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Embryonic stem (ES) cells differentiate into neuroectodermal progen-
itors when cultured as floating aggregates in serum-free conditions.
Here, we show that strict removal of exogenous patterning factors
during early differentiation steps induces efficient generation of
rostral hypothalamic-like progenitors (Rax�/Six3�/Vax1�) in mouse
ES cell-derived neuroectodermal cells. The use of growth factor-free
chemically defined medium is critical and even the presence of
exogenous insulin, which is commonly used in cell culture, strongly
inhibits the differentiation via the Akt-dependent pathway. The ES
cell-derived Rax� progenitors generate Otp�/Brn2� neuronal precur-
sors (characteristic of rostral–dorsal hypothalamic neurons) and sub-
sequently magnocellular vasopressinergic neurons that efficiently
release the hormone upon stimulation. Differentiation markers of
rostral–ventral hypothalamic precursors and neurons are induced
from ES cell-derived Rax� progenitors by treatment with Shh. Thus,
in the absence of exogenous growth factors in medium, the ES
cell-derived neuroectodermal cells spontaneously differentiate into
rostral (particularly rostral–dorsal) hypothalamic-like progenitors,
which generate characteristic hypothalamic neuroendocrine neurons
in a stepwise fashion, as observed in vivo. These findings indicate
that, instead of the addition of inductive signals, minimization of exog-
enous patterning signaling plays a key role in rostral hypothalamic
specification of neural progenitors derived from pluripotent cells.

chemically defined � hypothalamus � patterning � vasopressin

D ifferentiation culture of mouse ES (mES) cells is a versatile in
vitro tool for understanding molecular and cellular controls in

early mammalian neurogenesis (1–5). We previously established a
mES cell culture system with reduced exogenous signals, namely,
serum-free culture of embryoid body-like aggregates (SFEB cul-
ture) (4). In this method, ES cells are dissociated (to minimize
possible effects of culture substrate matrix), reaggregated (over one
day), and cultured as floating aggregates in serum-free medium
containing knockout serum replacement (KSR) (6), but with no
major exogenous inductive factors, such as Fgf, BMP, Wnt, or
Nodal. SFEB-cultured mES cells spontaneously differentiate into
neural progenitors that acquire a rostral forebrain fate and effi-
ciently generate telencephalic progenitors positive for Bf1 (FoxG1;
(7); see Fig. 1A). Efficient forebrain differentiation is also seen in
SFEB-cultured human ES cells (8).

In contrast to telencephalic development, relatively little has
been known about regulatory signals for early diencephalic devel-
opment, including the initial specification of the mammalian hy-
pothalamic anlage (9, 10). In the present study, using a similar SFEB
culture approach, we wished to steer ES cell differentiation into
hypothalamic tissues, which arises from the rostral forebrain region
adjacent to the embryonic telencephalon in vivo. However, we
noticed at the beginning of this study that hypothalamic markers
were rarely induced in neural cells generated from mouse ES cells
under the original SFEB conditions. We then paid attention to the
fact that the serum-free medium used in the original SFEB culture
still included some exogenous signals that might affect the differ-
entiation pathway followed. In particular, KSR, widely used for the
maintenance and differentiation of mouse and human ES cells (2,

4, 6, 8, 11), contains bioactive (growth) factors such as a high
concentration of insulin (6.7 �g/ml in 10% KSR) and lipid-rich
albumin partially purified from bovine serum (6) (PCT patent no.
WO 98/30679).

In this report, we show that ES cell-derived neuroectodermal
cells robustly differentiate into cells expressing regional markers of
the embryonic rostral hypothalamus when cultured in a strictly
chemically defined medium (CDM; growth factor-free chemically
defined medium is gfCDM hereafter), free of KSR and other
growth factors including insulin.

