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SUMMARY

While many neuronal differentiation genes have been interaction is the ability of somitic mesoderm to repress
identified, we know little about what determines when Fgf8 transcription in the prospective spinal cord. Our
and where neurons will form and how this process is findings further indicate that attenuation of FGF signalling
coordinated with the differentiation of neighbouring in the prospective spinal cord is a prerequisite for the onset
tissues. In most vertebrates the onset of neuronal of neuronal differentiation and may also help to resolve
differentiation takes place in the spinal cord in a head to mesodermal and neural cell fates. However, inhibition of
tail sequence. Here we demonstrate that the changing FGF signalling alone does not promote the formation of
signalling properties of the adjacent paraxial mesoderm neurons, which requires still further somite signalling. We
control the progression of neurogenesis in the chick spinal propose a model in which signalling from somitic tissue
cord. We find an inverse relationship between the promotes the differentiation of the spinal cord and serves
expression of caudal neural genes in the prospective spinal to co-ordinate neural and mesodermal development.
cord, which is maintained by underlying presomitic

mesoderm and FGF signalling, and neuronal

differentiation, which is repressed by such signals and Key words: Chick, Spinal cord, Fibroblast growth factor, Neuronal
accelerated by somitic mesoderm. We show that key to this differentiation

INTRODUCTION Distinct patterns of neuronal differentiation are strikingly
apparent during the generation of the amniote spinal cord. Here
It is a feature of the developing vertebrate nervous system thaeurons appear in the neural tube in a head to tail sequence
neuronal differentiation commences in different regions afMcConnell and Sechrist, 1980; Langman and Haden, 1970;
different times and that within each region neurons do ndbechrist and Bronner-Fraser, 1991; Nornes and Carry, 1978;
differentiate simultaneously. Mechanisms must therefore exist tdornes and Das, 1974) that reflects the progressive generation
regulate when and where neuronal differentiation can take placé this region (Brown and Storey, 2000; Mathis et al., 2001;
and these help to ensure that neurons are generated at a tiethis and Nicolas, 2000). The first neurons born in the chick
when factors that convey neuronal identity and guide axons &mbryo are future reticular and spinal interneurons, which start
their targets are present in the differentiating embryo (reviewettheir final round of DNA synthesis as the head fold forms,
by Edlund and Jessell, 1999; Jessell, 2000; Tannahill et alyhile the first future spinal motor neurons undergo their last
2000). The controlled production of neurons within a particulacell cycle 6-8 hours later (McConnell and Sechrist, 1980;
region has been studied in many vertebrates and has been sh&echrist and Bronner-Fraser, 1991). This sequential rostro-
to rely on cascades of basic helix-loop-helix (bHLH)caudal wave of neuronal differentiation could be a consequence
transcription factors that promote neuronal differentiation (e.gof a cell autonomous neural programme or it could be
Ma et al., 1996; Cau et al., 1997) (reviewed by Guillemot, 1999enerated in a series of steps that are regulated by extrinsic
and on lateral inhibition, acting through the Notch-Delta-HESfactors.
1 signalling pathway, that antagonises such cascades and ensures number of processes occur in parallel with the generation
that neighbouring cells do not differentiate simultaneoushof the spinal cord including regression of the primitive streak,
(reviewed by Lewis, 1996). However, much less is known abodbrmation of the notochord and somitogenesis, and these
the mechanisms that control when a particular region of thadjacent tissues could provide extrinsic signals that regulate the
nervous system begins to form neurons (although this has beenset of neuronal differentiation. The notochord has been
addressed in the frog neural plate) (e.g. Brewster et al., 1998hown to regulate cell type specification within the
Papalopulu and Kintner, 1996). dorsoventral axis of the spinal cord (reviewed by Edlund and
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Jessell, 1999) as have signals from paraxial tissue (Pieranitbe neural plate/tube, where they can now exit the cell cycle
al., 1999) which also convey rostrocaudal pattern (Muhr et algnd undergo neuronal differentiation.
1999; Grapin-Botton et al., 1997; Itasaki et al., 1996; Gould et Here we examine the role of extrinsic factors specifically in
al., 1998; Ensini et al., 1998; Pituello et al., 1999). In additionthe regulation of the onset of neuronal differentiation in the
somitic signals have also been shown to control the timing afhick spinal cord. We show that the appearanchlefroM
neural crest migration (Sela-Donenfeld and Kalcheim, 2000expressing neurons strikingly coincides with the onset of
These data identify a role for somites in the regulation of neuraglomitogenesis in the adjacent paraxial mesoderm. Using a
pattern and differentiation, however, it is not clear how sucltombination of in vitro and in vivo approaches we demonstrate
signalling relates to the timing of neuron birth and to thehat somitic tissue is required for the progression of
progression of neuronal differentiation. neurogenesis in the spinal cord. Conversely, the presomitic
The chick posterior hindbrain and spinal cord are derivednesoderm represses neuronal differentiation and also
from a unique region, the caudal neural plate (CNP), whicmaintains caudal neural genes in overlying tissue. Thus, a fine
regresses alongside the primitive streak to the tail end of tHmlance between somitic and presomitic signals controls when
embryo (Schoenwolf, 1992; Brown and Storey, 2000). CNRnd where neuronal differentiation takes place in the spinal
cells are distinguished by the expression of a number of genesrd. We further identify FGF signalling as a key pathway
including the proneural gene homologeash4(Henrique et regulating these events: we show that FGF mimics the ability
al., 1997) and the homeobox-containing g&a&1(Spann et of the presomitic mesoderm to maintain caudal neural genes
al., 1994). We have shown that these caudal neural genes ared repress neuronal differentiation and that the somites
induced continuously by the regressing node (the anterior tigtrikingly attenuaté&gf8transcription in the prospective spinal
of the primitive streak) and that this node activity can becord. Our findings suggest that a decrease in FGF signalling is
mimicked by FGF signalling (Henrique et al., 1997; Storey e&n initial step in the differentiation of the spinal cord, which
al., 1998), a well established inducer of caudal neural charactaray help to resolve cell fates in this tissue and which is
(reviewed by Doniach, 1995; Ribisi et al., 2000). Byrequired, together with additional somite signalling, to promote
misexpressingcash4in fly and frog embryos we have also neuronal differentiation.
shown that this gene promotes neural cell fates (Henrique et
al., 1997) and the cellular context in which it is expressed in
the chick suggests thatash4 mediates neural specification MATERIALS AND METHODS

