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SUMMARY

Despite its evolutionary conservation and functional
importance, little is known of the signaling pathways that

underlie development of the hypothalamus. Although
mutations affecting Nodal and Hedgehog signaling disrupt
hypothalamic development, the time and site of action and
the exact roles of these pathways remain very poorly
understood. Unexpectedly, we show here that cell-
autonomous reception of Nodal signals is neither required
for the migration of hypothalamic precursors within the

signaling antagonizes the development of posterior-
ventral hypothalamus, while promoting anterior-dorsal
hypothalamic fates. Besides their distinct roles in the
regionalization of the diencephalon, we reveal cooperation
between Nodal and Hedgehog pathways in the maintenance
of the anterior-dorsal hypothalamus. Finally we show that
it is the prechordal plate and not the head endoderm that
provides the early signals essential for establishment of the
hypothalamus.

neural plate, nor for further development of the anterior-
dorsal hypothalamus. Nodal signaling is, however,
cell-autonomously required for establishment of the
posterior-ventral hypothalamus. Conversely, Hedgehog

Key words: Nodal, Hedgehog, Ventral diencephalon, Mesendoderm,
Zebrafish

INTRODUCTION fish that lack function of Smoothened, an essential
transmembrane modulator of Hh activity (Chen et al., 2001;
The hypothalamus is the master regulator of endocrine ariRlohr et al., 2001; Varga et al., 2001). This raises the possibility
autonomic function within the brain. It develops from thethat at least in fish, Hh signaling may play a more important
ventral-most region of the anterior diencephalon. In zebrafisliple in the maintenance and/or later development of
fate mapping experiments have shown that hypothalamieypothalamic tissue than in its induction.
precursors originate closer to the organizer than other forebrainNodal signals are potentially involved in the specification of
derivatives and move rostrally within the neural plate to theithe hypothalamus, as evidenced from the hypothalamic defects
final location in the anterior CNS (Woo and Fraser, 1995; Vargaeen in animals with compromised Nodal activity. These
et al., 1999) (this study). Thus, early steps of hypothalamimclude fish carrying mutations in the genes encoding the
development involve regulation both of the induction ofNodal ligands Squint (Sqt) (Heisenberg and Nisslein-Volhard,
hypothalamic identity and the migration of hypothalamic1997; Feldman et al., 1998) and Cyclops (Cyc) (Hatta et al.,
precursors. Although embryological manipulations havel994; Rebagliati et al., 1998; Sampath et al., 1998), One-eyed-
revealed the importance of mesodermal and/or endodermpinhead (Oep) (Schier et al.,, 1997; Strahle et al., 1997), a
tissues that underlie the brain in these processes, little is knowmmembrane-anchored protein of the EGF-CFC family essential
of the molecular pathways involved in the specification andor transduction of Nodal signals (Zhang et al., 1998; Gritsman
patterning of the hypothalamus. et al., 1999), and Schmalspur/Fastl/FoxH1 (Sur) (Pogoda et
Tissue ablation experiments have shown that organizeal., 2000; Sirotkin et al., 2000), a transcriptional effector
derived mesendodermal tissues are a source of inducing signafs Nodal signal transduction (Whitman, 1998). During
required for hypothalamic development (reviewed by Muenkegastrulationcycandoepare expressed both in mesendoderm
and Beachy, 2000; Kiecker and Niehrs, 2001). The secretethd in overlying neuroectoderm (Rebagliati et al., 1998;
protein Sonic Hedgehog (Shh) is proposed to be one su&@ampath et al., 1998; Zhang et al., 1998), suggesting that Nodal
signal as hypothalamic tissue is absent in mice lacking Shéignaling may occur in both tissues. Indeed, Nodal activity is
function (Chiang et al., 1996) and increased Shh activity leadsell-autonomously required in the anterior axial mesendoderm
to ectopic expression of hypothalamic markers in fish (BartliSchier et al., 1997) and in the prospective floor plate (Muller
and Wilson, 1995; Hauptmann and Gerster, 1996; Rohr et akf al., 2000; Strahle et al., 1997). However, it has remained
2001). However, induction of the hypothalamus still occurs iruncertain whether Nodal signals need to be received by
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prospective hypothalamic cells (Hatta et al., 1994; Sampath By anti-mouse CY3 (affinity purified Fab fragments, Jackson) at
al., 1998). Alternatively, the hypothalamic defects in Nodall:1000 dilution. Rabbit polyclonal anti-tyrosine hydroxylase (anti-TH
mutants might be a secondary consequence of the requireméititut Jacques Boy SA, Reims France) was used at 1:750 dilution
for Nodal signals in mesendodermal tissues. followed by a DAB staining.
In the present study, we have been able for the first time 'iQstology
address the requirement for Nodal and Hh signaling withi
3

hvoothal b i f ts th tained embryos were embedded in JB4 resin (Polyscience) and
ypothalamic precursors by making use of reagents ctioned with a glass knife (8n), or mounted in 7.5% gelatin, 15%

activate or inhibit signaling in a cell autonomous fashion. W& crose for cryostat sectioning (30m). Alternatively, embryos

reveal an early regionalization of the hypothalamus anlage thabridized withshhandnk2.1aprobes were embedded in polyester

strikingly correlates with gene expression domains. Wevax (BDH Microscopy) to make serial sections |{fn), before

demonstrate that reception of Nodal signals is indeed requiré@munodetection of the riboprobes.

for hypothalamic development, but only of the posterior-

ventral region. By contrast, the Hh signaling pathway is not

required for induction of the posterior-ventral hypothalamus|RESULTS

and even inhibits the development of this region. Instead, Hh

signaling favors the development of the anterior-dorsaExpression of shh and emx2 defines complementary

hypothalamus. Furthermore, we show that when cells a@omains of the hypothalamus

compromised in their ability to receive both Nodal and HhAIthough the homeobox gem2.1ais expressed throughout

signals, then they are completely excluded from the developingie hypothalamus (Rohr et al., 2001) (Fig. 1K), other markers

hypothalamus, revealing a cooperative role for Nodal and Hkeveal that this region of the d|encephalon is subdivided at early

signals in hypothalamic maintenance. developmental stageshh is initially expressed throughout
the prospective hypothalamus, but by mid-somite stages,
expression is reduced posteriorly and ventrally, and

MATERIALS AND METHODS consolidated anteriorly and dorsally (Barth and Wilson, 1995)
(Fig. 1B,E,H). emx2 expression increases in the posterior-

Fish strains

Embryos were obtained from natural spawning of wild-
(AB) or mutant zebrafish lines. The following mutant all

were used:oep?’ (Hammerschmidt et al., 1996y®16 .