Results
Spontaneous Differentiation of mES Cell Aggregates into Rostral
Hypothalamic Progenitor-Like Cells in Growth Factor-Free Suspension
Culture. Dissociated mES cells quickly reaggregated in a low
cell-adhesion culture well (3,000 cells per well; U-bottomed 96-well
plate) and were cultured as floating aggregates in gfCDM. In this
quick reaggregation procedure (SFEBq, hereafter), the ES cells
grew as healthy aggregates even in this CDM free of exogenous
growth factors. They reproducibly underwent selective neural dif-
ferentiation (Fig. 1B; N-cadherin (cadherin2)� cells �90% of total
cells) and developed well formed neuroepithelia. Interestingly,
while SFEBq-cultured ES cells in KSR-containing medium effi-
ciently differentiated into Bf1� telencephalic cells (day 10; Fig. 1 A
and C), ES cells cultured in gfCDM rarely expressed Bf1 (�1%; Fig.
1 B and C). The majority of the SFEBq/gfCDM-cultured neuro-
epithelial cells expressed Six3 (day 5; Fig. 1 D and E), indicating that
their regional identity was within the rostral forebrain (12).

The Bf1� (nontelencephalic) portions of the rostral forebrain
constitute the rostral diencephalon, which includes two major
structures: the hypothalamus and the neural retina [see supporting
information (SI) Fig. S1 A–C]. Rax is specifically expressed in the
rostral hypothalamic neuroepithelia (anterior–dorsal and tuberal
subregions, which constitute the neuroendocrine/homeostasis cen-
ter) and retinal neuroepithelia (13) (Fig. 1F and Fig. S1C), but not
in the caudal hypothalamus. Immunostaining showed that a large
proportion of the SFEBq/gfCDM-cultured ES cells (55–70%; but
not those cultured in KSR-containing medium) expressed Rax on
day 7 (Fig. 1 G–I).

Rax� tissues in the embryonic neural retina differ from those in
the rostral hypothalamus in their coexpression of early neural
markers (Fig. 1 J–O). The Rax� embryonic neural retina expresses
neither Nestin (Fig. 1J, arrow) nor Sox1 (Fig. 1M) (14) while the
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Rax� hypothalamic neuroepithelium is clearly positive for both
markers (Fig. 1J, arrowhead and Fig. 1M). SFEBq/gfCDM-induced
Rax� tissues strongly and uniformly coexpressed Nestin (Fig. 1K)
and Sox1 (Fig. 1N). This finding is in contrast to our previous
observation (14) that Rax� retinal tissues generated from ES cells
by the SFEB/DLFA method (SFEB culture combined with Dkk1,
LeftyA, fetal calf serum, and activin treatment) were Nestin� and
Sox1� (Fig. 1 L and O). Moreover, no substantial expression of the
early retinal progenitor marker Chx10 [Vsx2; (15)] (Fig. S2A) was
not detected in SFEBq/gfCDM-treated cells (Fig. S2B). These
findings indicate that SFEBq/gfCDM cells have a marker expres-
sion profile typical for rostral hypothalamic progenitors.

We next produced ES cell lines with GFP cDNA knocked in at
the Rax locus (Fig. S2 C and D for the targeting vector and E–G for
GFP and Rax coexpression). Rax–GFP� and Rax–GFP� cells were
sorted by FACS on day 7 (Fig. 1P) and subjected to quantitative
PCR analysis (qPCR) (Fig. 1 Q–X). Both Rax–GFP� and Rax–
GFP� cell populations expressed a high level of the fore-midbrain
marker Otx2 (compare to the control E10.5 whole embryo) and not
the caudal CNS markers Hoxa2, Hoxa3, Hoxb1, and Hoxb9 (Fig. 1
W and X and Fig. S2 H and I). However, the Rax–GFP� and
Rax–GFP� populations substantially differed in the expression of
other regional marker genes. Rax–GFP� cells (but not Rax–GFP�

cells) expressed a high level of Rax (Fig. 1R), Vax1 (Fig. 1S; a
rostral–ventral forebrain marker) (16) and Six3 (Fig. 1T; Six3
expression in vivo is initially found throughout the rostral forebrain,
whereas it later becomes limited to parts of the rostral forebrain and
largely overlaps with Rax expression in the hypothalamus; (17); in
immunostaining of SFEBq aggregates, Six3 expression on day 7,
unlike that on day 5, was limited to �60% of SFEBq/gfCDM cells
and mostly colocalized with Rax expression; Fig. S2 J–L). In contrast,
more caudal marker genes such as Irx3 (caudal diencephalon and brain
tissues caudal to it) and En2 (typically midbrain) were expressed at a
moderate level in Rax–GFP� cells but not substantially in Rax–GFP�

cells (Fig. 1 U and V).
Collectively, these findings indicate that Rax� cells in SFEBq/

gfCDM culture have a regional identity of the rostral forebrain, in
particular, the rostral hypothalamus.