Stoespssibi:li\{lthilsn sLhe o(r:tgg b(Bf;Othanng Oftt?]rizy'ceﬁooc?)m;m%mbryo culture, grafting and mesoderm removal
b Y PP y P vy %ertile hen’s eggs (High Sex Rhode Island Red; Winter Farm,

which show that it forms neural tissue, but also that cel hirplow, Herts) were incubated at 38°C for appropriate periods to

migrate out .Of the CNP and contribute to epidermal o ield embryos of stages 6-9 (Hamburger and Hamilton, 1951). Host
mesodermal tissue (Brown and Storey, 2000). In contrast, celi§nryos were set up and maintained in New culture as described

derived from this region, but now located above the node, alreviously (Storey et al., 1992) or in EC culture (Chapman et al.,
contribute to the neural tube (Brown and Storey, 2000; Selleckoo1). Following brief exposure to 0.1% trypsin in PBS the presomitic
and Bronner Fraser, 1995; Mathis et al., 2001). Cells in thmesoderm was removed from beneath the CNP in stage 7-8 embryos,
CNP may therefore be specified, but not yet committed to and 4-5 somites were removed from stage 8+/-9 embryos.

neural fate and, consistent with this, express early pan neurghr peads

genes, .SUCh asSox2 and 3 (Streit et al., 1997) (o_ur_ Heparin-coated beads (Sigma) were washed in PBS and soaked in 50
observations) as well as genes that are also characteristic pfi ' ouse FGE8b (R&D Systems) or human FGF4 (a gift from J.

mesodermal tissues, e.g. Brachyuaf (Kispert et al., 1995; ™ Heath, or R&D Systems) or PBS (see Storey et al., 1998) and

Storey et al., 1998). - implanted beneath the CNP, adjacent to the primitive streak in stage
cash4and Saxl1persist in the CNP, but are both strikingly 4+ to 7+ embryos.

down regulated as cells form the neural plate/neural tube abo%e . | |
the level of the primitive streak (Henrique et al., 1997; Span vitro explant culture 5 _
et al., 1994) and it is here that the first neurons in the caudgl) P;ﬁplgrll\ﬁ (40?300 “rgo)a"(‘;gre c;e?ved from sgaé;e 6{)8 emb'gyos
nervous system are born (Sechrist and Bronner-Fraser, 199 E'?'an d)'ne explants ( um) from stage 8-9 embryos (Fig.
. - ural tube explants (2000 pm?) from HH9 (Fig. 5E),
Thes_e pOSt'm'tOt'(.: C.e'.'$ exp.reﬁellta 1,.the ligand  that after brief treatment with 0.1% trypsin. These tissues were then
mediates lateral inhibition via stimulation of the Notch qyitred in collagen at 3T in 5% CQ in Optimem supplemented
pathway and thereby prevents the differentiation ofyith foetal calf serum, glutamine and antibiotics using standard
neighbouring cells (Henrique et al., 1995). Within the laterocedures (Placzek and Dale, 1999). Each explant was processed and
neural tube post-mitotic cells migrating out of Belta -  scored individually and in most cases control and experimental
expressing ventricular zone have been shown to transientgxplants were derived from the same embryo. Somites and presomitic
express the basic helix-loop-helix (oHLH) transcription factormesoderm explants from stage 6-8 were removed following brief
NeuroM (Roztocil et al., 1997). This gene is a homologue of?’ps'“7”/%at)'“e”t- Two s,omges,tgh? ff}osé’:le;em')l/ fotrméd somites at
the fly proneural geneatonal and its onset marks the St&9€ /*/c—)were combined with single explants. Explants were
progression of the neuronal differentiation pathway followin treated with human FGF4 at 200 ng/ml or mouse FGF8b at 330 ng/ml

Y%RreD s i i
- : ystems) in the presence of heparin (100 ng/ml). FGF
down regulation oDelta 1 (Roztocil et al., 1997). Thus, the g;onaliing was inhibited with SU5402 in DMSO (Calbiochem) added

dynamic changes in the _rostrocaudal pattern of gene expressi@imedium at 2.51M or 5 uM. To assess specificity of response to

that accompany the laying down of the spinal cord appear 6GF some explants were pre-incubated with SU5402 for 20 minutes
reflect a progressive change in cell state as cells leave the Cfroom temperature before the addition of medium containing both
where the first steps in neural specification take place, and forRGF and SU5402. The MAP kinase pathway was blocked using
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PD184352 in DMSO added to medium atM (a gift from P. Cohen) onset raises the possibility that somitic signals regulate
while control contralateral CNPs were only treated with DSMO.  neurogenesis progression.

In situ hybridisation, immunocytochemistry and BrdU CNP explants retain early neural characteristics and
treatment do not undergo neuronal differentiation

Standard methods for cyro-sectioning (ftBh) and whole-mount . TR
in situ hybridization technique were used. Automated in sit 1o testt 'Whleth(_arth:a onset of neurgntf;]ll dlffere_?.tlattl.on 'Sfr?r?mg[ﬁ%
hybridisation was carried out on explants using a robotic Insitqur‘E%/ extrinsIC signals we assesse € specinication ot the

machine. Neurofilament protein was detected using the monoclon§®S this region does not contain neurons in vivo) and the
antibody 3A10 (Furley et al., 1990) (obtained from the Developmentdi€quirement for S|_gnals frqm neighbouring tissues f0f_ its
Studies Hybridoma Bank maintained by the Department oflifferentiation. We first examined the gene expression profile of

Pharmacology and Molecular Sciences, John Hopkins Universitgxplants of this tissue from stage 6-8 embryos (Fig. 2A). CNP

School of Medicine, Baltimore, MD and the Department of Biologicalexplants cultured alone for 18 or 24 hours continue to express

Sciences, University of lowa, lowa City, IA) and used as describeghe pan neural ger8ox2(7/7) as well agzash4(15/15), Sax1

(Storey et al., 1992). After incubation for 30-60 minutes in {D0  (11/11) bra (12/13) and homogeno®elta 1(7/7) (Fig. 2B-F)

0.1 mM I_3rdU empryos were fl_xed and processed for BrdU detectio nd only occasionally contain cells expresgiagaxis a gene

as described previously (Henrique et al., 1995). transcribed as the paraxial mesoderm differentiates into somites
(Barnes et al., 1997) (2/8) (data not shown). In addition, such
explants fail to expresBleuroM (36/39) and do not contain

RESULTS isolated Delta I-expressing cells (6/7) (Fig. 2F,G), nor
o . . . morphologically distinct neurons (as identified by the presence
NeuroM onset coincides with somitogenesis of fine processes accumulating neurofilament) (8/8) (Fig. 2H).