(Hatta et al., 1991)sur¥68b (Brand et al., 1996)sqf?3* - &
(Heisenberg and Nisslein-Volhard, 1997) asphip64! emx2 nk2.1a
(Barresi et al., 2000). Embryos lacking both maternal
zygotic Oep function were obtained by crossieg’—adults

that had been rescued to viability by injectionoep RNA
at the one-cell stage.

7s

15s H

nk2.1a
Microinjection and transplantation experiments

Synthetic MRNAs were transcribed in vitro using the
mMessage mMachift¥ transcription kit (Ambion). MBeg
embryos were injected at the 16-cell stage into one ma
blastomere with combinations nfs-GFP (100 pg) andls-
lacZ (100 pg) RNA as lineage tracers, aad* (4 pg) anc

t
!

XFD RNA (200 pg). For transplantation experiments, d: =
embryos were injected at the one- to four-cell stage ist! — ~ S )
GFP andacZ RNA (100 pg) as lineage tracers, either a 7 . o=
or in combination witrcPKA (60 pg).FAST#!P RNA (100 [ X
pg) was injected at the one- or 16-cell stage. | asame
Cyclopamine treatment RN
Embryos were treated with 100M cyclopamine (TRC emx2 shh shh nk2.1a shh nkzh. lemx2 nk2.1a
from mid-blastula transition to 28 hpf (hours ¢
fertilization) in the dark. Fig. 1.shhandemx2expression sites define complementary domains of the
hypothalamus. (A-K) Lateral views of brains of wild-type embryos with
In situ hybridization and immunohistochemistry anterior towards the left showing expressiomk#.13 shhandemx2either in

In situ hybridization was carried out as described previc  dark blue or red, as indicated (bottom right). Stages are indicated on the far
(Hauptmann and Gerster, 1994). The following mF  right. Arrowheads in D show additional siteseofix2expression in the

probes were usedhh(Krauss et al., 1993pk2.1a(Rohr e posterior diencephalon and dorsal telencephalon. In J,K, the arrowheads
al., 2001) emx2(Morita et al., 1995)gata5(Rodaway et al indicate the PV hypothalamic region that expresgé@slaandemx2but not
1999),axial (Strahle et al., 1996}sc(Stachel et al., 199  shh (L-M) Frontal serial sections through the hypothalamus, dorsal towards
hggl(Thisse et al., 1994) arttmp4(Nikaido et al., 1997 the top. The dorsal limit afk2.1laandshhexpression domain coincide
B-galactosidase was revealed with a rabbit polyc (arrowheads)(N) Schematic view ofk2.1a shhandemx2expression in the
antibody (Cappel) at 1:1000 dilution and a diaminobenz 28 hpf brainnk2.1laexpression encompasses bsitihandemx2hypothalamic
(DAB) staining. Mouse monoclonal anti-HU antibc  domains. h, hypothalamus; pd, posterior diencephalon, t, telencephalon; zli,
(16A11 Interchim) was used at 1:200 dilution, and visua  zona limitans intrathalamica.
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ventral (PV) hypothalamus around the same time ¢héit 2B), whereas in more severely affectdZsqt embryos,
expression fades (Fig. 1A,D,G), and by day 1 of developmenhypothalamicemx2expression is lost whilshh and nk2.1a
shhand emx2expression domains demarcate complementargxpression is retained (Fig. 2C,D). Finally, hypothalashh
subdivisions of thenk2.1la+ hypothalamic neuroepithelium and emx2staining is absent altogether in the most severely
(Fig. 1J-N). The domain ahhexpression in the anterior dorsal affectedMZsqgt mutant embryos (Fig. 2E). All hypothalamic
(AD) hypothalamus is a site of production of early-bornmarkers were also absentagc’-, maternal and zygotioep
neurons (Barth and Wilson, 1995) that are likely to contributéMZoep or in embryos injected with RNA encoding dominant-
to retro- and supra-chiasmatic nuclei (Puelles, 1995). Byegative FAST1 (FASTID) (Fig. 2F, and data not shown),
contrast, the zone oémx2 expression in the tuberal and confirming previous observations (Muller et al., 2000; Rohr et
mammilary regions shows no early neurogenesis and is likelgl., 2001).

to give rise to the infundibulum and other posterior and ventral Together, these data indicate that the PV hypothalamus is
hypothalamic nuclei. We used these various markers tmore sensitive than AD hypothalamus to reduction in Nodal
investigate the roles of Nodal and Hh signaling pathways isignaling and raise the possibility of a differential requirement

induction and patterning of the hypothalamus. for Nodal signaling in the formation of the two hypothalamic

) subdomains. Although these results confirm that Nodal activity
Progressive loss of PV and then AD hypothalamus is required for hypothalamic development, they do not address
in Nodal pathway mutants which cells must receive the Nodal signals, or for what process