Insulin Inhibits Rostral Hypothalamic Differentiation via the Akt
Pathway. In contrast to a high Rax� percentage of SFEBq/gfCDM-
cultured ES cells (56%; Fig. 2A), few Rax–GFP� cells (�3%) were
present among ES cells cultured in medium containing KSR (Fig.
2B) or insulin, which KSR contains (Fig. 2C; also see Fig. S3A for
dose-response analysis of insulin and IGF1 treatments). The pres-
ence or absence of insulin in culture medium (from day 0) did not
substantially influence the percentage of Annexin V� apoptotic
cells (2–3% of total cells on day 4 in both cases; Fig. 2 D and E),
suggesting that insulin impairs differentiation and does not act by
actively eliminating a major population via selective apoptosis. The
presence of insulin during the first 3 days had little inhibitory effect
on the Rax–GFP� percentage (Fig. 2G, upper graph, rows 2 and 3),
whereas the Rax–GFP� percentage decreased substantially when
insulin was present in the CDM until day 4 or later (rows 4–6).
Conversely, the addition of insulin to gfCDM on day 5 or earlier
suppressed Rax–GFP expression (Fig. 2G, lower graph, rows 7–11),
suggesting that the absence of high insulin signals during days 4 and
5 is a key condition for efficient Rax expression in SFEBq-cultured
ES cells.

We next examined the effects of inhibitors of the insulin-
downstream pathways on the differentiation of ES cells cultured in
the insulin-added CDM. The treatment with the MAPK inhibitor

stained with antibodies against Bf1 (A and B), Six3 (D), Rax (G, H, J–O), N-cadherin
(A and B), Nestin (J–L), Sox1 (M–O). DAPI for counter staining. (P–X) SFEBq-
cultured Rax–EGFP cells are sorted by FACS (P) and analyzed by qPCR on day 7 for
the expression of Otx2 (Q), Rax (R), Vax1 (S), Six3 (T), Irx3 (U), En2 (V), Hoxb1 (W),
and Hoxb9 (X). Total RNA from E10.5 whole embryos was used as a control.
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Fig. 1. SFEBq culture in growth factor-free medium generates rostral hypo-
thalamic progenitors from ES cells. (A, C, E, G, and I) SFEBq-cultured ES cells using
KSR-containing medium, (B, C–E, H, I, K, and N) SFEBq-cultured ES cells using
gfCDM. Immunostaining analysis of cryostat sections. (F) Coronal section of
mouse rostral diencephalon at E10.5. (J and M) Expression in the rostral–dorsal
hypothalamic neuroepithelium (arrowhead) and optic cup (arrow) at E10.5. (L
and O) SFEB/DLFA-cultured ES cells for retinal differentiation. The sections were
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PD48059 (0.5–10 �M; days 2–7) did not increase the Rax–GFP�

percentage in the differentiating ES cells on day 7 (Fig. 2H, PD and
data not shown). In contrast, the treatment with either the PI3K
inhibitor LY294002 (5 �M; LY) or the Akt inhibitor (inhibitor VIII;
2 �M; AktiVIII) significantly reversed the insulin-induced suppres-
sion of the Rax–GFP� percentage, suggesting that the inhibitory
effect of insulin signaling on rostral hypothalamic differentiation
depends on the PI3K/Akt pathway (Fig. 2 H–J).