The onset of neuronal differentiation in the chick spinalThis contrasts with explants of PNT which contiiauroM
cord was investigated by monitoring the expression pattern gfositive cells after only 8 hours in vitro (4/4, data not shown).
NeuroM, a gene characteristic of post-mitotic cells in laterCNP explants thus retain expression of genes characteristic of
neural tube (Roztocil et al., 1997). We find that the firskearly neural tissue, do not routinely contain somitic mesoderm
NeuroMexpressing cells appear at stage 7+/8- in the neurahd do not undergo neuronal differentiation and are thus a
plate/tube opposite the first formed somites (Fig. 1A-1). Thisiseful assay for the identification of tissues and factors that
is shortly after the appearance of sinddelta l-positive regulate the progression of neurogenesis in the spinal cord.
cells in this region, which identifies the first born neurons ) o
(Henrique et al., 1995; Sechrist and Bronner-Fraser, 1991) af@®mitic tissue promotes neuronal differentiation
underscores the observation that neuronal differentiation do&trikingly, CNP explants cultured with the underlying
not take place in the CNP, which expressash4and Sax1 presomitic mesoderm do undergo neuronal differentiation
(Henriqgue et al., 1997; Spann et al., 1994) and genesithin 24 hours, as indicated by the presence of isola&dth
characteristic of early mesodermal tisdua andDelta 1ina  1-expressing cells (4/5) (Fig. 21,J) ahgturoMpositive cells
homogeneous domain (Kispert et al., 1995; Henrique et al(16/20) (Fig. 2K,L). This presomitic mesoderm cultured either
1995) (Fig. 1A,J-L). To confirm that this early phase ofalone (13/13) (Fig. 2M) or in contact with the CNP (8/8) (data
NeuroM expression is also characteristic of post-mitoticnot shown) comes to expregaraxis after 24 hours. As this
neurons we tested whether such cells undergo DNA synthegigne is characteristic of somitic tissue (Barnes et al., 1997) we
by assessing BrdU incorporation NeuroM-expressing cells. further tested whether somites also indMeeiroMexpression.
BrdU was not found in the majority of such cells (642/670 cellCNP explants cultured with somites conthiauroMpositive
(96%) in 5 embryos of stages 9-13, following 30-60 minutesells (16/19) (Fig. 2N,O) and also possess cells with fine
exposure to BrdU) strongly suggesting thiguroMpositive  processes accumulating neurofilament (4/8) (Fig. 2P). CNP
cells have left the cell cycle (Fig. 1M-P). cultured with the underlying presomitic mesoderm also down
As somites begin to form a new region can be definedegulatescash4(9/11) (Fig. 2Q, compare with Fig. 2C). The
(which we have named the ‘preneural tube’; PNT) that liegffects of differentiating presomitic mesoderm or somites on
above the level of the node/primitive streak and adjacent t8ax1expression, however, proved difficult to assess in this
the emerging notochord, but below the most recently formedssay as this gene is expressed afish4and is not always
somite (Fig. 1B). Consistent with previous work showing thapresent at the time of explant excision (Spann et al., 1994).
NeuroM is expressed aftebelta 1in the later neural tube Saxlexpression was not consistently altered by the presence
(Roztocil et al.,, 1997), we observe here thé¢uroM of underlying presomitic mesoderm=({4, data not shown)
expression lags behind that Delta 1 as the spinal cord is or by addition of a somiteng6, data not shown). Together,
laid down in a head to tail sequence. While the PNT expressésese findings show that somitic signals promote neuronal
bra, cash4 SaxlandDelta 1(in single cells) we show that differentiation and concomitantly repress at least one caudal
NeuroM expression is never detected in this region (Figneural gene.
1F,H) (cashd4and Saxlare expressed in both CNP and PNT o )
and not mesodermal tissues and are hereafter referred toA§ somitic signals required for neuronal
caudal neural genes). These observations indicate that tH#ferentiation?
events of neurogenesis become increasingly spatialljo ascertain whether CNP explants eventually form neurons in
separated as the spinal cord is laid down. NeuroM is  the absence of signals from other tissues we cultured them for
characteristic of cells undergoing neuronal differentiatiodonger periods of timeNeuroMexpressing cells are detected
this striking coincidence of somitogenesis ahguroM in CNP explants cultured for 48 hours (22/39) (Fig. 2R)
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demonstrating that neurogenesis does progress within thisiltured for 5-6 hours, by which time the node has regressed
tissue. This may indicate an intrinsic tendency to form neuronstill further and up to 4 additional somites have formed on the
however, some CNP explants expressaxis after 48 hours contralateral non-operated side (Fig. 3A). Only afesuroM
(22/32, containing at least 2-4 positive cells; Fig. 2S) raisingositive cells are found in neural tube developing in the
the possibility that differentiating somitic tissue elicits absence of somites (10/10) (Fig. 3B,C), while, in contrast,
neuronal differentiation in these longer-term cultures. This ideaxpression of the pan-neural marl&wx2remains unaltered
is supported by double in situ hybridization experimentg4/4) (Fig. 3D,E), indicating that this operation is not generally
detecting bottparaxisandNeuroM(n=23), which revealed that deleteriousThese findings therefore suggest that the onset of
paraxis negative explants (5/23) do not contdifeuroM neuronal differentiation is impaired in the absence of somitic
positive cells (5/5, data not shown). signals. Further, unilateral removal of the somites S2-S5 from
To address whether somitic signals are required in vivo fob somite embryos (Fig. 3F) also results in a dramatic reduction
neuronal differentiation we next generated embryos in whicin the number oNeuroMpositive cells in the neural tube after
the neural tube forms without the underlying paraxialé hours (5/5) (Fig. 3G,H) while expressionSdx2(4/4) and
mesoderm and thus develops without exposure to somites. Delta 1 remain unaltered (4/4) (Fig. 3I-L). This indicates
achieve this the presomitic mesoderm was removed from continuing requirement for somite signals for neuronal
beneath the CNP in stage 7-8 embryos and these were thdifferentiation in the early neural tube.

