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Summary

Neurogenesis in both vertebrates and invertebrates is transgene faithfully responds to Her5 and deletion analysis
tightly controlled in time and space involving both positive  of the transgene identifies an E-box in aagnl upstream
and negative regulators. We report here that the bHLH enhancer to be required for repression by Her5. Together
factor Her5 acts as a prepattern gene to prevent our data demonstrate a role of Her5 as a prepattern factor
neurogenesis in the anlage of the midbrain/hindbrain in the spatial definition of proneural domains in the
boundary in the zebrafish neural plate. This involves zebrafish neural plate, in a manner similar to itdDrosophila
selective suppression of botheurogeninl(ngnl) and coe2 homologue Hairy.

MRNA expression in a process that is independent of Notch

signalling, and where inhibition of either ngnl or coe2

expression is sufficient to prevent neuronal differentiation  Key words: Her5, Hairy, Midbrain-hindbrain boundary, Zebrafish,
across the midbrain-hindbrain boundary. A ngnl  Neurogenesis, Pre-patterning

Introduction Adachi, 1998; Bray and Furriols, 2001; Mumm and Kopan,
Neuronal differentiation in the vertebrate central nervougC00)- Major Notch targets are basic helix-loop-helix (bHLH)

system (CNS) is under strict temporal and spatial control. Firsffanscriptional repressors of the Enhancer-of-Split [E(Spl)]

populations of ‘pioneer neurons’ are defined at specific placd@mily, which prevent activity of proneural factors driving
during early stages and build a primary scaffold of neurondl€Urogenesis (Fisher and Caudy, 1998). Cells expressing high

tracts and connections (Easter et al., 1994). Latehevels of Delta, by contrast, will main.tain activity of proneural
differentiation spreads in the neural tube (Hollyday, 2001). Théactors (such as the bHLH proteins Achaete, Scute and
establishment of the neuronal differentiation pattern thuétonal) and Delta transcription. Thus, initial differences in the
requires the precise coordination of patterning andevels of Delta expression among the cells of a proneural
neurogenesis. cluster are amplified, leading to the reinforcement of a
Neurogenesis has been extensively studieBrssophila  heuronal fate.

(reviewed by Campos-Ortega, 1993). First, populations of Current evidence suggests that neurogenesis uses similar
cells competent to undergo neurogenesis are defined givigolecules in vertebrates as in invertebrates (Appel and
rise to so-called ‘proneural fields’ or ‘proneural clusters’,Chitnis, 2002; Chitnis, 1999; Lewis, 1998). In these species,
within which neuronal progenitors are selected. Progenitod number of Notch-, Delta-like and bHLH-encoding genes are
selection relies on lateral inhibition mediated by the Notchnvolved in similar cascades within the neurogenic domains of
receptor. Cells expressing high levels of the Notch liganghe neural tube (Blader et al., 1997; Chitnis et al., 1995;
Delta will commit to neuronal differentiation and at the sameChitnis and Kintner, 1996; de la Pompa et al., 1997; Haddon,
time inhibit the neighbouring cells to enter the neuronal998; Ma et al., 1996; Takke et al., 1999). Vertebrate bHLH
program (Simpson, 1997). After binding of Delta, the Notchfactors include the Neurogenin and Ath (Atonal-related), Ash
receptor undergoes intra-membranous cleavage to generatéAghaete-Scute-related), and Hairy/E(spl) (Hes and Hairy in
Notch Intra-Cellular Domain (NICD), which translocates tomouse and chicken, Her in zebrafish) subclasses, of which the
the nucleus, binds members of the Suppressor-of-Hairledigst three have proneural activity, while most Hairy/E(spl)
(SU(H)) family and activates transcription of downstreamfactors inhibit neurogenesis (Bertrand et al., 2002; Fisher and
effectors (Lecourtois and Schweisguth, 1998; Struhl an€audy, 1998; Kageyama and Nakanishi, 1997; Lee, 1997).
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Proneural bHLH factors are expressed with partiallydifferentiated neurons across the medial (future ventral) aspect
overlapping patterns. However, whether they play redundamtf the 1Z (Fig. 1C,Q (Geling et al., 2003). Thus, Her5 is
or rather combinatorial roles remains in most cases unknowgrucial in inhibiting neurogenesis within the 1Z and in
(Cau and Wilson, 2003; Mizuguchi et al., 2001; Parras et almaintaining the full MH precursor pool in zebrafish. However,
2002). to date, the molecular mode of action of Her5 has not been
Although lateral inhibition is a major and evolutionarily analysed.
conserved mechanism in restricting the extent of neurogenesisWe demonstrate that Her5 does not inhibit neurogenesis as
within proneural fields, the prepatterning mechanisms that downstream effector of Notch. Rather, it blocks the
specify these fields in the first place seem more variable am$tablishment of a proneural field at the MHB. This is in
are less well understood. Both in invertebrates and vertebratestiking contrast to most E(spl)-like factors, and identifies Her5
a combination of positive and negative factors, the expressias a prepattern factor, similar BwosophilaHairy. We further
of which is controlled by the embryonic patterning machineryuncovered a cross-regulatory loop between the expression of
establishes a grid of neurogenesis-competent domains alokigr5 and the non-basic HLH transcription factor Coe2, a likely
the anteroposterior (AP) and dorsoventral (DV) axes. Severalthologue of mammalian EBF2 (Dubois and Vincent, 2001).
cases of neuronal inhibition independent of lateral inhibitiorEpistasis experiments in backgrounds where Ngnl or Coe2
have been reported in vertebrates (Bellefroid et al., 199&ctivities are blocked demonstrate tltate2 and ngnl are
Bourguignon et al., 1998; Andreazzoli et al., 2003). Manyindependent targets of Her5, but that blocking expression of
local neurogenesis repressors belong to the Hairy familgither one of these genes is sufficient to prevent neuronal

(Bally-Cuif and Hammerschmidt, 2003; Sasai, 1998). Fodifferentiation across the medial 1Z. Finally, using reporter
example, Hairy restricts neuronal competence within th@ssays in transgenic embryos, we identify an E-boxrigrd
Drosophila peripheral nervous system (Fisher and Caudyenhancer as the main element mediating repressiaomgrdf
1998). In a reminiscent manneXenopusESR6e prevents expression across the medial 1Z in vivo.

neurogenesis in the embryonic superficial ectoc'~~

(Chalmers et al., 2002), and mouse Hesl nega
controls neurogenic domains within the olfact
epithelium (Cau et al., 2000). Hairy and the rel
E(Spl) proteins distinguish themselves from o
bHLH factors by a proline residue in their DN
binding domain and a C-terminal WRPW tetrapep
In contrast to E(spl), however, they can
independently of Notch signalling.