In qPCR analysis of regional marker genes (Fig. 2 K–R), insulin
suppressed the expression of Rax, Vax1, and Six3 (Fig. 2 L–N,
middle columns), while Otx2 expression was largely unaffected (Fig.
2K). The expression levels of Irx3 and En2 (but not Hoxa2, Hoxa3,
Hoxb1, or Hoxb9) were increased by insulin (Fig. 2 O–R and Fig. S3
B and C). These findings show that insulin has suppressing effects
on the expression of the rostralmost CNS markers and its treatment
moderately induces caudal marker expression.

Differential Induction of Dorsal and Ventral Marker Expression in
SFEBq/gfCDM-Induced Rax� Hypothalamic Progenitors. Shh is ex-
pressed specifically in the ventral subregion of the embryonic
hypothalamus ((9, 10); Fig. S1E). Within the rostral hypothalamus,

Rax expression is found in both the dorsal domain (Pax6�, Nkx2.1�;
Fig. 3 A and B) and the ventral domain (Pax6�, Nkx2.1�; Fig. 3
A–C). The Nkx2.1� population (ventral) in ES cell-derived Rax�

cells was substantially increased by Shh treatment (days 4–7; Fig. 3
D and E; these cells were Bf1�/Pax6�, data not shown) and
decreased by cyclopamine treatment (days 4–7; Fig. 3 D and F). The
Nkx2.1� population was also increased by treating with the Shh
agonist purmorphamine [Fig. S4A; (18)]. Conversely, the Pax6�

population (dorsal) in Rax� cells was decreased by Shh (Fig. 3 G–I).
These findings indicate that Shh signaling promotes the specifica-
tion of rostral–ventral hypothalamic progenitors at the cost of
rostral–dorsal progenitors in vitro.

Interestingly, treatment with Shh from day 4 increased Rax–
GFP� percentage (81% of the total cells; Fig. 3J) while treatment
with the hedgehog inhibitor cyclopamine (days 4–7) only slightly
reduced it (Fig. 3J; the efficiency of general neural differentiation
is shown in Fig. 3K). Given that Rax� cells comprise higher
percentages in the ventral domain than in the dorsal domain (Fig.
3B), it is possible that the Shh-induced increase in the Rax�

percentage (up to 81%; Fig. 3J) was caused, at least in part, by the
generation of the high Rax� ventral hypothalamic tissues.

Fig. 2. Insulin suppresses Rax expression on SFEBq culture. (A–C) FACS analysis of Rax–GFP knocked-in ES cells that were cultured by SFEBq for 7 days in gfCDM (A),
GMEM/KSR (B), and gfCDM � 7 �g/ml insulin C. (D–F) Annexin V� apoptotic cells were analyzed (day 4) with (E) or without (D) insulin. For positive control, cells were
preincubated with 10 �M etoposide for 4 h (F). (G) Time-window analysis of insulin’s effect on Rax–GFP� percentages by FACS on day 7. Insulin (7 �g/ml) was removed
(upper graph) or added (lower graph) as shown in the left bars. The ratio of the Rax–GFP� percentages in the presence of insulin to that of SFEBq/gfCDM culture (row
1; referred to as 1.0) is shown in the graphs at the right. (H–J) Effects of inhibitors on SFEBq-cultured ES cells in gfCDM with or without insulin (7 �g/ml) were analyzed
by FACS on day 7. LY294002 (H and I), Akt inhibitor VIII (H and J), PD98059 (10 �M), or DMSO (vehicle) was added on day 2. Statistical significance vs. the control (gfCDM
� insulin with DMSO) was evaluated by the Dunnette test. *, P � 0.05; **, P � 0.01. (K–R) qPCR analysis of insulin’s effect on day 7 was performed as in Fig. 1 P–X.
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Collectively, these observations indicate that mES cells cultured
under exogenous growth factor-free suspension conditions prefer-
entially generate neural progenitors with rostral hypothalamic
characteristics, which can be secondarily patterned dorsally or
ventrally.