™ 1 »wy Progression of neurogenesis is
A c F \ H L repressed by the presomitic

= i mesoderm
q % Strikingly, premature activation of

NeuroM was additionally observed

Neuroh Ly - in the PNT in 3/7 cases in which

s Lo L 3 presomitic mesoderm was still absent
0

beneath this region following 6 hours
culture (Fig. 3M,N). This observation
suggests that  during  normal
development neuronal differentiation
. is repressed in the CNP and PNT
NeuroM . — SN = by signal(s) from the underlying

». = = Fig. 1. Spatial and temporal separation of
the events of neurogenesis during the
generation of the spinal cord (D,E,G,I,M-
P are tissue sections). (A,B) Summary of
the gene expression domains in the
developing embryo (medio-lateral extent
of expression is not indicated). (A) Stage
7+ embryo, CNP, caudal neural plate; PS,
primitive streak; S, first formed somite;
PSM, presomitic mesoderm; dashed lines,
underlying tissues. (B) Stage 8 embryo.
PNT, preneural tube; NT, neural tube.
(C-E) The first neurons appear opposite
recently formed somites (arrowhead) as
revealed byNeuroMexpression in a stage
8— embryo. (F-INeuroMexpression
extends caudally within the neural tube
and appears adjacent to the most recently
formed somites (arrowheads) in stage
HH8+ (F,G) and stage HH9 (H,1)
embryos. (J-L5axlexpression in the
regressing CNP and PNT prefigures
neurogenesis and is down regulated in the
neural tube at about the level of the most
recently formed somite (arrowheads).
(M-P) NeuroMexpressing cells (blue,
arrowheads) do not incorporate BrdU
(FITC/green) in stage 12 neural tube.
Double exposures (M,0), bright field (N),
FITC only (P). Scale bars, (C,FH,J,K,L)
200pum; (D) 100pm; (E,G,I) 50um; (M)

20 um; (N,0,P) 1Qum.
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presomitic mesoderm. Removal of the presomitic mesoderfiGF4-soaked beads beneath the CNP (in stage 4+ to 7+
from beneath the CNP in vivo also leads to local lossash4  embryos and subsequent culture to stage 9-12; approx. 12
(5/6) (Fig. 30,P) an8ax1(4/4) (Fig. 3Q,R) following a 6-hour hours) leads to local ectopic maintenanceash4(4/4) and
incubation. Together these findings further confirm theSax1(4/4) in the closed neural tube, while control PBS beads
relationship between the loss of genes expressed in tiave no effect (5/5, 3/3) (Fig. 4A-E) (see also Bertrand et al.,
CNP/PNT and the onset of neuronal differentiation and@®000). Given the inverse regulation of caudal neural genes and
indicate that signals from the presomitic mesoderm maintaiNeuroMthese findings raised the possibility that exposure to
expression of CNP genes and repress neuronal differentiatidfiGF also inhibits neuronal differentiation. Indeed FGF4- or

. ) o FGF8-soaked beads placed beneath the CNP (as described
FGF signalling maintains caudal neural genes and above) leads to a reductionéuroMexpression in the neural
represses neuronal differentiation tube (FGF4 4/4, FGF8 9/11) while PBS beads do not alter
What is the identity of the signals provided by the presomitidNeuroMexpression (5/6) (Fig. 4F,G).
mesoderm? We have shown previously that FGF signalling is FGF presented on beads could affect many different cell
a key pathway involved in the induction chsh4and Sax1 types in the embryo and so to determine where FGF acts to
(Henrique et al., 1997; Storey et al., 1998). Cells in the CNIRepress neuronal differentiation we next treated explants of
are exposed to many FGFs from the primitive streak (includindefined cell populations with FGF4. Explants consisting of the
FGFs 4 and 8) anigf8 expression spreads into the presomiticCNP and underlying presomitic mesoderm show a dramatic
mesoderm, CNP and PNT (Walshe and Mason, 2000; Storegduction in the number dfleuroMexpressing cells present
et al., 1998; Mahmood et al., 1995; Shamin and Mason, 1998fter 24 hours (7/7) (Fig. 5A,B) and 48 hours (12/12, data not
Ohuchi et al., 2000; Bertrand et al., 2000) (see also Fig. 6C3hown), as do CNP explants cultured alone with FGF4 for 48
Sprouty2(an indication of FGF8 activity) (Minowada et al., hours (7/7) (Fig. 5C,D). Exposure to FGF4 also inhibits
1999) is also expressed in the presomitic mesoderm amtturonal differentiation in PNT after 24 hours (7/7) (Fig. 5E-
extends into the PNT (Chambers and Mason, 2000). We shad@). Furthermore, this effect can be prevented by the presence
here that prolonging exposure to FGF signalling by implantingf the FGFR antagonist SU5402 (Mohammadi et al., 1997)

Fig. 2. Somites elicit
neuronal differentiation ir
CNP explants.
(B-H,J,L,0-Q are tissue
sections.) (A) Diagram of
CNP explant in a stage 7
embryo. (B-H) CNP
explants continue to
expressSox2(B), cash4
(C), Sax1(D) bra (E) and
homogenou®elta 1(F),
but do not express
NeuroM(G) or contain
cells with neurofilament
(NF)-positive fine
processes (H). (I-L) CNP
explants cultured with
differentiating PSM CNP

contain isolatedelta 1- .
positive cells (1,J) and J Deita-1 K NeuroM L NeuroMm M paraxis N NeuroM