The midbrain-hindbrain (MH) is an interest
domain of the neural plate to study the mechan
controlling the spatial extent of neurogenesis (Marti
2001; Rhinn and Brand, 2001; Wurst and Bally-C
2001), as the midbrain-hindbrain boundary (MHRE
characterised by delayed neuronal differentic
(Bally-Cuif et al., 1993; Palmgren, 1921; Vaage, 1!
Wullimann and Knipp, 2000). This ‘intervening zo
(I1Z) separates midbrain from hindbrain neurc
clusters and is believed to serve as a pool of prec
cells for the construction of MH structures dul
development. The functional importance of the I.
highlighted inHesI/—Hes37~ mouse mutants, whe
MH precursor cells differentiate prematurely, leadin
the development of an abnormally small MH and tc
lack of specific MH neuronal populations such
midbrain dopaminergic neurons, cranial neurons Il|
IV, or the locus coeruleus (Hirata et al., 2001).
recently demonstrated that, in the zebrafish,
Hairy/E(spl)-like bHLH transcription factor Her5
crucially required for 1Z formation at the onset
neurogenesis (Geling et al., 2008&r5 (Mdller et al.
1996) is expressed from 70% epiboly onwards
domain of the neural plate that prefigures the ear
and separates the first anterior neuronal cl
(ventrocaudal cluster, vcc) from presumptive mc
and lateral neurons in rhombomere 2 (r2M and
(Fig. 1A-B) (Geling et al., 2003). Impairment of He
activity leads to the ectopic generation of c
expressing neurogeninl (ngnl) and later o
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Fig. 1.Her5 activity at the midbrain-hindbrain boundary and nomenclature.

All top views (A-C) are flat-mounted embryos at the three-somite stage, dorsal
views with anterior upwards, revealed by in situ hybridisation for expression of
the genes indicated (colour-coded, left corner) (see also Geling et al., 2003).
Bottom panels (AC') are interpretative drawings of the embryos in A-C to
introduce the specific nomenclature used in this work. At the three-somite
stageher5expression (A) encompasses most of the presumptive MH
(Tallafuss and Bally-Cuif, 2003) and separates therfget-positive clusters

(B) within the anterior neural plate. These are the ventrocaudal cluster (vcc),
located in the basal diencephalon and anterior midbrain, the presumptive
motoneurons (r2M) and lateral neuronal precursors (r2L) in rhombomere 2.
The non-neurogenic domain identified ligr5 positivity andngnlnegativity
around the MHB is called intervening zone (1Z) (white arrow in'B,B

(C) Upon blocking Her5 activity by injection ofreer5morpholino (Mderd

into wild-type embryos, the medial (future basal) part of the I1Z domain is
bridged by ectopiagnZlpositive cells (blue arrow and blue box in C, compare
with B). Thus, the 1Z is composed of a medial domain (red jiatBsent in G

blue box in C) that crucially requires Her5, and of a lateral domain (gre€n in B
and C) that exhibits additional blocks towards neurogenesis. Interpreted from
(Geling et al., 2003). Hind, presumptive hindbrain; MH, mid-hindbrain
domain; Pros, presumptive prosencephalon; r4M, motorneurons of
rhombomere 4; r4L, lateral neuronal precursors in r4.
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Materials and methods In situ hybridisation and immunohistochemistry
Fish strains Probe synthesis, in situ hybridisation and immunohistochemistry were

Wild-type embryos were obtained from natural spawning of ABCAfied outas previously described (Hammerschmidt etal., 1996). The
adults, raised according to Kimmel et al. (Kimmel et al., 1995)following antibodies were used: rabbit afigalactosidase (Cappel)
deadly-sever{de$373 and ngnt’~ (neurod®1959 mutant embryos (dilution 1:4000), mouse anti-Myc (Sigma 9E10) (dilution 1:1000),
carry non-functionahotchlaandngnlalleles, respectively (Golling Mouse anti-HNK1 (DSHB Zn12) (dilution 1:500) and rabbit anti-GFP

. : - o LAMS TP401) (dilution 1:500). Secondary antibodies were goat anti-
l., 2002; Holl l., 2002). Th - . : .
ﬁwta?in'g (?fohéter%z?éciﬁsaaaul?%a)rriers?y were obtained by pair WISérﬁouse-HRP, goat anti-rabbit-HRP, goat anti-mouse-Cy3 and goat

anti-rabbit-FITC (Jackson ImmunoResearch Laboratories), all diluted
Transgenic lines to 1:200. The staining for HRP-conjugated antibodies was revealed

ngnl transgenic reporter lines &4ngnl:gfp, -3.4ngnl:gfp, with DAB following standard protocols.

-3.1ngnl:gfp (Fig. 6A, left panel, 6B-H have been described

previously (Blader et al., 2003). Ectopic activatiorhef5expression

was achieved by applying fazhsp70:her§homo or heterozygote) Results
transgenic embryos a heat-shock pulse between 80% epiboly and taIiJh . d activity of Hers ind dent
bud stage, as described (Geling et al., 2008)sp70:herFransgenic € expression and aclvity ot Hers are independen
embryos were identified by PCR following in situ hybridisation ©f Notch signalling in vivo

(Geling et al., 2003). Because many E(spl) transcription factors are downstream
) effectors of Notch signalling, we first testedhé@r5 expression

Generation of the — 3.3ngnl.gfp mutated construct and function is dependent on Notch signalling. Mostch

(=3.3AEboxngn1.gfp ) and transient reporter assays family members cloned to date (likeotchlh notch5 and

a 100 bp 5fragment of-3.4ngn1:gfp In —3.3AEboxngnl:gfp the MH territor : ;

: : y at the end of gastrulation. However, an exception
E-box located in the ANPE element (CATGTG) was selectively. s :
replaced by an unrelated sequence (TCTAGA), using standafPPears to beotchla which is weakly expressed in the ventral

procedures. Details of these constructs are available upon reque%'.dIIne from the onset of neurogenesis until at least 24 hpf

Both constructs were then flanked b@de restriction sites, which ig. 2A-C). In addition, upon injection of mRNA encoding
allow efficient integration in the Medaka genome in co-injectionthe constitutively active form of Notchla, NIChgnl

with the | Scé meganuclease enzyme (Thermes et al., 2002). Fogxpression was inhibited in all proneural clusters including the
transient reporter assays, 50 wigbf —3.3ngnl:gfpor -3.34E-  vcc and r2 motor- and lateral neurons, leading to an apparent
Boxngnl:gfpcircular plasmid DNAs were injected together with enlargement of the 1Z along the AP axis (Fig. 2F,G) (Haddon
1 U/l I-Scé meganuclease (Roche, 10 p)/ into wild-type et al., 1998; Takke et al., 1999). These results suggest that
embryos at the one-cell stage. Embryos were left to develop at 28%edial 1Z formation might result from Notch-mediated
upon i_njection and fixed at 1-3 somites for in situ hybridisatio“inhibition. To test this hypothesis, we analybedsexpression
analysis. and, as a read-out of Her5 activity, measured the IZ size, at
Antisense experiments early neurogenesis stages, in embryos where Notch signalling

The morpholino antisense oligonucleotide M®(Gene-Tools Inc., IS |mpa|req. Surprisingly, we found thiagrsexpression at the
Oregon, USA) was described previously and demonstrated to fullfifé€-Somite stage was severely downregulated upon forced
and specifically inhibit the translation of endogenbess mRNA  €xpression of NICD (75% of cases;19) (Fig. 2D,E). Thus,
(Geling et al., 2003). It was dissolved to a stock concentration of hersexpression is sensitive to Notch signalling, but, in striking
mM in HO and injected into one-cell stage wild-type or transgeniccontrast to otherherlike genes, is inhibited rather than

embryos at 2 mM. activated by NICD. This suggests that Notch does not act
N upstream of Her5 during 1Z formation.
RNA injections To further support this notion, we impaired Notch signalling