FACS-Purified Rax� Progenitors Derived from ES Cells Differentiate
into Vasopressinergic Neurons. The rostral–dorsal domain of the
hypothalamus contains a number of early neuronal precursors
positive for Otp (red cells in Fig. 4A; coronal section at E13.5; also
see Fig. S5 A–C) (19). The ventromedial nucleus (VMH; satiety
center of appetite) is a typical nucleus present in the ventral part of
the rostral hypothalamus (tuberal subdomain; Fig. S5D). SF1
(Nr5a1) is a bona-fide marker that specifically demarcates the
postmitotic VMH precursors (Fig. 4 A–C, green) (20). Foxb1 serves
as a specific marker for the mammillary body neurons (MB) (21)
in the caudal hypothalamus (blue cells in Fig. 4C; parasagittal
section; also see Fig. S1A).

Rax� cells were isolated from SFEBq/gfCDM-cultured ES cells
(with or without Shh treatment) by FACS on day 7, quickly
reaggregated again in low cell-adhesion wells (5000 cells per well),
and cultured until day 13 (Fig. 4D). When Shh was not added,
numerous Otp� neurons were found in the Rax–GFP� cell aggre-

gates (44% of total cells; Fig. 4 E and G) but not in aggregates of
Rax� cells (�1%; data not shown). Shh treatment significantly
reduced the number of Otp� neurons in the Rax–GFP� aggregates
(Fig. 4 F and G), while the number of SF1� neurons greatly
increased (22% of cells in the Rax–GFP� aggregates; Fig. 4 H–J).
Consistent with the expression profile in the embryonic hypothal-
amus (19), a substantial percentage of Otp� cells derived from
untreated Rax–GFP� cells coexpressed Brn2 (Pou3f2; 46%; Fig.
4K; Fig. 4L is the immunostaining of Shh-treated Rax–GFP�

aggregates). Regardless of Shh treatment, Rax–GFP� cells differ-
entiated into neither Foxb1� MB neurons nor Crx� photoreceptor
progenitors (for both, n � 16 aggregates, �2000 cells each; Fig. S5
E and F and data not shown).

Arginine-vasopressin (AVP)-producing neurons [immuno-
stained with the AVP precursor protein neurophysin II; (22)] in the
paraventricular and supraoptic nuclei (PVN and SON; Fig. 5A) are
derived from Otp�/Brn2� precursors [the SON neurons are known
to originate and migrate radially from the Otp� subventricular
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Fig. 3. ES cell-derived Rax� progenitors differentiate into early neuronal
precursors of the dorsal and ventral hypothalamus. (A–C) Immunohistochemical
analysisof theE10.5mousebrainwithNkx2.1 (A–C),Pax6(AandB)andRax(Band
C) antibodies. Coronal (A and B) and parasagittal (C). dh, vh, rh, and ch, dorsal,
ventral, rostral, and caudal portions of the hypothalamus; ge, ganglionic emi-
nence. The caudal hypothalamus (its ventral portion) is Nkx2.1� and Rax�. (D–I)
Subregionalmarkerexpression inSFEBq/gfCDM-culturedEScellsonday7.Frozen
sections of ES cell aggregates treated with 30 nM Shh (D, E, G, and H) or 10 �M
cyclopamine (D, F, G, and I) were immunostained for Rax and Nkx2.1 (D and F) or
Pax6 (G–I). (D and G) Statistical significance vs. the control (gfCDM) was evaluated
by the Dunnette test. *, P � 0.05; **, P � 0.01; ns, not significant. (J and K) Effects
of Shh (30 nM) and cyclopamine (10 �M) on the percentages of Rax–GFP� (J) and
Sox1–GFP� (K) cells in SFEBq/gfCDM culture.
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Fig. 4. ES cell-derived Rx� progenitors differentiate into early precursor neu-
rons of the dorsal and ventral hypothalamus. (A–C) E13.5 mouse hypothalamus.
Coronal (A) and parasagittal (B and C) sections were stained with DAPI and
antibodies against Otp (A and C; dorsal domain, d), SF1 (A and C; ventral domain,
v), and Foxb1 (C; mb). III, third ventricle; lv, lateral ventricle; or, optic recess; and
p,pituitary. (C) Immunostainingwithinthesquare(hypothalamicregion) inpanel
B. (D) Schematic of reaggregation culture of FACS-sorted Rax–GFP� progenitors.
(E–J) The aggregates were cultured in DMEM/F12/KSR medium with (F, G, I, J, and
L) or without (E, G, H, J, and K) 30 nM Shh (days 7–13). Frozen sections were
immunostained for Otp (E–G, K, and L), SF1 (H, I, and J), Tuj (E and F), Nkx2.1 (H
and I), and Brn2 (K and L). (G and J) Statistical significance was examined by
Mann–Whitney’s test. ***, P � 0.001.
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zone; Fig. S5 B–D; (19, 23)]. To examine the differentiation of
mature neurons, Rax–GFP� progenitors were isolated by FACS
and reaggregated on day 7, followed by suspension culture (without
Shh treatement) for 6 days and Transwell culture on porous filters
for an additional 12 days (Fig. 5B). Consistent with efficient
Otp/Brn2 induction (Fig. 4 E and K), a number of AVP� neurons
were found in all of the aggregates (n � 212; Fig. 5 C–E), and
represented 6.0% of the total population of cells on day 20 (n �
2000 cells; Fig. 5F). In contrast, few AVP� neurons were produced
in the Shh-treated aggregates, data not shown). Most of the AVP�

neurons had large round- or oval-shaped somata (20–30 �m in the
long axis) and showed a massive accumulation of neurophysin II in
the perinuclear (Golgi) area (Fig. 5D) and in the characteristic
varicosities (Herring’s bodies) of the neurites (Fig. 5E), as seen in
the AVP� magnocellular neurons in the rodent hypothalamus (23).
AVP� axonal swellings were also frequently in dissociation culture
(from day 13; Fig. 5B, Fig. S5 G–J), while AVP� dendrites received
numerous presynaptic inputs (Fig. 5G and Fig. S5 K–M). A RIA
(RIA; Fig. 5H) showed that a substantial amount of AVP [13 pg/ml
from 10 cell aggregates incubated in 0.5 ml solution; 3–4 times

higher concentration than the AVP level in peripheral blood; (24)]
was released into the conditioned medium of Rax–GFP� progen-
itor-derived aggregates, but not of Rax–GFP� control aggregates,
upon high K� stimulation for 10 min.

In the presence of exogenous Shh (from day 4; Fig. 5B), the
FACS-purified Rax–GFP� progenitors efficiently differentiate into
SF1�/VGLUT2 (Slc17a6)� neurons (Fig. 4I and 5I and Fig. S5N;
13% of the total cells on day 25 of dissociation culture), a charac-
teristic type of neurons that, within the embryonic brain, are
specifically found in the ventral hypothalamus (VMH). In addition
to these neurons, Shh-treated Rax–GFP� progenitors (but not
untreated ones) differentiate into other types of neurons found in
the rostral–ventral hypothalamus, including TH�/Nkx2.1� dopa-
minergic neurons [Fig. 5J and Fig. S5O; 14% of the Nkx2.1� neurons,
which made up 61% of the total cells; A12 type (25)] and AgRP�/
NPY� neurons [Fig. 5K; 1.0% of the total cells; typically found in the
arcuate nucleus (26)].

Discussion
The rostral hypothalamus is a very complex structure (10, 27)
containing a large diversity of neurons, whose developmental
mechanisms are still poorly understood. SFEBq/gfCDM cultures
could also be useful in the search for inductive signals for other
intriguing hypothalamic neurons such as oxytocin neurons (some
additional signals may be necessary as we have so far failed to
observe strong oxytocin accumulation on days 25 and 29 under the
present conditions; data not shown), orexin-expressing neurons,
and suprachiasmatic nucleus neurons, which are involved in im-
portant physiological regulations such as feeding and circadian
rhythm.

The present study has identified a key condition necessary for
differentiation of rostral hypothalamic progenitors from ES cells,
i.e., no exogenous patterning signals added at the naı̈ve neuroec-
todermal stage. Whether endogenous extracellular signals [for
instance (28)] have any active (rather than permissive) roles in the
tissue-autonomous hypothalamic differentiation of ES cells re-
mains to be understood.