Mutations that severely reduce Nodal signaling lead to &lodal signaling is required. To address these issues, we
complete failure of hypothalamic development and severmvestigated the requirements for Nodal signaling within
cyclopia (Schier and Shen, 2000; Rohr et al., 2001) (Fig. 2Fnesendodermal cells and within neuroectodermal cells, and
However, Nodal pathway mutants with less severe phenotypestempted to establish what events are mediated by Nodal
possess ventral diencephalic tissue and retain Alctivity in these two tissues.

hypothalamus, while PV hypothalamus is reduced or absent. ] ) ) S

Schmalspuisur) mutants, devoid of FoxH1/Fastl activity, Reception of Nodal signals is not required in
retain shh expression in the AD hypothalamus, whéex2 ~ prospective hypothalamic cells for rostrally directed
expression in the PV hypothalamus is reduced (Fig. 2Aynovement within the neural plate
MZsqgtembryos, which are devoid of maternal and zygotic SqThe hypothalamic phenotype of Nodal pathway mutants has
function, exhibit a forebrain phenotype of variable expressivitypeen proposed to be the consequence of defects in two
Mildly affected MZsgtembryos resemblsur’-—embryos (Fig. processes, specification of the hypothalamic identity and

rostral movement of hypothalamic precursors into the anterior

neural plate (Varga et al.,, 1999; Rohr et al., 2001). To

A sur B MZsqt determine which features of hypothalamic development are

compromised when prospective hypothalamic cells are unable
to receive Nodal signals, we generated chimeric embryos in
which prospective hypothalamic cells could not receive Nodal
signals. To do this, we transplantddoepmutant cells, which
are unable to transduce Nodal signals (Gritsman et al., 1999),
into the presumptive hypothalamus of wild-type embryos, just
rostral to the shield (Fig. 3A). This approach allowed us to
address the cell-autonomous requirement for Oep-dependent
Nodal signaling in hypothalamic precursor cells.

During gastrulation, we observed no obvious difference in the
behavior of wild-type an#1Zoepcells and by bud stage, both
cell groups had moved to the animal pole and were found in the
4emx2 nk2.1a anterior neural plate above the prechordal plate mesendoderm

’ (Fig. 3B,C). At later stages, it was evident that both wild-type
E MZsqt F cyc and MZoep cells reached the anterior limit of the basal
forebrain, just ventral to the optic recess (Fig. 3D,E). The
transplanted cells were positioned within the.laexpression
domain confirming that both wild-type amdZoepcells had
contributed to the hypothalamus (Fig. 3G,H; Table 1).

Although Nodal signaling is absolutely dependent on Oep
during gastrulation in zebrafish (Gritsman et al., 1999; Chen
and Schier, 2001), recent in vitro experiments have suggested
that in some species, a reduced level of Nodal signaling may
expression (indicated bottom right) in 28 hpf brains of embryos of 9SCH through Alk7 in the absence of Oep-related proteins
vafious gengtypes (indicated to% ri)ght). ArrF:)wheads inC ar?(/j D _(Re|ssmann_ etal., 2001). T_herefore we overexpreraed!®
indicate remaininghhandnk2.1aexpression in the hypothalamus of N Prospective hypothalamic cells as a second approach to
MZsqgtembryos. The arrow in D indicates posterior diencephalic ~ abrogate Nodal signaling in these cells. As Withoepcells,
expression 0émx2 e, eye; h, hypothalamus; t, telencephalon; zli, FASTF!P-expressing cells still moved rostrally and contributed
zona limitans intrathalamica. to the hypothalamus (Fig. 2I). These data indicate that despite

Cc MZsqt D

Fig. 2. Progressive loss of PV and then AD hypothalamus in Nodal
pathway mutants. (A-F) Lateral views of hypothalamic gene
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WISWT B MZoep SWT Table 1.oepis required cell-autonomously in the PV but
not AD hypothalamus
———— -r\ Donor genotype Injected RNA Marker % n
“ﬂ\ L Wild type - nk2.1a 100 14
. —— ; ‘ Wild type - emx2 100 32
A MZoep - nk2.1a 100 7
" MZoep - emx2 0 26
B ===l — Wild type Fast1SID nk2.1a 100 14
MZoep > WT & MZoep >WT wild type Fast15'D emx2 0 13

p”' ' Wild-type cells (+ FastISIP RNA as indicated in the second column) or
g > MZoepcells (donor genotype indicated in the first column) were transplanted
into the presumptive hypothalamus of a wild-type host embryo (see Fig. 3A).
The recipients were observed on day 1 of development. All of them had a
chimeric hypothalamus with 10 to 40 cells originating from the donor
embryo. The recipients {ndicates the number used) were processed for in
situ hybridisation (marker gene indicated in the third column). The percentage
indicates the proportion of recipients exhibiting cells in the expression
domain of the marker gene.

wild-type cells colonized the entire hypothalamus (Fig.
3D,G,J), MZoep and Fast1S'P cells colonized only dorsal
hypothalamus (Fig. 3E,H,l) and were strictly excluded from
i t — the emx2expressing PV hypothalamus (Fig. 3K,L, Table 1).
: ASTISIOSWT Co-transplantation of both wild-type an®1Zoep cells
= confirmed that by 28 hpf, these two populations had segregated
S with only the wild-type cells contributing to the PV
s hypothalamus (Fig. 3F). These data show that cell autonomous
reception of Nodal signals is a necessary requirement for cells
to contribute to the PV hypothalamus, but not to the AD
hypothalamus.