To preparecoe2capped RNA, the full-length coding region@ie2 iy three different ways and asked whether this affects
(Bally-Cuif et al., 1998) was PCR-amplified using the following expression oher5 and ngnl First, we investigatedeadly-

primers: upstream, '5 GCGAATTCGCACAAGTGTCAT 3; ; )
downstream, 5CGCTCGAGATCAGGAGATTACACA 3. It was ~ Scven(des mutants (Kane et al., 1996), which carry a non

then subcloned into the pXT7 vector (Dominguez et al., 1995) angmctlonalnotchlaallele (Hol_ley etal., 2002persexpression .
verified by sequencinier5VP16encodes a dominant form of Hers and the lack ohgnlexpression at the IZ were comparable in
and was described previously (Bally-Cuif et al., 2000). All cappedVild-type embryos andeadly-sevemutant embryosné25)
RNAs were synthesised using Ambion mMessage mMachine kit§Fig. 2H-K), suggesting that Notchla is not involved in
following the recommended procedure. RNAs were injected at theontrolling her5andngnltranscription at the IZ. Second, we
following concentrations: 100 ng/ Notch-nicd-myc(Takke et al., performed a conditional inhibition of Notch processing by
1999); 100 ngll XDelte?" (Haddon, 1998); with or withoutls-lacZ  applying a soluble gamma-secretase inhibitor to zebrafish
(40 ngful) as lineage tracer; 100 ng/XcoeADBD (Dubois et al.,  empryos from stages immediately precediey5 expression
tlog9:&;132“1‘]94'1g‘ﬁé?scv%“lﬂshsfl\égln%';%gﬁgfigg&:ﬂgﬁi@”s in the neural plate (60% epiboly stage). This inhibitor (DAPT)
together With 2 mM Maers prevents activity of the enzymatic complex cleaving Notch (De
' Strooper et al., 2001; Steiner and Haass, 2000) and induces
DAPT treatment faithful phenocopies of Notch signalling mutants when applied

DAPT treatment was performed as described (Geling et al., 2003§0mM blastula stages onwards (Geling et al., 2002). This
from 60% epiboly until the three-somite stage. After treatment, théonditional approach has the advantage that it avoids
embryos were fixed with 4% PFA overnight at 4°C and processed fdpterfering with early Notch-dependent processes. We
in situ hybridisation. observed that DAPT treatments did also not trigger alteration
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norc.‘n'a TB norcma krox20 5-som notchla 10-som

- 5 b .
) Y ' Fig. 2.her5expression and activity at the MH junction are
Q*u.-d‘\\\ ‘\“"!N:‘ a‘ \“‘m J A Cratided P independent of Notch signalling. (A-C) Expression of
her5 WT  hers +NICD ngm WT ngnt +NICD notchla(Bierkamp and Campos-Ortega, 1993) revealed by
i whole-mount in situ hybridisation (blue staining) in wild-
type embryos at the stages indicated (bottom right). (A,B)
Flat-mounted views of the MH area, anterior towards the
top; (C) lateral view, anterior leftwards. In B, double
staining forkrox20expression (red) identifies rhombomeres
3 and 5. Note the faint expressiomafichla(arrow) at the
ventral midline of the 1Z (bracket) at all stages. (D-S)
Expression oher5andngnlas indicated (bottom line) in
three- to five-somite wild-type (D,F,H,J,P,R) or mock-
treated embryos (L,N) versus: (E,G) embryos injected at the
two-cell stage witmicd-mycRNA,; (I,K) deadly-sevefdeg
notchladeficient mutants; (M,0) embryos treated with the
gamma-secretase inhibitor DAPT; and (Q,S) embryos
injected in at the two-cell stage willeltaS"mRNA. All
views are dorsal, anterior towards the top; in D-G and Q
lineage tracers (Myc arfétgalactosidase, respectively) are
Mock her5 +DAPT ngnf revealed in brown by immunocytochemistry. NICD inhibits
; her5expression and decreases the number of neurons per
proneural cluster (arrows in G). All other manipulated or
mutant contexts increase this number (e.g. compare the
intensity ofngnlstaining between control and experimental
embryo in the vcc in K,0,S with J,N,R, arrows); however,
none of these manipulations affebtx5expression or the
presence and size of the 1Z (I,M,@gs homozygote
deadly-seveembryos; 1Z, intervening zone; NICD, Notch
intracellular domain; som, somite stage.

her5 WT her5 +DeltaStu  ngnt WT ngni  +DeltaStu

in her5expression at somitogenesis stages, and did not changlérs activity is required to inhibit the establishment
the width of the 1Z along the AP axis=20) (Fig. 2L-O). As  of a neurogenic field in the medial IZ
expected, however, DAPT had a neurogenic effect and stronglhe above experiments indicate that Her5 does not act as a
increased the number of neurons within each proneural clustdownstream effector of Notch to promote lateral inhibition.
(83% of casesn=24) (Fig. 2N,0). Finally, to rule out an Thus, we examined whether Her5 might instead act upstream
involvement of Notch signalling that does not requireof Notch, by blocking the specification of a proneural field at
processing of Notch, we injected embryos with mRNAthe IZ. If this were the case, removing Her5 activity should
encoding the dominant-negative extracellular formdefta, reveal a neurogenic domain at the 1Z, in which Notch controls
Delta® (Haddon, 1998), which renders cells globallythe selection of neurons by lateral inhibition.
insensitive to Notch function. Although this manipulation also With the exception ofiotchla(Fig. 2A-C), the other known
largely increased the number ofjnl-positive cells within components of the zebrafish lateral inhibition pathway are not
proneural clusters, it did not affeber5 expression and 1Z expressed within the medial 1Z. However, expression of these
formation 6=22) (Fig. 2P-S). factors, such as thdeltaA gene (elA), was induced upon
Together, these observations indicate that bb#r5 injection of the morpholino antisense oligonucleotide ¥®
expression and its activity, although inhibited by NICD in anthat was previously shown to antagoniser5 selectively
artificial overexpression context, are independent of NotclGeling et al., 2003) (75% of cases16) (Fig. 3A,B, and data
signalling. This is in striking contrast to the E(Spl)-like bHLH not shown). Similarly, expression obtchlawas enhanced
factors that act downstream of Notch in lateral inhibitionacross the medial IZ in these conditions to reach levels
during neurogenesis (Bertrand et al., 2002; Fisher and Caudygpmparable with those of adjacent anterior and posterior
1998). domains (78% of cases=18) (Fig. 3C,D).
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Fig. 3.Her5 acts by blocking the formation of a proneural cluster across the 1Z. (A-D) Expression of components of the latéval inhibit
machinery (e.gdelA notchl13 is induced across the 1Z upon injection of M®(B,D, arrows) compared with non-injected controls (A,C)
(brackets indicate 1Z). All views are whole-mount in situ hybridisation for the markers indicated (bottom left), dorsal thewidH area in
flat-mounted embryos at the three-somite stage. (E-G) Induced expressgpriatross the 1Z upon injection of ME€® (arrows in E) exhibits
at the three-somite stage a salt-and-pepper pattern similar to that of anterior (vcc) or posterior (r2) proneural clustéofoweid by the
development, at the 18-somite stage, of zn12-positive differentiated neurons across the 1Z (G, compare with F; brown igiraarisityto
staining). Arrow in F indicates the 1Z, which is labelled in bluehfen5 expression. (Geling et al., 2003). (H) The number of ectopic zn12-
positive neurons (right panel) differentiating across the 1Z in the absence of Her5 activity [G, blue box (calculatedas inl&kninus

black box in F)] is lower than the numbermanl-positive cells (left panel) initially induced across the 1Z at the three-somite stage (Fig. 1C,
blue box). (1,J) Fate of MH cells expressimgnlat the onset of neurogenesis in wild-type embryos (1) and across the 1ZMiifected
embryos (J). Descendants of eargnl-positive cells are revealed by their retention of GFP protein at the 20-somites stage3idnigal:gfp
transgenic line (green staining), while differentiated neurons are positive for the zn12 antigen (red staining). Noterlaytl{gght panels)
that several green cells are negative for zn12 in both cases (green arrows). (KidhFpesitive domain induced across the I1Z in the
absence of Her5 activity is sensitive to lateral inhibition. The number of strogglypositive cells in the 1Z (brackets) at the three-somite
stage, induced by lack of Her5 expression, is reduced upon forced expression of NICD (L, compare with K) and increasedssjmm @xp
DeltaS (M, compare with K). It follows similar dynamics agnlexpression in adjacent anterior (vcc) and posterior (r2) proneural clusters
(arrowheads).