An intriguing, yet challenging question then is whether the fate
specification mechanism found in this study also works in the rostral
hypothalamic specification within the embryonic neuroectoderm in
vivo. The hypothalamic anlage is located adjacent to signaling
tissues such as the anterior visceral endoderm and prechordal plate,
which secrete anti-caudalizing factors such as Dkk1 and Cerberus-
like (29, 30). In SFEBq/gfCDM culture, the addition of factors with
caudalizing activity [Wnt3a, Nodal, Fgf8b, or RA; (31)] decreased
the Rax–GFP� percentage, while the treatment with the Wnt
blocker Dkk1 further induces the level of rostral hypothalamic
differentiation (Fig. S3 D, F, and G). These findings suggest that
caudal positional information prevents the ES cell-derived neuro-
ectodermal cells from acquiring a rostral hypothalamic identity,
consistent with the rostralmost position of the rostral hypothalamus
in the embryonic brain. In contrast to a previous report (32), we
have so far failed to see a positive effect of BMP7 on hypothalamic
differentiation in our system.

An unexpected finding regarding SFEBq culture conditions is
that insulin, commonly used in various serum-free media, has a
substantial inhibitory effect on hypothalamic marker expression via
the PI3K/Akt pathway (Fig. 2 A–J and Fig. S4 B–E). A recent report
has also indicated an inhibitory effect of Akt-mediated insulin
signaling on ES cell differentiation into cardiac muscles (33). The
qPCR analysis (Fig. 2 K–R) showed that insulin suppresses the
rostralmost brain markers and induces (albeit moderately) the more
caudal markers, suggesting that this weak caudalizing activity may
be, in part, involved in this phenomenon. This idea is consistent with
the report that insulin can activate �-catenin via the PI3K/Akt
pathway as does the caudalizaing factor Wnt (34). The addition of
insulin alone did not induce Bf1 expression in SFEBq/gfCDM
culture (Fig. S3H) in contrast to the addition of KSR (Fig. S3I). The
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Fig. 5. Generation of characteristic dorsal and ventral hypothalamic neurons.
(A) Otp and neurophysin II (NP II) expression in the mouse hypothalamus at E15.5.
At this stage, although Otp expression is found predominantly in the dorsal
domain, a small number of neurons in ventrally located nuclei such as the
lateroanterior hypothalamic nucleus and arcuate nucleus (data not shown) also
express Otp. (B–K) Long-term neuronal culture following FACS sorting (day 7) of
Rax–GFP� progenitors from SFEBq/gfCDM-cultured ES cells. (B) Schematic of the
culture procedure for rostral hypothalamic differentiation. (C–H) Immunostain-
ing of a Transwell-cultured aggregate cultured without Shh. A number of NP II�

neurons were seen (C and F). High magnification views of NP II� neurons showed
predominantly large somas with a well developed NP II� Golgi area (D) and
characteristic varicosities in their neurites (E). (G) Immunostaining for NP II and
synaptophysin indissociationcultureofRax–GFP� cellsonday35. (H)AVP-release
analysis upon high K� stimulation on day 25. AVP concentrations in conditioned
media of Rax–GFP� aggregates were measured by RIA. (I–K) Immunostaining of
dissociation culture of Rax–GFP� cells cultured with Shh (day 25). (I) SF1 (green),
VGluT2(locatedmainly inthegrowthcones; red),andTuJ1(white). (J) Immunostain-
ing for TH and Nkx2.1. (K) Immunostaining for AgRP and NPY. (Scale bars, 20 �m.)
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time-course analysis (Fig. 2G) showed that the presence or absence
of exogenous insulin during days 4 and 5 had the strongest effects
on the efficiency of hypothalamic differentiation. Our previous
study has shown that differentiation of mES cells into Sox1�

neuroectodermal progenitors occurs primarily by day 4 [around day
3 in particular in SFEB culture (4); also in SFEBq culture],
suggesting that insulin signals are likely affecting newly committed
neuroectodermal cells rather than uncommitted pluripotent cells
(illustrated in Fig. S6).