The cell-autonomous requirement for Nodal signaling in the
Fig. 3. Reception of Nodal signals is required for cells to contribute PV hypothalamus explains why this territory is severely
to the PV but not the AD hypothalamus. Embryos in which wild-typereduced or absent in Nodal pathway mutants. However, the fact
and/orMZoepcells, or wild-type cells expressigst1S'®, were that cells incapable of receiving Nodal signals can still
transplanted into the prospective hypothalamus of wild-type hosts aggntribute to the AD hypothalamus suggests that the loss of
Z;‘gr‘:‘g;;ﬁgsntg’“(’ie%ais e'”g;}‘;gﬁsgs'?ntwhggﬁ l?;ﬁgsgié%rréihs e this territory in Nodal mutants is secondary to other phenotypic
visualized with GFP (green) or rhodamine-dextran (red). (A) Dorsal d_efect_s. T_he pos_5|b|l|ty that we investigate b_elow is that Nodal

signaling is required for development of axial mesendoderm

view of a shield stage embryo with rostral upwards. The blastoderm > E . !
margin is indicated by broken line. At this stage, hypothalamic and that this tissue mediates AD hypothalamic development.

precursors are close to the shield, some distance from the front of the . .

neural plate. (B-C) Lateral views of bud stage embryos with anteriorACtivation of the Nodal pathway cell non-

to the left. The anterior limit of the prechordal mesendodermis ~ autonomously rescues the AD but not the PV

indicated by white dots. By this stage, hypothalamic precursors havélypothalamus of MZ oep embryos

reached the front of the neural plate. (D-F) Lateral views of brains oDep  activity is required for specification of axial

28 hpf embryos with anterior towards the left. (G-L) Frontal sectionsyjesendodermal  cells (Schier et al., 1997) and so the

tansplanted cals (brown) in relation to the expréssion of various  YPOtNalamic defects in Nodal-deficient embryos may be

hypothalamic markers (indicated in the bottom right-hand corner). secondary to defegts in the underlylng .mesendoder.m. We have

AD and PV, anterior dorsal and posterior ventral hypothalamus; or, show_n that cells incapable of recewving Nodal S|_gnals can

optic recess. Scale bars: 601, Contrlbute_ to AD hypo_thalamu_s in a W_|Id-type environment.
One possible explanation of this result is that the transplanted
cells receive signals other than Nodal proteins from the

an inability to perceive Nodal signals, neuroectodermal cellanderlying mesendoderm. To address whether the

can move rostrally within the neural plate and contribute to themesendoderm is involved in AD hypothalamic development,

hypothalamus. we restored this tissue in embryos in which cells were unable
) ) to perceive Nodal signals. To do this, we activated the Nodal

Oep is cell-autonomously required for cells to signaling pathway in a subset of celldZoepembryos, using

contribute to the PV but not to the AD hypothalamus an activated form (Tar*) of a putative Nodal receptor (Taram-

Although no difference was initially detected in the distributiona) (Renucci et al., 1996; Peyrieras et al., 1998).

of transplanted hypothalamic wild-type aMiZoep cells, a Injection of tar* RNA cell-autonomously rescued the

marked difference in the location of the cell groups wagormation of endoderm and axial mesendoderm (see below) in
apparent by 28 hpf (hours post fertilization) (Fig. 3D-F). WhileMZoepmutant embryos. By 28 hpr* expressing cells were
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Fig. 4.Mesendoderm can rescue AD hypothalamus and MZoep MZoep+tar*, GFP MZoep+tar*, XFD,GFP
neurogenesis iMZoepembryos. Views of wild-type a
embryosMZoepembryos oMZoepembryos injected in ' A

one blastomere at the 16-cell stage with eitagr RNA

ortar*+XFD RNA together witmls-GFPor nis-lacZ -

RNA as lineage tracers. Genotype+injected RNA <=
indicated top right. Probes and antibodies indicated in the

bottom right-hand corner. (A-C) Frontal views of live A — = ¢ ;
embryos with GFP labeled rescued mesendoderm visible MZoep  , MZoep+tar* MZoep+tar*, XFD
(green). Cyclopia is rescued in B. (D-F) Lateral views of ‘ ‘.

brains with anterior towards the left showing expression of . J - ‘
the endodermal markéwxa2 Expression in the brain h_ )

(arrowhead) is at the zona limitans intrathalamica. D E foxAZ™ F foxA2

(G-1) Lateral views (G,H) and transverse section (1) of
brains showing absence/presence of hypothalamic
markers. The rescued AD hypothalamus (black
arrowheads) and tHegal-positive endoderméaar*-
expressing cells (arrow) are indicated. Expressiagmnot2

in G,H (asterisks) is in the dorsal brain (primarily
telencephalon). (J) Schematic showing experimental
approach in whictMZoepcells expressinGFP andlacZ G

MZoep+tar*,LacZ

y Fadha
RNA are transplanted into thar*-expressing domain of a & = 0 _iﬂ'é"’#u

T al
tar* mRNA injectedMZoephost. (K) Transverse section GFP
of a brain from an embryo that underwent the

tar* \%
LacZ Rhod
experimental procedure outlined in J. The transplanted / " f!/ \\5 .
§ i i
' >

cells (brown nuclei) contribute to the rescued b
hypothalamus stained wittk2.1a(blue). (L-N) Frontal
views of embryos labeled to show Hu immunoreactive
neurons in the ventral forebrain (white arrowheads). In N
neurons are restored above the rescued mesendoderm
(GFP green). (O,P) Ventral views of brains labeled to
show TH immunoreactive ventral diencephalic neurons.
These neurons are absenM#oepembryos (not shown)
but are restored in the mesendoderm-rescued embryo
shown in P. h, hypothalamus; |, lens; r, retina, t,
telencephalon, zli, zona limitans intrathalamica.

)

host donor host

lying beneath the brain (Fig. 4B,E,l) and c
autonomously expressed the endodermal m
axial/foxA2 (Fig. 4E, Table 2 and data not shov
Furthermore cyclopia was rescued in the inje
embryos (Fig. 4B), suggesting that midline ne
tissue had successfully migrated into the eye
separating left and right optic primordia.