The outcome of lateral inhibition is the reinforcement ofngnl-positive cells at early somitogenesis with the number of
neurogenic gene expression in only a subset of neuronaturons differentiating around the MHB in RPembryos at
precursors, which will commit to differentiation. In agreementJater stages. Although on average 30(#ghlpositive cells
ngnl expression that was induced at the medial 1Z uponvere induced across the medial IZ at the three-somite stage in
removal of Her5 activity displays a salt-and-pepper pattern dfiO"e"2injected embryos (Fig. 1C, blue boxhi=@), only
expression (Fig. 3E). This juxtaposition of strongly and weaklyl4(+2.4) differentiated neurons were detectable in this area at
ngnl-positive cells is similar to that observed in the vcc an®0 somitesr{=4) (Fig. 3G, blue box; Fig. 3H, blue bars). vcc
r2M neurogenic fields and in other proneural clusters of theells expressingignl at the three-somite stage can also be
zebrafish neural plate (Blader et al., 1997; Haddon, 1998taced until 20 somites using the stability of GFP protein in the
Takke et al., 1999). Next, we compared the number of induceeB.4ngnl:gfptransgenic line (Blader et al., 2003). At 20
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somites, differentiated neurons (Fig. 3I, red label) constituttomologuesishaandashb(formerlyzashlazash1p (Allende
only a subset of these GFP-positive cells (green label) in trend Weinberg, 2002) and thetonatrelated geneneurod4
basal midbrain of wild-type embryos. We made a similarpreviouslyzath3andatonal3 (Park et al., 2003; Wang et al.,
observation in the cluster of neurons induced at the MHB bg003). A comparative expression analysis of these proneural
MOhersinjections (Fig. 3J). Thus, only a subset of eady- markers with precisely staged embryos showed that expression
positive cells is driven to neuronal differentiation in the ectopiof ashg ashband neurod4within the MH area was initiated
area of ngnl expression, suggesting that these cells arslightly later thamgnl ashais expressed at the three-somite
subjected to lateral inhibition. stage mostly anterior to the 1Z (Fig. 4A), whereashb

To corroborate this notion further, we monitoradnl  expression lies posterior of the 1Z in the presumptive hindbrain
expression upon the concomitant block of Her5 activity andFig.4C).neurod4flanks the 1Z likengn1(Fig. 4E) (Park et al.,
impairment of Notch-Delta signalling. When M& and  2003; Wang et al., 2003). In striking contrasagm1, we found
NICD RNA were co-injected into one-cell stage embryos, thehat removal of Her5 activity did not cause ectopic expression
level of ngnl expression induced across the medial 1Z waof these genes€20) (Fig. 4B,D,F). Thus, these genes are not
much reduced compared with injections of M®alone (80% involved in the establishment of the ectopic neurogenic field in
of cases,n=21) (compare Fig. 3K,L), and this level was the 1Z of Her5-blocked embryos. It furthermore suggests that
comparable with the downregulated expressiongoflin the  the ectopic activation afgnlby removal of Her5 is a specific

vce and r2 territories (Fig. 3L). Conversely, co-injection ofeffect onngnl

MOhersand RNA encoding Del## led to increased levels of

In Xenopusthe non-basic HLH transcription factor Xcoe2

ngnlexpression across the medial

IZ compared with injection (
MOPers alone (85% of case
n=20) (compare Fig. 3K,M
Again, the intensity ofngnl
expression achieved within t
medial 1Z matched that of mc
anterior and posterior domal
(Fig. 3M). We conclude th
blocking Her5 activity generate:
neurogenic domain at the mec
IZ, in which committed neuron

precursors are selected
Delta/Notch signalling.
Together, the abo

experiments demonstrate t
Her5 acts upstream of Not
signalling, by blocking th
differentiation of a proneural fie
within the medial IZ. Thus, Hel
can be regarded as a prepat
factor that is involved in tr
spatial control of neurogenesis
the anterior neural plate.

The non-basic HLH
transcription factor gene
coe?2 is also target of Herb
activity
We next aimed at determining
targets of Her5 activity i
neurogenesis inhibition. Her5 a
at an early step in the neuroge
cascade; we thus investiga
whether expression of ea
proneural genes other thagnl
were also regulated by Herb.
In addition tongnl at leas
three other related bHLH ger
with putative proneural functic
are expressed in territori
adjacent to the 1Z at the end
gastrulation: the achaete-scul
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Fig. 4.coe2expression, but not that afhg ashbandneurod4 is an additional target of Her5 activity

at the 1Z. Whole-mount in situ hybridisation (except O); dorsal views of the MH area in flat-mounted
embryos at the three-somite stage (A-J,N-R), tail bud (M) or 75% epiboly (K,L); anterior towards the
top; the markers indicated bottom left; red bracket indicates the 1Z. (A-H) Compariasiaff,B),
ashb(C,D), neurod4(zath3in figure) (E,F) and¢oe2(G,H) expression upon loss of Her5 activity
(B,D,F,H) compared with wild-type siblings (A,C,E,@pe2expression is the only target solely
repressed by Her5 across the medial 1Z (H, blue arrow indicagZnduction). (1,J) Comparison of
coe2expression in @zhsp70:herfransgenic embryo (J) compared with non-transgenic sibling (1)
upon heat-shock (hs) of both embryos at late gastrulation. Noteo#2éxpression is repressed upon
ectopicher5expression (weaker staining in J). (K-O) Time-courskeenb andcoe2expressioncoe?2
expression is initiated at 75% epiboly, thus followirag5, across the entire MH area (K, black
bracket). Double staining faoe2andher5at 75% epiboly (L, both in blue) demonstrates that
expression oftoe2andher5are overlapping across the zhe2expression is maintained at the 1Z

