost (floor plate) cells of the neural axis. Stromal
cell-derived inducing activity (SDIA; accumulated on PA6 stromal
cells) induces cocultured ES cells to differentiate into rostral CNS
tissues containing both ventral and dorsal cells. Although early
exposure of SDIA-treated ES cells to bone morphogenetic protein
(BMP)4 suppresses neural differentiation and promotes epidermo-
genesis, late BMP4 exposure after the fourth day of coculture
causes differentiation of neural crest cells and dorsalmost CNS
cells, with autonomic system and sensory lineages induced pref-
erentially by high and low BMP4 concentrations, respectively. In
contrast, Sonic hedgehog (Shh) suppresses differentiation of neu-
ral crest lineages and promotes that of ventral CNS tissues such as
motor neurons. Notably, high concentrations of Shh efficiently
promote differentiation of HNF3B* floor plate cells with axonal
guidance activities. Thus, SDIA-treated ES cells generate naive
precursors that have the competence of differentiating into the
“full’” dorsal-ventral range of neuroectodermal derivatives in re-
sponse to patterning signals.

We have recently established conditions that induce effi-
cient neural differentiation of embryonic stem (ES) cells
by using PA6 stromal cells as an inducer source (1, 2). When
cultured on PA6 cells under serum-free conditions, mouse ES
cells differentiate into neural cells at a >90% efficiency. After
3-5 days of coculture on PAG6 cells, the majority of ES cells
differentiate into nestin® neuroectodermal precursor cells.
TuJ1* postmitotic neurons appear on coculture days 5-6, and
tyrosine hydroxylase (TH)™ dopaminergic neurons accumulate
during days 7-9. The inducing activity present on the surface of
PAG6 cells was named stromal cell-derived inducing activity
(SDIA; ref. 1).

Recent reports on ES cell differentiation have suggested the
possibility that information on in vivo neurogenesis might be
systematically linked to stem cell technology (3, 4). However, it
remains to be known whether ES cell-derived neural precursors
generated in vitro can produce the full dorsal-ventral range of
neuroectodermal derivatives in response to embryonic posi-
tional information. To address this question, we have tested in
this study whether SDIA-treated ES cells have the competence
of differentiating into the dorsal- (neural crest) and ventralmost
(floor plate) cells under embryologically relevant conditions.

Materials and Methods

Cell Culture and Treatment with Patterning Factors. Mouse ES cells
(EBS), primate ES cells (cynomolgus monkey-derived; pur-
chased from Asahi Technoglass, Funabashi, Japan), and PA6
cells were maintained and used for induction as described (1, 2,
5). Human bone morphogenetic protein (BMP)4 and mouse
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Shh-N (25-198) were purchased from R&D Systems and freshly
added at each medium change. The day on which ES cells are
seeded on PAG is defined as day 0.

Immunocytochemistry, Statistics, and RT-PCR. Cells were fixed with
4% paraformaldehyde, and immunostaining was performed with
secondary antibodies conjugated with FITC, cy3, or cy5. For
statistics, ~100 colonies were observed in each experiment, and
three or more experiments were performed. P values for statis-
tical significance (¢ test) are described in the corresponding
figure legends. The values shown in graphs represent the mean =
SD. RT-PCR was performed with ES cell colonies detached
from feeder cells as described (1). The primary antibodies and
primers used are described in Supporting Materials and Methods,
which are published as supporting information on the PNAS web
site, Www.pnas.org.

Colony Isolation and Axon Guidance Assays. The 3D collagen gel
assay for axon guidance was performed by using isolated ES cell
colonies (day 8; ref. 1) and the cerebellar plate region excised
from embryonic day 13 Wistar rats as a responder (6).

Results

Positional Identity of Neural Tissues Induced from ES Cells by SDIA.
We first examined the expression of rostral-caudal CNS markers
by RT-PCR (Fig. 14). SDIA-treated mouse ES cells express the
forebrain markers Otx2 and Six3, the ventral diencephalon
marker Rx, the ventral forebrain marker Nkx2.1, the midbrain—
hindbrain border marker En2, and the hindbrain marker Gbx2,
but not the spinal cord markers Hoxb4 and b9 (lane 2). These
results show that a majority of neural cells induced by SDIA
express rostral neural markers. This idea is consistent with our
previous report that dopaminergic neurons generated by the
SDIA method are those of the midbrain type (1).