The presence of mesendodermal tissuéddoey
embryos rescued ventral diencephalic expressi
shhandnk2.1a(Fig. 4H,l and data not shown), suggesting thathat cells incapable of receiving Nodal signals can form AD
interaction with mesendoderm could induce AD hypothalamitiypothalamus itMZoepembryos with rescued mesendoderm.
markers in forebrain cells incapable of perceiving Nodal ) _
signals. By contrast, mesendoderm was unable to induddesendoderm can rescue ventral diencephalic
hypothalamicemx2expression (Fig. 4H,1), consistent with the heurogenesis in - MZoep embryos
conclusion that development of PV hypothalamic identityThe experiments described above indicate that mesendodermal
requires cell autonomous reception of Nodal signals. signals can restore AD hypothalamic markers MZoep

One caveat of these results is that we could not be certaambryos but the presence of these early markers does not allow
that the prospective hypothalamic cells had not inheritedssessment of whether differentiation of this tissue occurs. To
injected RNA at a level below that which we could detect byaddress this point, we investigated whether the neurons that
lineage tracers. If this was the case, the restoration of ABDifferentiate along the dorsal boundary of the hypothalamus are
hypothalamus could be due to activation of Nodal signaling igenerated in mesendoderm-resci¥&bepembryos.
the prospective hypothalamic cells themselves. To assess thisThe RNA-binding protein Hu is expressed in most/all of the
possibility, we transplanted cells from doMdZoepembryos, neurons that differentiate along the tract of the postoptic
which could therefore not inherit any injected RNA, intocommissure (TPOC) and the enzyme tyrosine hydroxylase
rescued hod¥iZoepembryos. Sixty-two percent of the rescued(TH) is initially expressed in a few neurons near to the TPOC
chimeric embryos n=29) showed a contribution of the (Patel et al., 1994; Guo et al., 1999). Immunoreactivity to both
transplanted cells to the hypothalamus (Fig. 4K) confirmingnarkers was completely absent in the ventral braidodep
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Table 2. Rescue of genes expressionNfzoepembryos shield 80% epiboly |
following tar* or tar*+XFD injection — =
Injected RNA il ' -
tar* tar*+XFD E _ .
Marker/stage % rescue n % rescue n y
shh28 hpf* 9 180 0 81 L | hgg1 el
emx228 hpf* 0 180 0 81 G 'n
Hu/28 hpf* of 43 - - =
TH/28 hpf* 6 35 - - ol |
foxa228 hptt 100 33 100 26 E i
gataSshield 100 13 100 18 _
gsdshield 100 32 0 33 L sc. hag1 bmp4
shhishield 72 33 - - -y L
bmp48096 86 58 0 46 £
hgg180% 100 9 0 18 g
>
*Expression in the ventral diencephalon. *g
TOnly a fraction of thZoepmutants exhibited rescued AD hypothalamus | = | hggt bmp4

upon localised TAR* expression. Sorting of injected embryos at the end of

gastrulation according to the position of the injection relative to the dorsal  Fig. 5. Expression of endodermal and prechordal plate markers in

side, showed that rescue of ventral CNS patterning only occurred in embryoMZoepgastrula followingar* andtar+XFD RNA injections.

thaxtE?,ﬁiﬁ:ﬁ?;.”’eithezg‘éfa"y' Views of MZoepgastrulae (stage indicated above and genes analyzed

§Mesend0dermapl) expression. in. the bottom right-hand corner). (A,D,E,H,I,L) Animal polg views

with ventral towards the top; (B,C,F,G,J,K) dorsal views with the
animal pole towards the top. (A-D) Uninjected embryos. (Eakf)
RNA-injected embryos. (H) The rescued prechordal plate expression

embryos (Fig. 4M and data not shown) but was restored ief bmp4is indicated (arrowhead in H) and the remairtingp4

MZoepembryos with rescued mesendoderm (Fig. 4N,P; Tablexpression is in the non-neural ectoderm. (telrj+XFD RNA

2). The neurons were positioned closer to the ventral midliniected embryos.

than in wild-type embryos, consistent with the lack of PV

hypothalamus in the mesendoderm-rescMbepembryos.  present (Fig. 4F, Fig. 51) and endodermal cells migrated

These results indicate mesendoderm rescues the formationagparently normally beneath the anterior brain (Fig. 4C).

the AD hypothalamus and restores neurogenesisidoep MZoepembryos that possessed endoderm but no prechordal
embryos. plate still exhibited cyclopia (Fig. 4C) and lacked expression

. . of all hypothalamic markers (Table 2 and data not shown). This
The prechordal plate is required for rescue of the AD suggests that it is the prechordal plate and not the endoderm
hypothalamus that is necessary for restoration of hypothalamic development