Sox2 C cashd D . ;*SaXT E bra

& ¢ &

CNP — CNP CNP AR
F Delta-1 G NeuroM H NE | Delta-1

CNP CNP CNP+PSM
NeuroMexpressing cells “a

(K,L), and this presomitic g
mesoderm differentiates P ; ?
into paraxisexpressing '

tissue (M) (noteNeuroM
positive cells in K,L

appear at one end of the ~ CNP+PSM CNP+PSM _ CNP+PSM PSM CNP+S

explant and are likely to

be underlain byaraxis (o) NeuroM P NF Q cash4 R NeuroM S paraxis
positive cells, as seen in 5

M). (N,O) CNP explants ' b ;‘, v

cultured with somites als - ® ; 4
expresNeuroMand (P) 1% 4 ‘9

contain cells with L.y X

neurofilament-positive fir

processes (arrowhead). CNP+S CNP+S CNP+PSM __ CNP(48h) CNP(48h)

(Q) cashdis down

regulated in CNP explants cultured with differentiating PSM. (R) CNP explants cultured alone sepreddafter 48 hours in culture and (S)
in some cases contgiaraxispositive cell. Scale bars, (B-H,J,L,0,P) @®; (I,K,M,N,R,S) 100um; (Q) 100um.
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(6/7, data not shown) and can also be elicited by the less actisgnals can act directly on neuroepithelial cells to repress
protein FGF8 (6/11, data not shown). FGF signalling has beereuronal differentiation.

shown to induce early mesodermal genes, suditeadsaacs ) o

et al., 1994; Storey et al., 1998) which is expressed in the CNpomites suppress  Fgf8 transcription in the CNP

and extends into the PNT (Kispert et al.,, 1995) and on&hese findings suggest that somitic signals that promote
explanation for the inhibition of neuronal differentiation in neuronal differentiation must act at least in part by attenuating
these FGF-treated explants could, therefore, be that all cells &&F signalling. We thus next assessed the ability of somitic
transformed into mesoderm. To test this possibility PNTmesoderm to down regulafgf8 expression in CNP explants.
explants were assessed fma expression with and without Such explants cultured alone expreg$8 (25/25) after 18-24
FGF treatment. In all cases untreated explants down regulatedurs (Fig. 5L). In contrast, CNP explants cultured for 18-24
bra within 24 hours (6/6) (Fig. 5H) and also failed to expressours with differentiating presomitic mesoderm all down
the somitic tissue markeparaxis (6/6, data not shown), regulate=gf8(7/7) (data not shown) while culture with somites
indicating that the PNT does not normally form mesodermcan completely abolisligf8 in the CNP and results in a
Following FGF treatment, only a small patchbod expression  dramatic reduction d¥gf8transcripts in all cases (10/10) (Fig.

is maintained, indicating that the whole PNT is not transforme&M). Thus, somites provide signals that reprd3sgfg,

into mesoderm after 24 hours (5/5) (Fig. 5I). This findingidentifying this paraxial tissue as a source of signals able to
leaves open the possibility that FGF could still be actingttenuate FGF signalling in the prospective spinal cord.
indirectly by maintaining an early mesodermal cell population, _ o - o

which provides signals that in turn repress neuronalnhibition of FGF signalling is not sufficient to elicit
differentiation. We therefore finally tested whettdeuroM  neuronal differentiation

expression in neural tube explants (Fig. 5E) (which do nobo somites promote neuronal differentiation by simply
expressra, or up regulate this gene on treatment with FGF4emoving FGF signalling or do they also interact with further
11/11, data not shown), is altered in the presence of FGF4. signalling pathways to regulate caudal neural genes and the
all casedNeuroMexpression is reduced or lost in FGF treatedformation of neurons? To test this, CNP explants were treated
neural tube after 24 hours (8/8) (Fig. 5J,K), indicating that FGWith the FGFR antagonist SU5402 which acts at the conserved

A F Fig. 3.Removal of the presomitic mesoderm
elicits premature neuronal differentiation and the
down regulation of CNP-specific genes.
(C,E,H,J,L,N,P,R are transverse sections.)

% (A) Diagram illustrating removal of PSM at stage
g &h (S 7+ and the embryo 6 hours later. (B,C) Depletion
§ |

|

of NeuroMexpressing cells in neural tube
developing following PSM removal. S1, most

- recently formed somite on un-operated side.
presomitic

soderm
mreemmral

(D,E) Sox2expression is unaffected by PSM
I removal. (F) Diagram of the removal of somites
at stage 8/8+ and the embryo 6 hours later.
(G,H) Depletion of
NeuroMexpressing cells
following somite
removal. S, first somite
formed after removal on
operated side. (I,5ox2
and (K,L)Delta lare
unaffected by somite
removal. (M,N)NeuroM
expression extends into
the PNT in the absence
of PSM. (O,P) Removal
of PSM also down
cashi  Q Sax1 regulatesash4and
e @ (Q,R)Saxlin the PNT.
: : oy, -h Tissue between
. r = AN arrowheads in B,G,M,0
- S and Q are regions of
ectopic (M) or absent
R Saxi oo gene expression
- (B,G,0,Q). Scale bars:
J, (B,D,G,I,K,M,0,Q) 100
. pm; (C,E,H,J,L,N,P,R)
100pm.
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N NeuroM
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ATP binding site of FGFR1 and is therefore likely to inhibit cashd Sax1 NeuroM
signalling through all FGF receptors (Mohammadi et al., 1997 o B c F I
CNP explants exposed to this drug for 24 hours down regula .' L
bra (12/13) (Fig. 5N,O), a well known FGF-regulated gene Yt
(Isaacs et al., 1994). This antagonist, however, does not all :
expression 0§0x2(4/4) nor does it lead to a consistent increase
in the number oNeuroMexpressing cellsnE13) (Fig. 5P-R).
Further, PNT explants which expré¢suroMafter 8 hours, but
not after 4 hours (5/5, data not shown), fail to exhibit precociou
NeuroMexpression after 4 hours culture with SU5402 (5/5, dat.
not shown). In confirmation of these findings, treatment of CNI
explants for 18 or 24 hours with PD184352 (a drug that ca

inhibit cell proliferation (Sebolt-Leopold et al., 1999) and which D { . ExT G.T

r ' FGF
beads

blocks the MAP kinase pathway downstream of FGF signallin .