We next attempted to alter the rostral-caudal identity of
SDIA-induced neural cells by the caudalizing factor retinoic acid
(RA; ref. 7). RA treatment (0.2 uM all-trans RA; Fig. 14, lane
3) suppressed the forebrain markers Otx2, Six3, Rx, and Nkx2.1,
whereas it induced the hindbrain marker Gbx2 and the spinal
cord markers Hoxb4 and b9. RA treatment did not significantly
affect the level of neural cell adhesion molecule (NCAM)
expression (Fig. 14). This demonstrates that the differentiation
potential of SDIA-treated ES cells is not limited to the rostral
brain region but can also be modified in the caudal direction.
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We next examined positional markers along the dorsal-ventral
axis. SDIA-treated ES cells contained cells expressing a variety
of dorsal-ventral neural markers (Fig. 1B), including HNF3B*
(floor plate), Nkx2.2* (ventral CNS cells flanking the floor
plate), TH* /Peripherin (Peri)~ (8) (CNS dopaminergic), Pax6™
(ventral to dorsal), and Pax7™ (alar plate; i.e., dorsal CNS) cells.
Interestingly, few cells expressed a phenotype of Mathl* (the
5 dorsalmost interneuron progenitor; ref. 9) or TH* /Peri* (pe-
ripheral autonomic neuron lineage), suggesting that SDIA-
treated ES cells do not efficiently generate cells arising from the
dorsalmost region of the neural tube, including neural crest
derivatives.
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Induction of Neural Crest and Dorsalmost CNS Differentiation in
SDIA-Treated ES Cells by Late Exposure to BMP4. The neural crest
Hoxb4 -— arises from the juncture of dorsal CNS and nonneural ectoderm
(10). A number of BMP family factors are expressed in this
Hoxb9 — dorsal region (10-12). Although BMP signals inhibit neural
induction at the early gastrula stage, the same signals promote
neural crest determination when applied at later developmental
stages (10-12). We therefore examined the effects of BMP4 by
focusing on the temporal aspect. Without BMP treatment, a high
percentage of ES cell colonies contained TuJ1* neurons after
being cocultured on PA6 cells for 9 days (Fig. 1C, lane 1).
Consistent with a previous study (1), TuJ1* colonies decreased
drastically when the cells were treated with BMP4 on and after
day 0, 1, or 2 (Fig. 1C, lanes 2-4), whereas E-cadherin®
epidermal precursors increased (ref. 1; not shown). Similar
results were obtained for the number of colonies containing
TH™/Peri— CNS dopaminergic neurons (Fig. 1D, lanes 1-4).
Under these conditions, few colonies contained TH™'/Peri™
Slug peripheral autonomic cells (Fig. 1E, lanes 1-4). In contrast, a
D 1 2 3 4 56 7 8 9 number of TH* /Peri™ cells appeared in SDIA-treated ES cell
A0 TH+/Peri- dHand - colonies when BMP treatment started on days 3-7 (Fig. 1E, lanes
& 80 (CNS TH+ cells) 5-9; also see Fig. 2 E and F). Especially when SDIA-treated ES
% 60 Msx1 cells were incubated with BMP4 during days 5-9, an efficient
—§ b Lbx1 - induction of the TH* /Peri* population was observed (51 * 4%
colonies, n = 264, four independent experiments; Fig. 1E, lane
Pax7 P 7; also see Fig. 2C for percent of neurons), whereas TH" /Peri™
1 2 3 4 5 6 7 8 9 CNS neurons were rarely seen (Fig. 1D, lane 7). These results
E 100 TH+/Peris NCAM - suggest that late BMP exposure promotes differentiation of at
(PNS TH+ cells) least one type of the neural crest-derived peripheral nervous
G3PDH e w system (PNS) lineages.
RT () RT-PCR analysis showed that BMP treatment (from day 5
onward; 5 nM) induced the neural crest markers (10) Ncx (13),
Snail, Slug, dHand, and Msx1 (Fig. 1F) in SDIA-treated ES cells
(lane 3; lane 2 shows control SDIA-treated ES cells without
BMP4). The CNS markers Lbx-1 (14) and Pax7 were suppressed,
whereas the panneural marker NCAM was largely unaffected
(lanes 2 and 3). In situ hybridization analyses showed that a
significant portion of SDIA/BMP-treated ES cell colonies ex-
pressed the neural crest marker Ncx-1 (Fig. 1 G, H, and J), but
not in control SDIA-treated ES cell colonies (n = 100; Fig. 11
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Fig.1. (A) RT-PCR analysis of SDIA-treated ES cells (day 8). Lane 1, embryonic
day (E)10.5 embryo; lanes 2 and 3, SDIA-treated ES cells without and with 0.2
1M RA treatment during days 4-8, respectively. (B) Percent immunoreactive
cells/total cells are shown. (C-E) BMP4 (0.5 nM) treatment during the days
indicated above. Positive colonies were defined as ones containing Tul17 (C),
TH™" /Peri~ (D), and TH* /Peri™ (E) cells. Lane 1, control, no BMP4 treatment. (F)
RT-PCR analysis with neural crest and neural markers. Lane 1, E10.5 whole
embryos; lanes 2 and 3, SDIA-treated ES cells without or with 5 nM BMP4
treatment during days 5-8, respectively. (G) Ncx expression in E11.5 mouse by
@ Py ° in situ hybridization. Dorsal root (arrow) and sympathetic (arrowhead) gan-
o);,c KN %7 glia. (H) SDIA/BMP-treated ES cell colonies (day 8). (/) SDIA-treated ES cell
¥ a-o;) %4’ colonies. (J) Percentages of Ncx* colonies at 0, 0.5, and 5 nM BMP4 (n = 100,