Although it is widely accepted that tissues underlying thén MZoepembryos. An alternative possibility is that although
anterior neural plate influence the development of this tissuendoderm is present, its functional properties may be altered
the exact roles played by the different mesodermal andy XFD expression. Therefore to complement these studies,
endodermal tissues remain less clear (Stern, 2001). In thee examined hypothalamic developmentciasanova(cas
experiments described above, we have shown thet mutant embryos that lack endoderm (Alexander et al., 1999)
expressing cells can restore AD hypothalamic development iout retain prechordal plate mesendodermcds’- embryos,
MZoepembryos. To better understand this rescue, we assesdggpothalamic development appeared normal (data not shown),
the identity of the mesendodermal tissues rescuedaldy  suggesting that signals from the prechordal plate are sufficient
expression and attempted to dissect their relative roles to mediate hypothalamic development in the absence of
ventral brain patterning. general endoderm. Altogether, these studies indicate that the
MZoepembryos lack expression of both general endodermadrechordal plate is both necessary and sufficient to mediate
markers and markers of the prechordal plate mesendodetmypothalamic development.
(Gritsman et al., 1999). Upon injectiontaf*, markers of both ) ) )
of these tissues were recovered. We observed cell-autonomdu8 signaling promotes early AD hypothalamic
restoration of endodermal expressiorgafa5andfoxa2(Fig.  development but may suppress PV hypothalamic
4E, Fig. 5E and data not shown) and prechordal platé€velopment
expression ofjsg bmp4andhggl(Fig. 5F-H, Table 2 and data Previous studies have implicated the Hh pathway in
not shown). hypothalamic development both in fish (Karlstrom et al., 1999;
To distinguish between the hypothalamic patterning activitfRohr et al., 2001; Varga et al., 2001) and in other species
of the general endoderm and the prechordal plate, we generat&hiang et al., 1996; Patten and Placzek, 2000). As Hh genes
MZoepembryos in which only general endoderm was restoredare expressed both in the axial mesendoderm and in the ventral
To do this, we co-expresseadr* together withXFD, which  diencephalon, then Hh signals are candidates for mediating
encodes a dominant negative form of tKenopusFGF the prechordal plate rescue of AD hypothalamudvitioep
receptor 1 (Amaya et al., 1993). Using this co-expressioembryos. Indeed, expression dér* cell-autonomously
approach, the rescue of prechordal plate markers was abolishedtoresshhexpression to the prospective axial mesendoderm
(Fig. 5J-L), while general endodermal markers were stilof MZoep embryos (Fig. 6F, Table 2 and data not shown),
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Fig. 6.Hh and Nodal signals have A
both discrete and cooperative role:
hypothalamus formation. In all
panels, genotype + injected
RNA/drug treatment is shown in th
top right-hand corner, genes/prote
visualized are indicated in the
bottom right-hand corner.

(A-D) Lateral views of 28 hpf brain
(E-F) Dorsal views of shield stage
MZoepembryos showing induction
of shhexpression upotar* RNA
injection. (G-L) Sections through tt
hypothalami of wild-type embryos
which B-gal-labeled cells (brown)
were transplanted into the
prospective hypothalamus at shieli
stage. (G-J) Sections through 28 h
brains. The arrowheads in H,J
indicate cells that have been expel
to the mesenchyme around the ey
This was never observed ftZoep
cells or cells expressirigast1S'P and
thus does not depend on the deptt
which cells were transplanted into
the epiblast. (K,L) Sections through bud stage neural plates. Cells were found at various positions along the antersigosttmiortize
nk2.laexpression domain. dd, dorsal diencephalon; h, hypothalamus; t, telencephalon. Scalgibars: 25

WT B smu C WT + cyclopamine D . WT + shh

- -
emx2 shh ., emx2 sh emx2 shh emx2

nk2.1a [i-gal
MZoep >WT L MZoep+cPKA >WT

nk2.1a [i-gal _ nk2.1a j-gal — nk2.1a [-gal

indicating that Hh signals are likely to be present in thesélh signals in the development of hypothalamic sub-domains.
embryos. To further investigate the role of the Hh pathway iV hypothalamic development requires reception of Nodal
hypothalamic development, we assessed the expression s¥fnals but may be inhibited or limited by Hh signals. By
hypothalamic markers in embryos with compromised Hicontrast, there is no absolute requirement for AD hypothalamic
signaling. smu’~ embryos have a reduced hypothalamus ircells to perceive Nodal signals, whereas Hh activity favors the
which markers expressed along the dorsal edge of thdevelopment of this region of the ventral diencephalon.
hypothalamus, such a&?2.2 are reduced or absent (Rohr et ] )
al., 2001; Varga et al., 2001). Supporting such observation§ells unable to perceive Hh signals are
shhexpression in the AD hypothalamus is reducedrinr’~  compromised in their ability to participate in
embryos (Fig. 6B). hypothalamic development

In striking contrast to the loss of AD hypothalamus, weAlthough AD hypothalamic development is promoted by Hh
observed an expansion@hx2expression in the hypothalamus activity, our results do not formally show that it is the
of smu’-embryos. This expansion of PV gene expression intblypothalamic cells that need to receive Hh signals. To begin to
the AD hypothalamic domain may also account for theaddress the requirement for Hh signaling in the hypothalamic
previous observation of rostral extensioneofixlexpression precursors, we transplanted cells compromised in their ability
in the ventral brain (Varga et al., 2001). &mu’- embryos to activate the Hh signaling pathway cell-autonomously,
retain a small amount of Hh signaling mediated throughhrough overexpression of constitutively active PKA (cPKA)
maternal Smu protein (Chen et al.,, 2001; Lewis and EiserfConcordet et al., 1996), into wild-type embryos and assessed
2001; Varga et al., 2001), we complemented these studies Hyeir ability to contribute to the hypothalamus.
using the Hh pathway inhibitor cyclopamine (Incardona et al., By day one of development, cPKA-expressing cells were
1998) to block Hh activity. Wild-type embryos treated withfound in both hypothalamic sub-domains (data no shown),
cyclopamine exhibited a phenotype very similarstou’~  suggesting that activation of the Hh signaling pathway is not
embryos in which PV hypothalamus was expanded and ARn absolute requirement for cells to contribute to the
hypothalamus was reduced (Fig. 6C). hypothalamus. This supports the observation that some AD

If loss or severe reduction of Hh activity leads to expansiohypothalamic tissue is retainedsmuand cyclopamine-treated
of PV hypothalamus and reduction of AD hypothalamus, theembryos. However, in contrast to wild-type cells, some cPKA-
we might expect the opposite phenotype if Hh activity isexpressing cells were excluded from the hypothalamus and
increased. We therefore overexpressdth in wild-type  found in the head mesenchyme (not shown, but see below).
embryos and assessed effects upon hypothalamic markeBelow, we further explore the possibility that Hh signaling is
Previous studies have shown that general or dorsaéquired for cells to remain integrated and viable within the
hypothalamic markers are expandedshirinjected embryos hypothalamus.
(Barth and Wilson, 1995; Rohr et al., 2001). By contrsish,
overexpression leads to severe reduction or occasionally loddh and Nodal pathways cooperate to enable cells to
of the PV hypothalamic markemx2(Fig. 6D). maintain hypothalamic fate