by specifically suppressing activation of MKK1 (Davies et al., | ,

2000), does not alteNeuroM expression in CNP explants iI
(n=12) (data not shown). Thus, blocking FGF signalling :
represses the early mesodermal gbree but does not alter r &
expression of the pan-neural gedex2 nor is it sufficient to £ 5 beads
promote neuronal differentiation in the CNP or PNT. "

DISCUSSION i

We show that neuronal differentiation begins in the caudeFig. 4.FGF signalling upregulates CNP-specific genes and represses

nervous system coincident with somitogenesis and that thneuronal differentiation in vivo. (A) Diagram showing position of

pattern is controlled by the changing signalling properties O?:?\lag r?gi]r?tgtig Ztgg;e)iZJ;%Tgéégfalf;?;é)b:ﬁgssgi(cg)d Ejtneath the

:E.e paraxial njestcr)]derrg. A k(i.y mol;ecl::téI;aFr m.eChﬁ.n'Sr%med'at.'trcontrol_PB_S_ beads (D_,E) do not alter gene expression. (F,G) FGF8
1IS process Is the aftenuation o signalling by SoMillyeqs inhibit expression beuroM(F), while PBS beads do not (G).

signals. Loss of FGF signalling is a prerequisite for neuronéscaie par: (B-G) 20am.

differentiation and may also help to resolve early neural ana

mesodermal cell fates in the prospective spinal cord, but

additional, somitic signalling is also required to elicit neuronakpinal interneurons). As explants of the neural tube readily

differentiation. These findings show that signals from thdorm neurons in vitro (this study; also see explant [i]) (Yamada

differentiating paraxial mesoderm regulate the differentiatioret al., 1993; Pons and Marti, 2000) this requirement for somite

of the spinal cord and may thus serve to co-ordinate neural as@jnals in vivo suggests that they normally act to oppose other

mesodermal development. signals present in the neural tube that repress neuronal
differentiation (see Fig. 6A).

Changing signalling properties of the paraxial We also present evidence that somitic signals repress the

mesoderm regulate the onset of neuronal caudal neural geneash4 consistent with its down regulation

differentiation in vivo prior to neuronal differentiatiorBaxlexpression was

We present two lines of evidence that strongly suggest thabt consistently altered by such signals in our assay. This
signals from the differentiating somitic mesoderm regulate thapparent difference in regulation may reflect the later onset of
onset of neuronal differentiation in the developing spinal cordSaxlexpression (see Spann et al., 1994) or its regulation by
(1) somitic signals accelerate the appearance of neurons adther signals in the embryo. Indeed, removal of the presomitic
CNP explants, as indicated by the swift onseDefta 1in  mesoderm in vivo leads to the loss cdish4 and Saxl
single cells,NeuroM expression and the appearance of cellsuggesting that during normal development repression of
with neurofilament-positive fine processes; and (2) theseaudal neural genes is mediated by a combination of signal
signals are also required in vivo for the normal onset ofoss, as the presomitic mesoderm differentiates, and exposure
neuronal differentiation, as revealed by the strikingly fewto signals from the newly formed somites. In this context it is
NeuroMpositive cells in neural tube forming in the absence ostriking that removal of the presomitic mesoderm also leads to
the differentiating somitic mesoderm. Removal of somiteshe precocious appearanceNsuroMpositive cells in the PNT
flanking the later neural tube also depletes the number @fi a small number of cases. This suggests that the presomitic
NeuroMexpressing cells, whilSox2and Delta 1 expression mesoderm not only maintains caudal neural genes, but also
remain unaltered, indicating that there is a continuingepresses neuronal differentiation. This in vivo situation
requirement for somite signals for neurogenesis progressiooontrasts with CNP explants cultured alone in vitro (for 24
However, it is likely that somites become dispensable for thhours), which maintairtash4and Saxland do not contain
production of neurons at later stages, as their removal at stagesurons. This difference may be explained if mesoderm cells
12-16 does not alter the number of motor neurons (Martinn CNP explants (which in vivo would have been displaced
1971). This suggests that the influence of somite-deriveduring gastrulation) provide signals that maintain caudal neural
factors is confined to the first born neurons (future reticular angenes and repregdéeuroM In addition other tissues/signals
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Fig. 5. FGF signalling
represses neuronal NeuroM C NeuroM E F NeuroM H bra J NeuroM

differentiation and somites

represd-gf8, but attenuatior - e
of this pathway is not ; ¢
sufficient to elicit neuronal |

differentiation. (A) CNP

explants cultured with PSV
expresdNeuroMafter 24 CNP+PSM _ CNP(48h) NT PNT PNT NT

hours, but (B)onlyafew B  NeuroM [  NeuroM G Neurom | bra K  NeuroM
NeuroMpositive cells

appear in the presence of - PNT
FGF4. (C) CNP explants V .
containNeuroM-positive ol " ‘

cells after 48 hours, but (D]
fail to express this gene wit

FGF4. (E) Diagram to shov  +FGF +FGF +FGF +FGF +FGF
the position of PNT and NT
explants from a stage HH8 L fgfé M fgf8 N bra Q bra P Sox2 (@ NeuroM R NeuroM

embryo. (F) PNT explants
cultured for 24 hours conta

NeuroMpositive cells but ;
FGF4 treatment (G) inhibit: 5
NeuroMexpression. .
(H) PNT explants cultured \

s Sl CNP CNP:+S  CNP +SU5402  +SU5402  CNP +SU5402
maintain some expression

the presence of FGF4 (1). (J) NT explants conteroM+ve cells, while (K) FGF4 inhibitsleuroMexpression. (L) CNP explants ret&igf8
after 24 hours, but (Mygf8is repressed when cultured with somites. (N) CNP explants cultured for 24 hours brpleggreatment with
SU5402 down regulatdsa (O) and maintains expression®x2(P). (Q) CNP explants do not cont&leuroMpositive cells after 24 hours
even following treatment with SU5402 (R). Scale bar: L®0