% 200, and 200, respectively). *, P < 0.005 vs. control; **, P < 0.005 vs. control.
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Fig.2. (Aand C)Percent marker-positive cells in the colony (BMP4, days 5-9).
Neurons were defined as TuJ1+ cells. *, P < 0.001 vs. 0 nM; **, P < 0.05vs. 0.5
nM; #**, P < 0.001 vs. 0 nM; **%* P < 0.005 vs. 0.5 nM. (B) RT-PCR analysis of
neural and neural crest markers. (D) Sensory lineage markers induced at a low
BMP4 concentration [0.5 nM; immunostained with anti-Brn3a (red) and anti-
Peri (green) antibodies]. (E-G) Cells with autonomic-lineage markers induced
at a high BMP4 concentration (5 nM). Anti-TH (E-G, green); anti-Peri (F, red);
anti-Phox2b (G, blue) antibodies.

and J). Neither SDIA/BMP- nor SDIA-treated ES cells ex-
pressed a detectable level of the mesodermal markers Brachyury
(axial), Paraxis (paraxial; ref. 15), or Foxfl (lateral plate; ref. 16),
or of the endodermal marker Sox17 (17) (not shown). These
results suggest that BMP treatment at the right time can promote
specification of the neural crest lineage in SDIA-treated ES cells.
We next examined the dose-dependent effect of BMP4 (from
day 5 onward) quantitatively on the fates of SDIA-treated ES
cells (Fig. 2 A and B). Immunostaining showed that BMP4
significantly decreased the number of HNF3B*, Nkx2.2*, and
Pax7* CNS cells in a dose-dependent manner. Math1™* cells were
significantly increased at 0.5 nM BMP4 but not at 5 nM. A similar
biphasic induction of Math1 and the roof plate marker Gdf7 (18)
~0.5 nM was also observed by RT-PCR analysis (Fig. 2B).
One current obstacle in the study of mammalian neural crest
determination is the lack of appropriate panneural crest mark-
ers. Therefore, we first counted the number of AP2* cells (19),
which are expressed in both neural crest cells (NCAM*; Fig. 6
A-F, which is published as supporting information on the PNAS
web site) and in epidermal cells (NCAM™). BMP4 increased the
number of AP2*/NCAM™ cells in a dose-dependent manner
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(Fig. 2A4). The sensory ganglion neurons are the major popula-
tion of cells that are Brn3a™/Peri* in early neurogenesis (refs.
8, 20, and 21; Fig. 6 G-J). Dose-response analysis (Fig. 2C)
showed that BMP4 induced the differentiation of Brn3a* /Peri*
neurons (Fig. 2D) at a lower concentration (0.5 nM) and less
efficiently at 5 nM. In contrast, TH* /Peri* cells were induced
more efficiently at 5 nM (Fig. 2C). TH*/Peri™ cells have a
round-shaped cell body and are positive for Phox2b (Fig. 2 E-G;
characteristic for the autonomic lineage; ref. 22). Consistently,
the autonomic lineage marker eHand (10) was preferentially
induced at 5 nM (Fig. 2B). This differential requirement of BMP
concentrations for sensory and autonomic cells is reminiscent of
a previous report that high BMP concentrations preferentially
promote differentiation of autonomic neurons from rat-
dissociated neural tube explants, whereas low concentrations
induce differentiation of sensory neurons (21).