until the bud stage (M, blue arrow). Later ong2expression is cleared from the 1Z and becomes
similar tongnl1(see O). (P-Rher5expression at the tail-bud stage in embryos injected with capped
RNA encoding a dominant-negative form of Co¥2qe2\DBD) (Dubois et al., 1998) (Q) compared
with non-injected siblings (P) demonstrates strong downregulatioer6expression when Coe2
activity is impaired. This phenotype is rescued upon coinjection of wildelyp2RNA (R). 1Z,
intervening zone; hs, embryo submitted to a 1 hour heat-shock pulse at late gastrulation; r2M,
presumptive motorneurons of rhombomere 2; tg, presumptive trigeminal ganglia; vcc, ventrocaudal
cluster.
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plays a role in primary neurogenesis downstream ofer5 expression. Together, our results point to a loop of
Neurogenin-related 1 in the stabilisation of a determinedrossregulation where Coe2 initially maintainker5
neuroblast state (Dubois et al.,, 1998). In zebrafisie2 expression, and Her5 in turn cle@me2expression from the
(formerly zcoe2 (Bally-Cuif et al., 1998; Dubois et al., 1998), 1Z at early somitogenesis stages.
expression is initiated beforagnl in the MH territory, .
suggesting that it might play an early role in neurogenesis ifioe2 and ngnl expression are separately targeted
this territory (Blader et al., 1997; Bally-Cuif et al., 1998). Atby Her5 activity
the three-somite stagesoe2 is expressed with a profile BecauseXenopus neurogeninand Xcoe2 expression are
reminiscent ofngnl (Fig. 4G). In striking contrast tashg  functionally linked (Dubois et al., 1998), we wondered whether
ashbandneurod4 we found that injection of M@®™®led to a  the regulation ohgnlandcoe2by Her5 might reflect a linear
strong induction otoe2expression across the medial 1Z (Fig. cascade, where only one of these genes would be a primary
4H) (90% of cases$)=20). In addition, as fongnl(Geling et target of Her5 activity. To address this issue, we first tested
al., 2003), ectopic activation dier5 expression from late whethercoe2expression was responsive to Her5 in the absence
gastrulation onwards (by applying a heat-shock pulse tof Ngn1l functionngnt’- mutants geurod3i1059 (Golling et
pzhsp70:herStransgenic embryos) strongly downregulatedal., 2002) or embryos where Ngnl expression is knocked down
coe2expression in the MH domain (80% of case20) (Fig.  (Cornell and Eisen, 2002; Park et al., 2003) probably represent
41,J). a full loss of Ngn1 activity. They display a severe reduction of
Thus, Her5 activity is crucially involved in the selective cranial ganglia and of the number of spinal sensory neurons,
repression ofignl and coe2 both of which have proneural while spinal motor neurons are less affected (Cornell and
activity and may thus be involved in the establishment of th&isen, 2002; Golling et al., 2002; Park et al., 2003). We found
ectopic neurogenic domain at the 1Z of embryos that lack Herthat coe2expression was severely reduced but not completely
activity. abolished in the MH area at three somites (Fig. 5A,B). Thus,
] . Ngn1l is necessary for the maintenance of high levetoe?
Crossregulatory interactions between  her5 and coe2  expression in this location. Importantly, upon injection of
expression at the 1Z MOPers into one-cell stagegni’- embryos,coe2expression
In contrast tongnl, coe2exhibits an early expression phase,was still induced at the medial 1Z, at levels comparable with
which precedesignlexpression and straddles the whole MHadjacent domains (65% of cases14) (Fig. 5C). Thus, Ngnl
area (Bally-Cuif et al., 1998). These observations prompted wexpression is not required for the ectopic inductiorca#?2
to analyse in more detail a potential connection between Hedgross the medial 1Z in the absence of Her5 activity. Hence,
and Coe2 activities. Precise comparisonhef5 and coe2 ngnlis targeted in parallel by Her5 or acts downstream of
expression on exactly staged embryos showed ftiega®  Coe2.
transcription, detectable from 65-70% epiboly, precede? We tested next wheth@ignlexpression was responsive to
initiated at 75% epiboly in the anterior neural plate over aer5 in the absence of Coe2 function. Embryos injected
broad domain that covers the presumptive mes- and anterisith RNA encoding Xcoe2DBD display downregulated
rhombencephalon (Fig. 4K, black bracket). Until the tail-budexpression ohgnlin the MH area (82% of cases;19) (Fig.
stage, coe2 and her5 expression overlap across the entire5D,E), demonstrating that Coe2 is necessary for the
mediolateral extent of the 1Z (Fig. 4L,M). Themoe2 maintenance of high levels n§nlexpression in this location.
expression is cleared from the 1Z at early somitogenesiBurthermore, upon co-injection ofcoe2ADBD RNA and
(Fig. 4N; schematised in Fig. 40). We tested a possibl&O"eS ngnlwas still induced across the medial 1Z at levels
crossregulation between her5 and coe2 by monitoring hedmparable with those found in the vce and r2M clusters (Fig.
expression in embryos injected with RNA encoding a5F) (85% of cases=20). Thus, Coe2 activity is not necessary
dominant-negative form of Xcoe2, Xca®2BD (Dubois et al., for the induction ofngnlexpression across the medial 1Z in
1998). The XcoeRDBD protein harbours a deletion in its the absence of Her5, and is unlikely to be an intermediate step
DNA-binding domain but has an intact dimerisation domainjn the inhibition ofngnlexpression by Her5 in that location.
and was previously used to inhibit the function of endogenous We conclude from these experiments thghl and coe2
Xcoe2 protein via the formation of non DNA-binding Xcoe2- expression positively crossregulate each other in the MH area
Xcoe2ADBD heterodimers (Dubois et al., 1998). We reasonetio maintain reciprocal high levels of transcription. However,
that the high sequence identity between Xcoe2 and Coe2 HLtHey are also independent targets of Her5 in its repression of
domains (89%) would permit XcoARPBD to act dominant- the formation of a neurogenic domain in the medial 1Z.
negatively on zebrafish Coe2 as well. Indeed, we could show ) )
that injection of Xcoe2ADBD RNA into one-cell stage Inhibition of coeZ or ngnl expression by Her5 is
zebrafish embryos downregulateghlexpression strongly, as Sufficient to prevent neuronal differentiation across
reported for XcoeDBD in XenopugDubois et al., 1998) (see the medial IZ
Fig. 5E) (78% of cases=15). This effect was suppressed by Becausagnlandcoe2are both targets of Her5, we asked next
co-injection ofcoe2RNA (not shown, 75% of casess16), to which extent the inhibition of either gene’'s expression
underscoring its selectivity. Injections #coe2\DBD RNA  contributed to the absence of neuronal differentiation across
inhibited her5 expression at tail-bud stages (Fig. 4P,Q) (73%he medial IZ. In spite of remaining levels aie2expression
of casesn=19), a phenotype also rescued by the co-injectiom ngnt/- mutants (Fig. 5B), we found that the progression of
of coe2RNA (Fig. 4R) (73% of cases=20). Given that the neurogenesis was fully impaired at later stages in these mutants
onset ofcoe2expression in vivo follows$er5 induction, we in the MH area, as revealed by the absencdetiiB (delB)
conclude that Coe2 is necessary for the early maintenance efpression in eight-somite stage embryos (Fig. 3)GaHd of
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Fig. 5.ngnlandcoe2expression are independently inhibited by
Her5, but downregulation of one of these targets is sufficient to
prevent neuronal differentiation at the 1Z. Expressiooaa2(A-C),
ngnl(D-F), delB(G-H'), pax2.1and zn12 (I-N) in wild type
(A,D,G,1,I', L), ngnt’-mutants (B,C,H,HJ,K) or embryos injected
with capped RNA encoding a dominant-negative form of Coe2
(Xcoe2ADBD) (E,F,M,N). Embryos injected with M®™(C,F,K,N)
are compared with non-injected controls. All views (exceft) are
flat-mounted embryos, anterior towards the top, at three somites (A-
F), eight somites (G-Mor 18 somites (I-N). (iK') Lateral views of
the tail area of embryos in I-N, anterior leftwards), K3 high-
magnification views of the areas boxed in G,H, respectively; red
brackets indicate the 1Z. (A-@pe2expression in the vcec and r2 is
lower inngnt’- mutants (B) but still induced at the 1Z in the absence
ngnt WT ngni +Xcoe2ADBD +Xcoe2ADBD of Her5 (C, blue arrow). C is a higher magnification of the 1Z area

g & Sl v compared with A and B. (D-F)gnlexpression is lower in the vce
and r2 when Coe2 activity is reduced, but still induced at the 1Z
(labelled in red byax2.) in the absence of Her5 (F, blue arrow).
(G-H') Progression of neurogenesis, as revealed by the commitment
markerdelB, is fully impaired in the MH area in the absence of Ngnl
(see GH'). This contrasts with the maintenance of neurogenesis in
spinal motorneurons (blue arrows) (Cornell and Eisen, 2002).
(I-K") In ngnt’-mutants (identified by their lack of sensory neurons
in the spinal cord, comparg &' and I, arrows), neuronal
differentiation in the MH, revealed by zn12 immunocytochemistry, is
fully blocked (brown staining and brown arrows in I, white arrows to
the absence of staining in J). In addition, in the absence of Her5,
neuronal differentiation at the 1Z (blpax2.1staining) does not take
place (white arrow in K). (L-N) Neuronal differentiation within the
MH (brown staining and brown arrows in L) is also impaired in the
absence of Coe2 function (white arrows in M), and does not take
place at the 1Z when Her5 activity is blocked (white arrow in N).