Altogether, these results reveal distinct roles for Nodal aniven that prospective hypothalamic cells are exposed both to



3062 J. Mathieu and others

Nodal and Hh signals, we considered it possible thaability to receive both Nodal and Hh signals, then they are
abrogation of both pathways may reveal interactions betweemtirely excluded from the hypothalamus. This suggests that
the pathways. We therefore used two different approaches to addition to discrete roles for Nodal and Hh signaling in
cell autonomously inhibit both Nodal and Hh signaling andAD and PV hypothalamic development, these pathways
then assessed the ability of such cells to contribute to theboperate to enable cells to contribute to the maturing
hypothalamus. hypothalamus.
Through both experimental approaches, we found that cells _ o _ _
unable to transduce Nodal and Hh signals were compromisé¢pdal signaling is required for PV hypothalamic
in their ability to contribute to the entire hypothalamus. Firstdevelopment
transplantegmu’-cells expressingAST£/Pwere found both  The nk2.1aexpressing hypothalamic neuroepithelium is
in the AD hypothalamus and in the head mesenchym&2( divided into at least two major subdomains: tbmx2
out of 12, Fig. 6H), while wild-type cells expressi&STE'P  expressing PV hypothalamus and tiehexpressing AD
colonized the hypothalamus exclusivehg23 out of 24, Fig. hypothalamus. Our studies provide two sets of data, indicating
6G).smucells may retain some ability to transduce Hh signalshat cell-autonomous reception of Nodal signals is required
through maternal Smu, and so as a second strategy, Vi@ cells to contribute to PV hypothalamus. First, cells
transplantedZoepcells expressing cPKA in wild-type hosts. compromised in their ability to transduce Nodal signals, either
In this situation, none of the transplanted cells colonized thbecause of the absence of Oep or because of overexpression
hypothalamus and instead, all were found in the headf dominant-negative Fastl, are excluded from PV
mesenchymenEl2 out of 12, Fig. 6J). This exclusion is hypothalamus. Second, restoration of Nodal signaling in
unlikely to be due to a toxic effect of cPKA as expressing cellsnesendoderm beneath CNS tissue that cannot perceive Nodal
transplanted elsewhere integrated successfully into the eye asidnals fails to rescue PV hypothalamus. By contrast, full
telencephalon. restoration of Nodal signaling in both mesendoderm and
The absence of Nodal and Hh signaling-compromised celiseural ectoderm leads to complete rescue of CNS
from the hypothalamus could be due to these cells beingevelopment (Gritsman et al., 1999). Cyc is the Nodal protein
expelled from the prospective hypothalamus at any timenost likely to be responsible for establishment of PV
following transplantation. To investigate this point, wehypothalamic identity as it is expressed beneath the neural
assessed the location of the transplanted cells at the endpdate throughout gastrulation and subsequently within the
gastrulation. In 40 of 53 cases, the transplanted cells weprospective hypothalamus itself (Rebagliati et al., 1998;
within the prospective hypothalamus (Fig. 6K,L). This Sampath et al., 1998).
indicates that cells compromised in their ability to activate the Cells unable to transduce Nodal signals not only fail to
Nodal and Hh signaling pathways can still move rostrallyexpress the PV hypothalamic marlamx2 but are excluded
within the neural plate and occupy the prospectivédrom the presumptive PV hypothalamus and occupy a territory
hypothalamus. It further suggests that such cells are excludéated to its AD counterpart. This suggests differences in cell
from the hypothalamus at later developmental stages, althoughrface properties between PV hypothalamic cells that have
we have no direct evidence of how this is achieved. Thus, threceived Nodal signals and tiMZoepor Fast®P cells that
ability to activate the Nodal and Hh signaling pathways isave been unable to activate Nodal signaling. This observation
essential for cells to be maintained within the maturingcontributes to a growing body of evidence that Nodal signaling
hypothalamus. regulates not only cell fate decisions, but coordinately also
regulates cell behaviors (Carmany-Rampey and Schier, 2001;
David and Rosa, 2001).
DISCUSSION The cell surface proteins that are regulated by Nodal activity
are largely unknown, although subtractive screens and other
During early CNS development, prospective hypothalami@pproaches are beginning to identify candidates that include
cells move rostrally within the neural plate, acquirecadherins, ephrins and various other proteins (Dickmeis et al.,
hypothalamic  identity and adopt region-specific2001; Liu et al., 2001). Indeed, the exclusiorvitoepcells
hypothalamic fates. In this study, we have elucidated the roldeom the PV hypothalamus appears very similar to the
of the Nodal and Hh pathways in regulating these event&xclusion of cells from specific hindbrain domains that occurs
Although all steps of hypothalamic development are blockeavhen Eph/Ephrin signaling is disrupted (Mellitzer et al., 2000;
in the absence of Nodal activity, we have shown that th€ooke et al., 2001) highlighting the Eph/Ephrin signaling
regionalization of the hypothalamus is the only event fopathway as a potentially interesting target for Nodal activity in
which cell-autonomous reception of Nodal signals is arthe ventral forebrain.
essential requirement. If cells cannot perceive Nodal signals, ) o
then they do not contribute to the PV hypothalamus. Byih signaling promotes AD and limits PV
contrast, Nodal signaling compromised cells can move withiftypothalamic development
the neural plate and contribute to the AD hypothalamus. WAIthough AD hypothalamus is absent in embryos with
suggest that these aspects of hypothalamic development aseyerely compromised Nodal signaling, cells unable to receive
at least in part, indirectly regulated by Nodal activity in theNodal signals are still able to contribute to this region of the
prechordal plate. In support of this interpretation, Hhbrain. The absence of AD hypothalamus in Nodal pathway
signaling may be dispensable for establishment of the P¥hutants is therefore likely to be due to Nodal-dependent
hypothalamus but promotes the development of the ADegulation of other factors involved in AD hypothalamic
hypothalamus. Finally, when cells are compromised in theidevelopment. Among these factors is Shh. Expressiniof
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is reduced or absent in Nodal-pathway mutants (Krauss et a&bility to express early hypothalamic markers and it is only
1993; Rohr et al., 2001) and is restored upon activation of thr®ibsequent to hypothalamic induction that they are excluded
Nodal signaling pathway. Shh also induces dorsafrom the brain. It is intriguing that the Nodal/Hh signaling-
hypothalamic markers (Barth and Wilson, 1995) and suchompromised cells are excluded from the brain altogether
markers are reduced or absent in Hh pathway mutants (Rotather than incorporating into more dorsal regions of the
et al., 2001; Varga et al., 2001). The regulation of Hh signalindiencephalon. This again suggests differences in cell-surface
by the Nodal pathway may in part be through direct regulatioproperties, in this case between hypothalamic cells and more
of hh gene expression by transcriptional effectors of Nodatlorsal diencephalic cells. Perhaps analogous to this situation
activity (Maller et al., 2000). in the ventral forebrain is the observation that during normal
An unexpected finding was that although AD development, ventral midline cells in the hindbrain appear
hypothalamus is severely reduced in embryos withunable to leave the floorplate and enter the basal plate, although
compromised Hh activity, PV hypothalamus is actuallymore dorsal cells can freely move within the DV axis of the
expanded. Hh signaling must therefore limit the extent of P\heural tube (Fraser et al., 1990).
tissue. We do not know how this happens, although the
expansion oemx2expression towards the AD hypothalamusThe prechordal plate mediates hypothalamic
in smumutants suggests a change in allocation of regionalevelopment