At both high and low BMP concentrations, no cells positive for
the smooth muscle cell marker SMA (23), the pigment cell
marker Trp-2 (24), or the Schwann cell marker PO (25) were
observed (n = 100 colonies each; not shown). To ask whether
SDIA/BMP-treated ES cells also have the competence of dif-
ferentiating into nonneural derivatives, we performed an in vitro
study using culture on a matrix substrate. SDIA/BMP-treated
ES cell colonies were isolated on day 8 by papain digestion,
replated on fibronectin-coated dishes, and cultured without
BMP4 in a medium containing chicken embryo extracts (26).
Neuronal (Peri, TuJ, Brn3a) and glial (glial fibrillary acidic
protein; positive in <10% colonies) markers were found only
inside of the colonies or in their vicinities (not shown). In
contrast, numerous SMA™ cells were found within the popula-
tion of cells migrating from the ES cell colonies (Fig. 7, which is
published as supporting information on the PNAS web site;
SMA™ cells were found around 85 + 7% of 158 colonies, four
independent experiments; In such colonies, SMA™* cells occu-
pied 84 = 6% of the migratory cells). Control SDIA-treated ES
cells cultured under the same conditions generated SMA™* cells
in only 45 * 3.5% colonies (n = 120, four independent
experiments). In contrast, Trp-2* cells or PO* cells were not
detected in SDIA/BMP-treated ES cells under any of the
conditions tested above or in medium containing ET-3 and SCF
(27) or GGF (26), even after long culture up to 24 days (not
shown).

Collectively, these results demonstrate that BMP treatment, as
it does in vivo (11, 12), causes dorsalization of ES cell-derived
neural tissues and induces generation of neural crest progenitors,
which differentiate into, at least, the autonomic, sensory, and
smooth muscle cell lineages in vitro.

Shh Suppresses Neural Crest Differentiation and Induces Ventral CNS
Differentiation. Shh suppresses the development of dorsal tissues
and promotes the differentiation of ventral CNS tissues (11).
Consistent with this activity, when applied to SDIA-treated ES
cells, Shh treatment (days 4-9) suppressed the appearance of
AP27/NCAM™ and Brn3a*/Peri™ cells in a dose-dependent
manner (Fig. 34). Nkx2.2* and HNF3p* ventral cells were
significantly increased by Shh treatment, whereas the alar plate
marker Pax7 was suppressed. In addition, a high proportion of
Islet1 /27 neurons (28) were found among TuJ1* neurons (26 *
2%, n = 227 colonies, 30 nM Shh during days 4-9, four
independent experiments; Fig. 3B). They exhibited a marker
phenotype of HB9~, Phox2b* (Fig. 3 B-D), choline acetyle-
transferase* (ChAT), Peri*, Lim3~, AP2~, and Brn3a~ (not
shown). This is consistent with the marker characteristics for
somatic motor neurons of the midbrain-rostral hindbrain and
branchiomotor/visceral motor neurons, which are located in the
brainstem basal plate (i.e., brainstem-type motor neurons in the
cranial nerve nuclei III, IV, V, VII, IX, X, and XI; refs. 22 and
28-31). Consistent with this idea, differentiation of HB9~/
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Fig. 3.
markers. (B-D) HB9~/Phox2b™ /Islet1/2* motor neurons induced by Shh (30
nM, days 4-9). (E and F) Double staining of Nkx2.2 (green) and HNF3p (red) in
an SDIA/Shh-treated ES cell colony. The NCAM staining in E indicates the
colony area. (G) A high-magnification view. NCAM (green) and HNF3 (red).
(H) RT-PCR analysis of Shh and Netrin expression. Lane 1, control embryo; lane
2, SDIA/BMP-treated; and lane 3, SDIA/Shh-treated ES cells. (/) A flat whole-