An intriguing question for future investigation is whether the
differentiation of hypothalamic progenitors from human ES cells is
regulated by similar mechanisms. One technical obstacle is the poor
survival of human ES cell culture in SFEBq/gfCDM culture, unlike
mouse ES cells. Although the addition of insulin to human ES cells
[in the presence of ROCK inhibitor; (8)] improves their survival and
growth (our unpublished observations), the dependence on and
sensitivity to insulin need to be more carefully compared between
human and mouse ES cells. In our preliminary analysis, the Akt
inhibitor promoted the induction of Rax and Vax1 expression in
human SFEBq aggregates cultured in gfCDM � insulin (Fig. S4 F
and G), suggesting a certain common function of Akt.

Finally, the rostral hypothalamus is presumably assigned as the
rostralmost region of the neural plate, although the exact assign-
ment of the rostral–caudal axis in this area is still under some debate
(27, 35, 36). One hypothesis that emerges from the present study
and should be examined in the future is that the rostral–ventral
forebrain (rostral hypothalamic anlage) represents the origin (or
zero point) of the Cartesian coordinates for patterning of the naı̈ve
neuroectoderm. This possibility may be particularly intriguing from
a phylogenic point of view, because the hypothalamus (particularly its
rostral neuroendocrine portion) is a homeostasis center that is highly
conserved during brain evolution, even across vertebrates and inverte-
brates (polychaetes), as has been shown in a recent study (37).

Materials and Methods
ES Cell Culture. Mouse ES cells (EB5, TT2), Sox1-GFP ES cells (46C), and Rax–GFP
cells (116–2, 116–18, 20–10, 20–14) were maintained as described in ref. 4. For

SFEBq culture, ES cells were dissociated to single cells in 0.25% trypsin-EDTA and
quickly reaggregated in differentiation medium (3000 cells per 150 �l per well)
using 96-well low cell-adhesion plates (Lipidure Coat, NOF). Unless stated other-
wise, the differentiation medium used during days 0–7 was growth factor-free
CDM [modified from (38)], which contains Iscove’s modified Dulbecco’s medium/
Ham’s F-12 1:1, 1� chemically defined lipid concentrate, penicillin/streptomycin,
monothioglycerol (450 �M) and purified BSA (�99% purified by crystallization;
Sigma). The addition of human apo-transferrin (15 �g/ml final) to this medium
caused no substantial changes in the differentiation of Rax� hypothalamic pro-
genitors. Generation of knockin ES cells is described in SI Methods. Primers used
are listed in Table S1.

Neuronal Differentiation Culture. Rax–GFP� and Rax–GFP� cells were sorted on
day 7 from SFEBq/gfCDM-cultured Rax–GFP ES cells, quickly reaggregated using
low cell-adhesion 96-well culture plates (5000 cells per well for GFP� cells and
2500 cells per well for GFP� cells), and cultured in DFK medium (DMEM/F12
supplemented with 7 g/liter glucose, 10% KSR, and penicillin/streptomycin). On
day 10, half the medium was replaced with DFNB medium (DMEM/F12 supple-
mented with 7 g/liter glucose, N2 and B27) � 10 ng/ml CNTF. For long-term
culture, these aggregates were subjected to filter culture using a Transwell
culture insert (Corning) in DFNB � 10 ng/ml CNTF. A one-half volume of the
medium was changed every other day. Technical details of dissociation culture
are described in SI Methods.

Vasopressin Release Analysis. Aggregates cultured on Transwell filters in DFNB
medium � CNTF for 25 days were subjected to analysis. Ten aggregates per filter
were incubated with 500 �l of artificial cerebrospinal fluid (aCSF; 124 mM NaCl,
3 mM KCl, 26 mM NaHCO3, 2 mM CaCl2, 1 mM MgSO4, 1.25 mM KH2PO4, and 10
mM D-glucose, pH 7.4) for 10 min at 37°C, followed by stimulation with high K�

aCSF (100 mM KCl) for an additional 10 min. Each incubated solution was
individually frozen and its AVP content was analyzed by RIA using the double-
antibody technique.
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