may be present in the embryo, which normally oppose signatells are fated to form mesodermal as well as neural tissue
from the presomitic mesoderm and which act swiftly following(Brown and Storey, 2000) and into the PNT, where they are now
removal of this tissue in vivo. These opposing signals could ball fated to form neural tissue (Selleck and Bronner-Fraser, 1995;
provided by the notochord/floor plate at the ventral midlineMathis et al., 2001). This transition thus involves a loss of
and/or by abuttingNeuroMpositive spinal cord (which has mesodermal potential, as reflected by the progressive down
been exposed to somites). Together, these findings indicate thagjulation ofbra and the persistence of neural genes as cells
the onset of neuronal differentiation in the spinal cord isnove away from the FGF-expressing primitive streak. We show
regulated by a balance between signals provided by theere that FGF treatment of PNT explants maintains a patch of
presomitic mesoderm and the somites and that both thebea-positive cells (see also Isaacs et al., 1994; Umbhauer et al.,
tissues may act in the embryo to counter opposing signals (Figj995; LaBonne et al., 1995; Dubrulle et al., 2001), and that
6A). Evidence for the involvement of somite signalling inblocking FGF signalling in the CNP leads the los$brat but
neuronal differentiation is also found in other vertebratedoes not alter expression of the pan-neural game2 This
embryos. The appearance of Isletl-expressing primary neurossggests that attenuation of FGF signalling may lead to the loss
in Zebrafish commences before notochord formation, adjacenf mesodermal potential in the prospective spinal cord and that
to the first forming somites (Korzh et al., 1993). Although inthis could be a first step in the differentiation of caudal neural
the frog some neurons differentiate before somitogenesis (efigssue. This idea that FGF signalling influences neural versus
Lee et al., 1995) it is interesting that neurons only appear imesodermal cell fate decisions in the caudal neural plate appears
response to the neural inducer Noggin in circumstances whém be supported by observations in chimeric mice in which
both neural tissue and muscle are formed (Lamb et al., 1993)piblast cells mutant for FGFR1 fail to ingress through the
The ability of somitic tissue to regulate neuronal differentiatiorprimitive streak to form mesoderm and instead generate ectopic

may therefore be conserved across species. neural tissue (Deng et al., 1997; Ciruna et al., 1997; Ciruna and
Rossant, 2001). Furthermore, mice lacking a functional Thx6

Reduction of FGF signalling initiates differentiation gene form ectopic neural tubes at the expense of caudal paraxial

of the spinal cord mesoderm, indicating on-going neural versus mesodermal cell

Our experiments involving activation or repression of FGHate decisions at relatively late stages of development (Chapman
signalling suggest that removal of FGF signalling is aand Papaioannou, 1998).

prerequisite for neuronal differentiation and that it may also help We also show that exposure to FGF signalling maintains
to resolve neural and mesodermal cell fates in the prospectieaudal neural genes and blocks neuronal differentiation in the
spinal cord (Fig. 6B,C). A first step in the differentiation of thedeveloping spinal cord in vivo and that such signalling
spinal cord is the movement of cells out of the CNP, where songippresses this process in explants of the CNP, PNT and neural
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A B
Fgf8
somite g '. .- : somite .. o .l L] .':
g1 ST e i > [NeuroM]

FGF8
» neural T Yissues

A i caudal \ e >

genes -

FGF8 »caudal
neural
genes
FGF4 bra
pre-neural tube/ FGF8 ;
[presomitic caudal neural plate primitivelpresomitic pre-neural tubef
derm streak d caudal neural plate i

Fig. 6. Model for the regulation of neuronal differentiation by paraxial mesoderm and levels of FGF signalling. (A) Tissue letiehrefjula
neuronal differentiation. The neural tube in contact with somites coitaimeMexpressing cells (purple dots) while the CNP/PNT underlain by
the PSM does not express this neuronal marker and expresses caudal neural genes. Somites provide signals that repireégenadank
activate neuronal differentiation, whereas the PSM provides signals that maintain caudal neural gene expression andgralvent neu
differentiation. Removal experiments indicate that signals from other tissues in the embryo must also influence the appearanse o
*Induction of neurons by other tissues at the level of the CNP/PNT may also be a consequence of the down-regulatioreaf alageta s

(B) FGF signalling and the regulation of spinal cord differentiation. FGF8 and FGF4 are present in the primitive streak snal$eGf8sent in
the PSM and the CNP/PNT where these signals proon@tnd caudal neural genes and prevent the appearaNeeroiMpositive cells.

Somites repredsgf8 expression in CNP/PNT. Attenuation of FGF signalling down regulates the early mesodernbah peiheloes not elicit
neuronal differentiationNeuroM); somites must therefore also interact with additional pathways to prdleoteMeither by inducing an

activator (dashed line) and/or repressing a repressor (see tefyf8@xpression in stage 9— embryo, showing transcripts in the CNP and PNT,
aligned with B. Scale bar: 1Q0n.