fates within the hypothalamus. Indeed, the expansi®@nof  Ajthough tissues underlying the neural plate are believed to
gene expression domains in both the hypothalamus and in thgye essential roles in the induction and patterning of CNS
telencephalon of Hh pathway mutants (this study) (Varga efyyctures (Muenke and Beachy, 2000), evidence regarding the
al., 2001) suggests that high levels of Hh activity may mor@yact roles of specific mesendodermal cell populations is often
generally mhlbltemxgene expression and limit the extent Ofconflicting or confusing. In part, this is due to apparent
emxexpressing CNS domains. We suggest émaxgenes in  gifferences in activities of mesendodermal derivatives in
the forebrain behave like class 1 homeobox genes within thgfferent species and uncertainty in identification of
spinal cord, for which expression is inhibited when Hhpomologous cell populations between species (Stern, 2001).
activity is above a certain threshold (Lee and Pfaff, 2001)rhe prechordal mesendoderm is a derivative of the organizer
Indeed,emx2expression is absent from the hypothalamus afhat gives rise to a loosely defined population of cells beneath
early stages whemshh is expressed throughout the axial the neural plate, termed the prechordal plate. It has been
mesendoderm and neuroectoderm, amdk2expression only  proposed that prechordal mesendoderm is essential for
appears concordant with the downregulatiostifin the PV estaplishment both of anterior and of ventral CNS (Kiecker and
hypothalamus. _ ___Niehrs, 2001). Our study provides evidence that the prechordal
Whether there is an absolute requirement for Hh activity ifhjate mediates the ~specification of the anterodorsal
hypothalamic induction remains uncertain. In vitro studiegyynothalamus. Most notably, hypothalamic tissue is absent in
have shown that Hh activity can induce hypothalamic markerg1zoep embryos with rescued anterior endoderm but lacking
in naive neuroepithelium (Dale et al., 1997) and mice Iack'”?rechordal plate, whereas anterior-dorsal hypothalamus is
Shh function appear to lack a hypothalamus (Chiang et ajzguced when prechordal plate is present, whether or not
1996). However, it has not been assessed if there is a diregiterior endoderm is absent. These observations indicate that
requirement for Shh activity in hypothalamic precursors inp fish, it is the prechordal plate and not the anterior endoderm
mice, nor has it been assessed if PV hypothalamic developm&Rkt mediates hypothalamic development, by regulating the
is initiated inshhnull mice. In fish, asmuembryos retain  novements of cells in the overlying neural plate or by
some Hh activity mediated by maternal Smu, it r?maif)?nediating inductive events.
possible that an early, perhaps low level of Hh activity iS The prechordal plate expresses numerous secreted proteins
required for induction of the hypothalamus, even if later highnat could affect overlying neural tissue, including (in fish)
levels of Hh activity inhibit PV hypothalamic development.\yntgh and the Wnt antagonist Dkk, the Nodal protein Cyc, the
However, in the absence of Nodal signaling, Hh activity igqp proteins Shh and Twhh, and the BMP proteins Bmp4,
unable to induce early hypothalamic marker (Rohr et al., 20013mp7 and Admp. Nodal signaling is required for development
suggesting that Hh signaling alone is not sufficient to inducgf the prechordal plate itself (Schier et al., 1997) and we have
hypothalamus. shown that Nodal signals are required for development of the
A cooperative role for Nodal and Hh sianali PV hypothalamus. As discussed above, Hh proteins initially
P ) gnaiing likely to originate from the prechordal plate and subsequently
Although AD hypothalamic cells do not need to be able tGrom the CNS itself, also promote hypothalamic development.
transduce Nodal signals, Nodal signaling does contribute to thgye roles of other secreted proteins produced in the prechordal

development of this region. Most obviously, it does so througjate remain less certain (reviewed by Kiecker and Niehrs,
the regulation of Hh activity but several of our experiment$qg1).

indicate a Hh-independent role for Nodal signals in AD
hypothalamic development. Notably, we find that cells
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