necessary for progression of neurogenesis in this area.
Furthermore, absence of Coe2 function prevented neuronal

zn12 zn12 zni2 +MOher5 . .. . . L
pax2.1 WT pax2.1 ngni-/~ pax2.1 ngn1-/- differentiation induced by removing Her5 activity across the
| £, N - medial 1Z (85% of case$=19) (Fig. 5N, compare with Fig.
- 7 3G). Thus, the downregulation obe2expression by Her5 at

o

the medial 1Z, like inhibition ohgnlexpression, is sufficient
to prevent neuronal differentiation in this area.

We conclude that, as botignl and coe2are required for
ectopic neurogenesis at the 1Z, Her5 acts redundantly on these

_ " two genes to prevent neuronal differentiation in this location.
;2:213.1 wr 52;221 +Xc0e2ADBD f;glgj +xg;e'“;‘jgg3 An E-box in the anterior neural plate enhancer of the

ngnl gene is necessary for repression by Her5

We next investigated whether the inhibitiomghlexpression
zn12 immunoreactivity in this location at the 18-somite stagéy Her5 could be tracked down to specific enhancer regions in
(Fig. 51,J). This is in striking contrast to the development othe ngnlupstream sequence. Previous characterisation of the
basal neuronal populations in the spinal cord, which are largelygnllocus demonstrated that an 8.4 kb upstream fragment was
preserved (Fig. 5H, blue arrows) (Cornell and Eisen, 2002kufficient to drive correct reporter expression in neuronal
Thus, Ngnl function is strictly necessary for the progressionlusters of the anterior neural plate and sensory precursors of
of neurogenesis to neuronal commitment and differentiation dhe spinal cord 8.4ngnl:gfp (Blader et al., 2003) (Fig.
basal MH populations. Furthermore, we found that no neuror®A,B). We found that injection of M®into this transgenic
differentiated across the medial 1Z when MOwas injected line induced stronghgfp transcription across the medial 1Z
into ngnT’/~mutants (100% of cases;18) (Fig. 5K, compare (Fig. 6B, blue arrow) (77% of casesz18). Conversely,
with 3G). Thus, the block ohgnl expression by Her5 is ectopic expression of Her5 within this line (obtained by
sufficient to ensure the absence of neuronal differentiationrossing into thepzhsp70:herStransgenic background and
across the medial 1Z. heat-shock at the onset of neurogenesis) severely redfed

In striking parallel, blocking Coe2 function by injection of expression (not shown). Thus, the element(s) of response to
Xcoe2\DBD RNA lead to a dramatic decrease in neuronaHer5 are contained within the 8.4 kb fragment of tigal
differentiation within the MH domain (82% of cases;18) enhancer.

(Fig. 5L,M), identifying Coe2 as another factor crucially The 8.4 fragment contains two elements, the lateral stripe
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Fig. 6. An E-box contained within the ANPE element of tig;n1gene is the major Her5 response elementn@k)ltransgenic reporter lines

(left panel) (Blader et al., 2003) and reporter constructs used in transient assays (right panel) used to locate thieresptsetéers

within thengnlenhancer. (B-H Expression ofifp (revealed by in situ hybridisation, blue staining) aad2.1(red staining, used to located

the 1Z) in the following transgenic lines8.4ngn1:gfp(B,C), -3.4ngn1:gfp(D,E), -3.1ngn1:gfp(F-H') upon injection of MteS(C,E,G-H) or

in non-injected siblings (B,D,F). All panels are flat-mounted embryos, anterior towards the top, at the three-somite (BiE)samaite (F-

H') stages; red brackets indicate the 1Z. Two different embryos are shown for injectiorditliee (G,H); H is a highly magnified view of

the area boxed in H. Note ttgfp expression is strongly induced across the 1Z upon block of Her5 activity #8thhand—3.4lines, in a