tube, the latter indicating that FGF signalling can thereforet al., 1999). This transcription factor is induced, NeuroM
repress neuronal differentiation directly within the by somitic signals (Pituello et al., 1999) and is repressed by
neuroepithelium (Fig. 6B). We note that this inhibition can behe presomitic mesoderm and FGF signalling (Bertrand et al.,
mediated in vivo and in vitro by both FGF4 and FGF8 an®000). However, in contrast to effects dleuroM in CNP
although weaker effects are observed with the less active FGE@plants (discussed below), inhibition of the FGF pathway
(see also Dubrulle et al., 2001) it is likely that FGF8 is theloes up regulateax6in the embryo (Bertrand et al., 2000) and
endogenous factor acting in the PNT. FGF signalling has be¢his gene may thus mediate an earlier step in neuronal
shown to stimulate proliferation of other neural precursodifferentiation that is a direct consequence of the loss of FGF
populations in vivo (Lee et al., 1997) and in vitro (e.g. Vescovsignalling. The significance of the initial widespreBeax6
et al., 1993; Kilpatrick and Bartlett, 1993; Kalyani et al., 1997;expression in the spinal cord is, however, unknown. This gene
Learish et al., 2000) and attenuation of this pathway may thusediates cell type specification within the later spinal cord
be a prerequisite for cell cycle exit. Continued FGF signallinge.g. Ericson et al., 1997) but analyses of other regions of the
in caudal regions of the chick may therefore serve to maintai@NS in Pax6deficient mice also indicate a role in increasing
cells in an undifferentiated and proliferative cell state andell adhesion (Chapouton et al., 1999; Stoykova et al., 1997)
thereby provide a mechanism for the progressive generation ahd the timing of neuronal differentiation, although the
the spinal cord over an extended period. direction of this regulation shows regional variation (Gotz et
Recent findings further show that cells made deaf to FGBI., 1998; Warren et al., 1999; Warren and Price, 1997; Sun et
signalling in the CNP are more rapidly displaced from thisal., 1998; Scardigli et al., 2001).
region into the neural tube and suggest that this may be due to . ) o
changes in cell adhesion properties (Mathis et al., 2001). THeomites attenuate FGF signalling, but this is not
latter may also account for changes in cell behavior as celg/fficient to elicit neuronal differentiation, which
move from the PNT to the neural tube where the KimiroM  requires still further somite signalling
cells appear opposite the somites. Comparison of th& major finding of this study is that somitic signals repfes8
movements of neural precursors in the PNT and neural tulieanscription in the CNP and we have tested the possibility that
reveal increased restriction in cell movement in the neural tubahibition of the FGF pathway mimics the somite’s ability to
(Stern et al., 1991; Mathis et al., 2001) and this nicelypromote neuronal differentiation. However, blocking FGF
correlates witiNeuroMexpression suggesting that the onset ofsignalling in the CNP or PNT did not accelerate neuronal
neuronal differentiation involves an increase in cell adhesiordifferentiation and nor did treatment with a specific MAPK
In this context, it is striking th&Rax6expression in the neural inhibitor, indicating that further somite signalling is required for
tube also coincides with the onset of somitogenesis (Pituellihis step. Perhaps consistent with this, it has been shown in the
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frog neural plate that simply blocking the cell cycle is notChapman, S. C., Collignon, J., Schoenwolf, G. C. and Lumsden, 2001).
sufficient to elicit neuronal differentiation (Ohnuma et al., 2001). 'mproved method for chick whole-embryo culture using a filter paper
Additional somite signalling must therefore either promote, C;’ggﬁzb?fvng‘jtz&rzs:‘zssd Gotz, M.(1996). The role of Pax in
expression of an a_Ct'Vfitor' or repress a f!"rther repressor O?restricting’] cell migration between developing cortex and basal ganglia.
neuronal differentiation in the prospective spinal cord (Fig. 6B). Developmeni26 5569-5579.

Significantly, it is possible that the loss Bfjf8 in the  Ciruna, B. and Rossant, J(2001). FGF signalling regulates mesoderm cell
paraxial mesoderm itself is also regulated by somitic SignaIS.fate specification and morphogenetic movement at the primitive streak.
Attenuation of FGF signalling in the presomitic meSOdernb'Eji\;elg‘.)g.ené?:th/:vZ?t’ZSYL_.‘llg-iarpal K., Yamaguchi, T. P. and Rossant, J.
has recently been shown to be required for _m_efSOdermai(mQ’?). Chimeric analysis of fibroblast growth factor receptor-1 (Fgfrl)
differentiation and to be a key step in the definition of a function: a role for FGFR1 in morphogenetic movement through the
‘determination front’ that specifies somite boundaries and axial primitive streak Development24, 2829-2841.

identity (Dubrulle, 2001; Zakany, 2001). Thus, the dependendg?Vi€s. S. P, Reddy, H., Caivano, M. and Cohen, (2000). Specificity and
mechanism of action of some commonly used protein kinase inhibitors.

of neural as well as mesodermal differentiation on attenuation gjochem. 3351, 95-105.
of FGF levels by somitic signals may be part of a mechanismeng, c., Bedford, M., Li, C., Xu, X., Yang, X., Dunmore, J. and Leder,
that co-ordinates the development of these two tissues.P. (1997). Fibroblast growth factor receptor-1 (FGFR-1) is essential for

Importantly,Fgf8 expression in the PNT diminishes before the normal neural tube and fimb developmdbey. Biol 185 42.54. =
appearance of the last formed somite (Fig. 6C), suggesting tt%(fgg’l‘lcsé ige7-1)o'70asm as an inducer ot anteroposterior neural patemn.

the abi”t_y to repr§s§9f8 transcription 'S gradually vaUi_red Dubrulle, J., McGrew, M. J. and Pourquie, O.(2001). FGF signalling

by the differentiating (rostral) presomitic mesoderm prior to controls somite boundary position and regulates segmentation clock control

somitogenesis. This is consistent with the position of the of spatiotemporal Hox gene activatigpell 106, 219-232.

“determination front” in the presomitic mesoderm and with Ol/"Edlund, T. and Jessell, T. M.(1999). Progression from extrinsic to intrinsic

- . o signaling in cell fate specification: a view from the nervous sysgaih96,

finding that neuronal differentiation does not only rely on a 571004

reduction of FGF levels but also on a further consequence efsini, M., Tsuchida, T. N., Belting, H. G. and Jessell, T. M1998). The

somite signalling. This additional requirement may thus ensure control of rostrocaudal pattern in the developing spinal cord: specification

that neurons differentiate when the somites are presenting cue§f m%tOf neuron S“b%P% 'gggtgléz's initiated by signals from paraxial
. ; - P mesodermDevelopmen -982.

that speC|fy axial pOSItIOU and neurone_ll Ce".tYpe within th ricson, J., Rashbass, P., Schedl, A., Brenner-Morton, S., Kawakami, A.,

neural tube (e.g. Itasaki et al., ;996, Ensini et al., 1998) van Heyningen, V., Jessell, T. M. and Briscoe, §1997). Pax6 controls

and may thereby serve to co-ordinate the onset of neuronalprogenitor cell identity and neuronal fate in response to graded Shh

differentiation with the assignment of cell identity. signaling.Cell 90, 169-180. S
Gotz, M., Stoykova, A. and Gruss, P(1998). Pax6 controls radial glia

; ; differentiation in the cerebral cortedeuron21, 1031-1044.
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