(A) Effects of Shh (days 4-9) on neural crest and dorsal-ventral neural
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Phox2b* /Islet1/2" neurons was suppressed by additional RA
treatment, whereas it induced efficient differentiation of neu-
rons displaying the characteristics of somatic motor neurons of
the spinal cord and caudal hindbrain (Isletl/2", HB9*,
Phox2b~; Lim3*, ChAT™; refs. 22 and 28-31; Fig. 8 A-L, which
is published as supporting information on the PNAS web site,
and data not shown). These findings demonstrate that Shh
promotes differentiation of ventral CNS tissues and suppresses
that of dorsal CNS and neural crest cells.

Directed Differentiation of Functional Floor Plate Cells. Shh exerted
its ventralizing activity on ES cell-derived neural precursors. A
similar conclusion has been reported in the study using the
Shh/R A-treated embryoid bodies (EBs) (4). Interestingly, there
is a clear qualitative difference between the observations in two
studies. In the study using the Shh/RA treatment of EBs, the
ventralmost CNS markers such as HNF38 were not significantly
induced even at a very high concentration of Shh (4). Thus, it
seems that the neural progenitors induced in the EB-RA method
can be only partially ventralized even by strong Shh signaling. In
contrast, Shh treatment (300 nM) showed strong ventralizing
effects and resulted in production of numerous Nkx2.2* and
HNF3B* cells (19%,n = 291 and 29%, n = 279, respectively; Fig.
3 A, E, and F) in SDIA-treated ES cells.

This difference led us to ask whether HNF3B™* cells generated
in SDIA/Shh-treated ES cells had additional features of floor
plate cells. Most of the HNF3B" cells were NCAM™ and were
found in tightly packed cell clusters (Fig. 3 E-G). RT-PCR
analyses showed that SDIA/Shh-treated ES cells expressed
significant levels of the floor plate factors Shh and Netrinl (Fig.
3H, lane 3), whereas SDIA/BMP-treated cells did not (lane 2).

We next tested whether SDIA/Shh-induced tissues possessed
axon guidance activities similar to floor plate tissues by using a
3D coculture assay (Fig. 31). In accordance with previous reports
(6, 32), when metencephalic alar plate [cerebellar plate (CP)]
explants were cultured alone in collagen gels, virtually no
neurites were induced from dorsal surface (Fig. 37); however,
when cocultured with floor plate explants at a distance, neurites
were induced to grow dorsally toward the floor plate explants (in
the right direction, Fig. 3K). Similarly, when cocultured with
SDIA/Shh-treated ES cells, many neurites extended from CP
explants toward the ES cell colony located dorsally (Fig. 3 L and
N). SDIA/BMP-treated ES cell colonies did not show significant
axon growth inducing activities on CP explants (Fig. 3 M and N).
These results indicate that Shh treatment induces differentiation
of functional floor plate cells in SDIA-treated ES cells.