manner similar to endogenongnlexpression, but that the response of+4Bd transgene is minor and restricted to a few cells at the ventral
midline. (I-K) Expression offp (blue) andpax2.1(red) in founder embryos injected wit3.3ngn1:gfyl) and—3.2AEboxngnl:gfdJ K, two
different embryos are shown). Both constructs c8nd sites at their extremities and were co-injected with the meganuclease enzyme to
trigger early integration (Thermes et al., 2002). Note the large number of egfippizsitive cells in the entire medial 1Z domain in embryos
expressing the mutated construct without blocking Her5 activity, demonstrating that the E-box located within the ANPEais élemaat
mediatingngnlrepression at the 1Z in vivo. (L-P) Expressiorgéd (blue) andpax2.1(red) in transgenic embryos (lines indicated bottom left).
Uninjected embryos (L,N); embryos injected whigtr5VP16capped RNA (M,0,P). Embryos are observed at the eight-somite (L,M) and one-
somite (N-P) stage. Note thgfip expression ir-3.1ngnl:gfpembryos is unperturbed by Her5VP16 (M), while ectopic expression is evident in
—3.4ngnl:gfeembryos (two examples shown in O,P, blue arrows indicate edfppiositive cells, red arrows indicgt@x2.1lexpression in O).
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element (LSE) driving expression in sensory spinal clustergreventngnl expression across the 1Z, Her5 functions as a
and the anterior neural plate element (ANPE) drivingtranscriptional inhibitor that might either bind directly the
expression in anterior clusters, including the vcc and r2MANPE E-box or inhibit expression of an activator normally
(Blader et al., 2003) (Fig. 6A,B). To determine whether thebinding this site.
Her5 response was confined to one of these elements, we
monitoredgfp expression upon injection of ME?® into the . .
—3.4ngnl:gfp transgenic line (which lacks the LSE but Discussion
maintains the ANPE) and3.1ngnl:gfpline (where both We have here analysed the molecular mechanisms underlying
elements are deleted) (Fig. 6A). Strogip induction across the inhibition of neurogenesis by Her5 at the MHB. We
the medial IZ was observed when Her5 activity was blockedemonstrated that Her5 does not act as a downstream effector
in the—3.4ngnl:gffbackground, in a manner indistinguishable of Notch signalling but rather as a prepattern factor, linking
from that observed ir8.4ngnl:gfptransgenics (Fig. 6D,E) positional cues with the spatial control of proneural gene
(78% of casesp=14). Thus, the response element to HerSexpression, in a manner reminiscentDobsophilaHairy. We
activity is contained within the 3.4 kb of upstreamgnl identified two downstream targets of Her5 in this proaggsl
sequence, thus is excluded from the LSE. By contgdpt, and coe2 and showed that both are crucial for neuronal
expression was only marginally induced in ##1ngnl:gfp differentiation in the MH domain. Finally, we demonstrated
line generally in a few cells that are located close to the ventréhat repression afgnlexpression by Her5 involves an E-box
midline (Fig. 6F-H, blue arrows) (66% of cases:15). We located in the ANPE that was shown previously to dnigel
conclude that thegnltransgene contains partially redundantexpression in the anterior neural plate, including the vcc and
Her5 response elements. The major repressor element resid2ail.
between —3.4 and —3.1 kb upstream ofrigelstart site while o ) ]
a weaker element is located proximal to the ANPE. her5 expression is not a target of Notch signalling at
Remarkably, the ANPE contains a CATGTG sequence (ithe MHB
position —3187 to —3182), which fits the canonical ‘E-box’'Most E(spl) factors act as Notch effectors in cell fate decisions,
(CANNTG). E-boxes are known binding sites for bHLH including the control of somitogenesis and neurogenesis in
proneural factors, and can also be bound by Hairy/E(SpWertebrates (Artavanis-Tsakonas et al., 1999; Davis and Turner,
proteins (Davis and Turner, 2001; Fisher and Caudy, 1998). We001). We found, however, that Her5, although belonging to
thus analysed whether this E-box might be part of théhe E(spl) class and inhibiting neurogenesis, is not a target of
element(s) mediating Her5 repression. To this end, the E-bdXotch signalling and lateral inhibition. Three independent
was replaced by a cluster of point mutations (CATGTG taexperimental findings support this conclusion: blocking or
TCTAGA). The mutation was placed inte8.3ngnl:gfpthat  lowering Notch signalling using either DAPT treatment,
has a 5deletion of 100 bp terminating immediately upstreamnotchladeficient des mutant embryos or overexpression of
of the ANPE (generating construc3.2AEboxngn1:gfp)Fig. Delta® does not perturlher5 expression and does not cause
6A). Both constructs were flanked by the restriction site for thectopic neurogenesis in the 1Z. Moreover, quite in contrast to
meganucleas8ce, and were injected into wild-type embryos what one would expect from a Notch effectoer5expression
together with the meganuclease enzyme. As described was inhibited rather than activated by ectopic activation of
Medaka (Thermes et al., 2002), this procedure favoured eartje Notch pathway in NICD-expressing embryos. Similar
integration of the transgene, leading to the production of vergbservations were previously made foer5 expression in
moderately mosaic embryos that display remarkably lovendodermal progenitors at early gastrulation (Bally-Cuif et al.,
ectopic expression (Fig. 61-K). These embryos are thus suitab2900). These observations suggest that Notch signalling is not
for a founder analysis, and we studied expressigifioghRNA  involved in controllingher5expression at the MHB. Moreover,
at and around the 1Z. Although the non-mutat8d3ngnl:gfp  upon induction of a proneural cluster in place of the IZ (by
construct never gave rise ¢ffp expression across the medial blocking Her5 function), the activation of lateral inhibition did
Iz (Fig. 6l) (100% of casesn=20), we found that most not affecther5 expression in this location (A.G. and L.B.-C.,
embryos injected with —3.3AEboxngnl:gfp displayed unpublished). Thus, the regulation leér5 by ectopic NICD
prominent ectopic expression gfp in this location (67% of does not play a role in the control of MH neurogenesis, and
casesn=18) (Fig. 6J,K), as expected for a negatively actingHer5 does not, in contrast to most other E(spl) factors, act as
element a Notch effector in the control of neurogenesis at the I1Z.
Together, these results suggest that a major element
mediating the active repression pf§nl expression at the Her5 acts as a prepattern factor
medial IZ is the E-box contained within the ANPE. To test byPrepattern factors act at the interface of patterning and
a different experimental approach whether Her5 acts througieurogenesis to control the location and extent of neuronal
the ANPE, we next examined whether it behaved as a represgibifferentiation sites without influencing the overall structure of
or an activator in the E-box-dependent process inhibitgrgl ~ the neural plate/tube. This definition is based on the pre-
expression. To this aim we tested the respons8.dhgnl:gfp patterning systems controlling neurogenesis inCttesophila
and —3.1ngnl:gfpto the fusion protein Her5VP16, which peripheral nervous system (Davis and Turner, 2001; Fisher and
behaves as a dominant activator of Her5 targets (Bally-Cuif eétaudy, 1998). Her5 meets these requirements as its expression
al., 2000). Although—3.1ngnl:gfp failed to respond to is regulated by the embryonic patterning machinery including
Her5VP16 (Fig. 6L,M) (0% of cases:21), we found thagfp ~ Wnt and Fgf signalling at the MHB (Geling et al., 2003;
expression was induced ectopically by Her5VP16 in thdReifers et al., 1998), its activity does not impinge on patterning
—3.4ngnl:gfgine (Fig. 6N-P) (63% of casess53). Thus, to  (Geling et al., 2003), and it controls expression of the proneural
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genengnlandcoe2(Geling et al., 2003) (this paper). To date, interaction affects her5 maintenance rather tharer5
only few factors have been identified in vertebrates that fulfiinduction, and is unlikely to be direct, as we failed to identify
these strict criteria. These include the inhibitors of neurogenestdoe2-binding sites (Dubois and Vincent, 2001) irhex5
Anf, BF1 and Xrx1 in the anterior neural plate, Zic2 and Xiro3enhancer fragment sufficient to recapitulaée5 expression at
in the spinal cord, and Hesl in the mouse olfactory epitheliurall stages (Tallafuss and Bally-Cuif, 2003).
(for reviews, see Bally-Cuif and Hammerschmidt, 2003; Sasai, )
1998), as well as some positive factors, such as Irol and Irdfolecular mode of Her5 action
in Xenopusand zebrafish (Cavodeassi et al., 2001; de la CalléA/e demonstrate that a number of early proneural geisés (
Mustienes et al., 2002; Itoh et al., 2002) and FIh/Notl in thashlh neurod4 ngnl and coe?d are expressed in domains
zebrafish epiphysis (Cau and Wilson, 2003). All these factorfanking the 1Z, but that Her5 selectively inhibits expression of
control primarily expression of proneural genes rather than thenly two of them,ngnl and coe2 These two genes are
patterning machinery. Moreover, like for Her5, their activity probably independent targets of Her5 repression. This is
was in some cases directly shown to be independent sfirprising given that Ngnl and Coe2, possibly because of their
lateral inhibition (Bellefroid et al., 1998; Bourguignon et al., positive crossregulation, appear to play identical roles:
1998; Andreazzoli et al., 2003). As previously mentioneddlocking expression of either one of these genes is sufficient
(Andreazzoli et al., 2003), these observations suggest thtd prevent neurogenesis in the 1Z. Several interpretations might
independence of Notch signalling is a common theme ddiccount for the regulation of botignl and coe2 by Her5.
inhibitory prepatterning in the vertebrate neural plate. Given the crucial importance of the 1Z in maintaining a pool
The mode of action of prepatterning inhibitors at theof progenitors at the MHB, which is necessary both for the
molecular level remains mostly hypothetical. Our resultanaintenance of MHB integrity (Geling et al., 2003; Hirata et
demonstrate that Her5 acts by blocking expression of thal., 2001) and for MH growth (Cowan and Finger, 1982), it is
proneural genesgnlandcoe2and preventing the specification possible that this dual inhibitory mechanism has been
of a neurogenic cluster at the level of the MHB, therebyevolutionarily selected to efficiently prevent neurogenesis at
generating the neuron-free 1Z. Removal of Her5 activitythe MHB. In addition, it is possible that Ngn1l and Coe2 control
creates a neurogenic domain at the medial 1Z that is sensitie¢her and distinct processes in addition to neurogenesis. We
to Notch/Delta signalling, and where lateral inhibition operateslemonstrated previously that Her5 is also necessary to enhance
to select and commit progenitors within a pool of precursorsell proliferation in the medial 1Z, independently of its
A similar activity was reported for mouse Hes1 in the olfactorysuppression ohgnl expression (Geling et al., 2003). Coe2
neuroepithelium (Cau et al., 2000). Our data suggest thatightimpinge on the control of proliferation. In addition, other
inhibitory prepatterning in vertebrates might, at least in partgellular processes could be regulated by Coe factors, such as
function by restricting the size of proneural fields withinneuronal specification, differentiation, migration and axonal
neurogenesis-competent areas of the neuroepithelium. Tipathfinding (Dubois and Vincent, 2001).
major response element to Her5 is an E-box located in the At the molecular level, several mechanisms appear to be
ANPE of thengnl upstream region, which is the principal used by Hairy/E(spl) factors to restrict neurogenesis. These
enhancer drivingignlexpression in anterior proneural clustersinclude direct binding to the enhancer and transcriptional
of the vcc and r2 (Blader et al., 2003). These results suggashibition of proneural target genes, competition with activator
that MH neuronal precursors belong to a single proneurdiHLH proteins for the same DNA-binding sites, and functional
cluster within whiclngnlexpression is locally repressed at theinhibition by the formation of inactive heterodimers with
MHB to generate the 1Z. A very similar situation has beemproneural factors (Davis and Turner, 20@josophilaHairy
reported for the control efchaeten Drosophilg where Hairy  acts by direct binding and repression of #thaeteenhancer
binds an element located close to the enhancer diahgete  (Ohsako et al., 1994; Van Doren et al., 1994). Her5 acts at a
expression in the notum (Ohsako et al., 1994; Van Doren et aliery early stage on the expressiomgfilandcoe2 suggesting
1994). Hairy and Her5, however, diverge in two respects. Firsthat its main early activity at the 1Z is transcriptional inhibition
Hairy establishes the distinction between non-neural andf these targets. Whether the action of Hermgnlandcoe2
neural ectoderm within the fly notum, while Her5, like mouseexpression is direct, however, remains to be shown. The
Hesl, controls neurogenesis within an already neuralise@gulatory regions controllingoe2expression have not been
tissue. Second, Her5 belongs in sequence to the E(spl), rattodraracterised. Our analysis of thgnlenhancer identifies an
than the Hairy, subclass, suggesting that the distinction madebox within the ANPE domain as the major element
in Drosophila between E(spl) and Hairy functions (Notch mediating transcriptional inhibition afgnlat the medial 1Z.
effectors versus Notch-independent prepatterning inhibitor#lthough E(spl) factors are generally considered to bind N
respectively) has not been conserved during evolution (Fishéoxes with higher affinity in vitro, interaction with E-boxes has
and Caudy, 1998). also been reported (Davis and Turner, 2001). It is thus possible
The factors that control the local induction &kr5 that Her5 binds to this element and directly inhibignl
expression remain to be defined. Spg/Pou?2 is required for thanscription. Chromatin immunoprecipitation experiments
specification of a large portion of the anterior neural plate thatill be required to resolve this issue. In addition, we observed
includes thener5domain but also the entire hindbrain (Belting that the proximal region of thegnlupstream sequence (3.1
et al., 2001; Burgess et al., 2002; Hauptmann et al., 2002; Rekb) also exhibits a moderate response to Her5 activity,
and Brand, 2002). MH factors such as Pax2.1, Eng2/3 and Fgf8stricted to the ventral midline of the 1Z. A repetition of two
are only necessary fdner5 maintenance (Lun and Brand, N boxes is present in positions —235/-230 and —225/-220
1998; Reifers et al., 1998; Scholpp and Brand, 2001). Finallgpstream of thagnltranslation start site (C.P., P. Blader and
her5 expression is transiently controlled by Coe2, but thidJ.S., unpublished), which might be involved in this regulation.
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Proneural field (vcc) Intervening Zone Fig. 7.Model for the establishment
of the MH neurogenesis pattern. The