Differentiation of Neural Crest Derivatives, CNS Neurons, and Floor
Plate Cells from Primate ES Cells. Finally, we examined the differ-
entiation competence of SDIA-treated primate ES cells (2, 5).
Primate ES cells differentiated into Brn3a*/Peri* (sensory
lineage) and TH* /Phox2b* /Peri* (autonomic lineage) neurons
(Fig. 4 A-C) under the same conditions used in the mouse cell
experiments (Fig. 2), i.e., at low and high BMP doses, respec-
tively. SDIA/Shh-treated primate ES cells differentiated into
cells with the brainstem-type motor neuron phenotype (Isletl/
2%, HB9~, Phox2b™*, choline acetyletransferase (ChAT)™", and

mount preparation of embryonic rat brain and the explant coculture. Arrows,
axonal direction. (J) Control CP explant; dorsal (right). (K) A floor plate explant
showing chemoattraction activities on CP. (L) CP cocultured with SDIA/Shh-
treated ES cells (Shh 300 nM). (M) CP cocultured with SDIA/BMP-treated ES
cells (BMP4 5 nM). (N) Quantitative analysis of dorsally extending axon length
from CP explants. Mean lengths of dorsal neurite outgrowth (micrometers)
with CP alone (none, n = 12), FP (n = 12), undifferentiated ES (ES, n = 14),
SDIA/BMP-treated ES (ES/BMP, n = 24), and SDIA/Shh-treated ES cells (ES/
Shh, n = 28). *, P < 0.001 vs. none, ES, and ES/BMP.
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Fig.4. (A-C) Atlow and high concentrations, BMP4 induced sensory bipolar
neurons and autonomic neurons, respectively. Cells were treated with 0, 0.5,
and 5 nM BMP4 during days 7-13 and analyzed on day 13 for Brn3a/Peri and
TH/Peri staining, respectively. Neurons were defined as TuJ1" cells. *, P <
0.001 vs. control; **, P < 0.005 vs. BMP4 0.5 nM; ***, P < 0.001 vs. control. (D
and E) Islet1/2* /Phox2b™ motor neurons generated by SDIA/Shh treatment.
(F) Double staining of Nkx2.2 (green) and HNF3p (red) in an SDIA/Shh-treated
primate ES cell colony. (G) Effects of BMP4 and Shh on expression of dorsal and
ventral markers. BMP4 and Shh were added during days 7-13 and 3-13,
respectively.

Lim3~; Fig. 4 D and E and not shown), whereas SDIA/Shh/RA
treatment induced neurons with caudal somatic motor neuron
markers (Islet1/2", HB9", Phox2b~, ChAT", and Lim3™; Fig. 9,
which is published as supporting information on the PNAS web
site). SDIA/Shh treatment also induced a significant number of
Nkx2.2" and HNF3B* cells from primate ES cells (Fig. 4 F and
G). These results show that SDIA-treated primate ES cells can
generate the full range of dorsal and ventral neural tissues, as
mouse cells.

In contrast, quantitative analysis with dorsal-ventral markers
revealed some intriguing species differences. Consistent with our
previous study, primate ES cells differentiated into neural cells
about half as efficiently as mouse cells on PAG6 cells (NCAM™* at
45% efficiency and TuJ1* at 25%; ref. 2). More importantly,
without BMP or Shh treatment, SDIA-treated primate ES cell
colonies expressed only dorsal markers (AP2/NCAM, Brn3a,
and Pax7; Fig. 4G), whereas mouse ES cell colonies cultured on
PAG expressed both ventral (HNF33, Nkx2.2) and dorsal (Pax7)
neural markers (Fig. 1B). Primate ES cells expressed the ventral
markers HNF3B and Nkx2.2 only in the presence of Shh (Fig.
4G). Thus, SDIA-treated primate ES cells (without Shh or BMP
treatment) have a positional identity that is more dorsally
deviated than SDIA-treated mouse ES cells. This may partly
explain why primate ES cells seemed to require a higher Shh
concentration (300 nM) for ventral marker induction than did
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mouse cells (30 nM) (Figs. 34 and 4G), and why a number of
Brn3a™/Peri® cells were generated even without BMP4 treat-
ment (Fig. 4C) from primate ES cells.

Discussion

Together with our previous report (1), the present study dem-
onstrates that systematic generation of major ectodermal cate-
gories (epidermis, neural crest, roof plate, CNS neurons, and
floor plate) from ES cells in vitro is now made possible by
manipulating the timing, concentration, and combination of
exogenous factors. Our induction strategy and working hypoth-
esis are summarized in Fig. 5. This systematic induction involves
at least two critical phases of fate determination. In phase I (days
0-3), SDIA treatment promotes ectodermal differentiation.
SDIA suppresses mesodermal differentiation even in the pres-
ence of BMP4 (1), which has been shown to have a mesoderm-
inducing activity on ES cells in vitro (33, 34). Instead, when
treatment of exogenous BMP4 is started during phase I (early
BMP exposure), it strongly promotes epidermogenesis (1). With-
out early BMP exposure, SDIA-treated ES cells acquire a
differentiation competence similar to naive neuroectodermal
progenitors.

Phase II (days 4-7) is critical for the acquisition of the
dorsal-ventral identity of the neuroectodermal derivatives. In
the absence of exogenous BMP4, SDIA-treated ES cells have the
competence of differentiating into a variety of dorsal and ventral
cells of the rostral CNS (e.g., midbrain dopaminergic neurons),
except for the dorsalmost cells of the neural tube. Addition of
Shh promotes differentiation of ventral CNS cells, including
floor plate cells, Nkx2.2* cells, and brainstem-type motor neu-
rons, as well as caudal motor neurons with additional RA
treatment. In particular, a high Shh concentration induces
efficient differentiation of functional floor plate cells (Fig. 3).
Motor neurons generated with SDIA/Shh are also functional;
innervating C2C12-derived myotubes and causing nicotinic ace-
tylcholine receptor-dependent muscular contraction in vitro
(Fig. 8 G-L and Movies 1-3, which are published as supporting
information on the PNAS web site).

Treatment of exogenous BMP4 during phase II (late BMP
exposure) results in suppression of ventral neural differentiation
and promotion of dorsal differentiation. SDIA-treated ES cells
with late BMP4 exposure have the competence of differentiating
into neural crest derivatives and dorsalmost CNS cells (Math1*
cells and roof plate) (Figs. 1 and 2). Among neural crest-derived
cells, a high BMP4 concentration preferentially induces differ-
entiation of autonomic neuron lineages, whereas a low concen-
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tration more efficiently promotes generation of sensory neurons
(Fig. 2C). When SDIA/BMP4-treated ES cells are replated and
cultured without exogenous BMP4 on fibronectin after phase II,
smooth muscle cells are efficiently produced.

Interestingly, the timing of phases I and II would correspond
well with the embryonic days of pre-/early gastrulation and
neurulation, if 3.5 days (the embryonic day of the inner cell mass
from which ES cells are derived) are added to the induction
periods.

Questions for Future Studies

An important question to be addressed in future studies is the
molecular nature of SDIA. Its elucidation is crucial for the
establishment of a feeder-free induction system. As reported in
our previous study (1), the SDIA activity is not detected in
conditioned medium of PA6 cells but on the cell surface. This
makes biochemical approaches difficult for molecular identifi-
cation. The candidate approach has been unsuccessful so far (1).

Although early neural crest markers are induced by SDIA/
BMP4 treatment (Fig. 1), this study shows the generation of PNS
neurons and smooth muscle cells but not that of other neural
crest lineages. Modifying culture conditions should allow us to
ask whether SDIA/BMP-induced progenitors can generate
other neural crest derivatives. A challenging future study is to
purify neural crest progenitors from SDIA/BMP-treated ES
cells by FACS (26) and examine the differentiation capacity into
neuronal and nonneuronal lineages. For instance, it is worth
testing whether the crest progenitors can differentiate into such
cells as sensory and enteric neurons and form functional con-
nections in vivo. It is also intriguing to test whether induced
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progenitors can differentiate into connective tissues, which
consist of a major but less understood lineage of the head neural
crest. It remains to be clarified how other signaling factors
implicated in neural crest differentiation (35) may work in the
SDIA system. Our preliminary study shows that neural crest
differentiation is not significantly induced in BMP4-treated ES
cells simply by adding fibroblast growth factor, Wnt, or RA
signals without SDIA treatment.

Collectively, SDIA-based differentiation should serve as a
system to bridge a gap between knowledge of neural develop-
ment and application in regenerative medicine of the nervous
system. The method may be used to even broader application as
our recent reports indicate that SDIA-treated ES cells can
differentiate into ectoderm-derived sensory tissues, such as
retinal pigment epithelium (2) and lens cells (36).
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