- entire MH territory is competent to
Positional become a proneural cluster. Within
------------- oo information this domain (left), the activities of

Ngnl and Coe2, their positive
crossregulation of expression and

Delta — 1+ »  Notch their sensitivity to the lateral
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! P ! Her5 inhibition machinery are crucial
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! b | (ANPEE-box) neuronal differentiation. At the
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. - > X _ MHB, however, Her5 exerts an early
: E(sp) Do Coe2 % Ngnl ! Coe? o —  Nonl inhibition on the expression afgnl
! l Lo | ¢ andcoe2 preventing the
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R S : d@,—;@on panel). As a result, neurogenesis is
spatially restricted to the vcc and r2
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However, our results with the —3.3 kb fragment suggest thategulation of their expression, and a parallel activity of these
in the presence of the ANPE, these elements do not playfactors rather than their action in a linear cascade. It is possible
major role. The 3.1 kb fragment is also capable of drivinghat the crossregulation a@fgnl and coe2 expression helps
reporter expression that excludes the 1Z, but it is initiated witlstabilise the committed state of neuronal progenitors, as
a delay within the vcc and r2M (Blader et al., 2003). Thusgdescribed foiXenopusXcoe2 (Dubois et al., 1998).

elements contained within this fragment might be involved in Together, our results lead to a model for the spatial control
controlling ngnl expression in the MH domain and its of MH neurogenesis (Fig. 7). In this procesgnlandcoe2
repression from the ventral midline of the IZ at a later, possiblgxpression are crucial elements that permit neurogenesis

maintenance stage. throughout the MH, which is initially identified as a single
territory competent to form neurons. At the MHigynland

Neurogenesis in the MH area requires Ngn1 and coe2 expression are the targets of Her5 inhibition. This

Coe2 inhibition prevents the specification of a proneural cluster in

We demonstrate here that both Ngnl and Coe2 functions atfeis location and permits the generation of the I1Z.

necessary for the progression of neurogenesis and for the early

events of neuronal differentiation in the MH domain. Blocking We are especially grateful to J. A. Campos-Ortega for discussions
Coe2 activity downregulatesgnl expression throughout the during this work. We aiso thank V. Korzh, M. Wassef and W. Wurst
neural plate (A.G. and L.B-C., unpublished), suggesting fpr their critical reading of the manuscript; A. Folchert, B. Tannhauser
requirement for Coe2 in all primary neurons. The absence d Stephanie Topp for expert technical assistance; and D. Biellmann,

. - . . . Vialle and the GSF fish facility staff for expert fish care. We
ngnl function preventsdelB expression in the anterior knowledge B. AppeldelA delB), M. Brand pax2.), J. A.

proneural clusters, including the presumptive motorneurons @ampos-Ortega hers, notch1d, L. Dubois and A. Vincent
rhombomeres 2 and 4, and the vcc, and is also necessary {REoe2sDBD), T. Jowett krox20), and E. Weinbergaghla ashil)
neuronal differentiation of vcc derivatives, which comprise afor gifts of probes and constructs; V. Korzh for providing #tie3
least the first differentiating populations of the reticulospinatDNA prior to publication and for advice on anterior hindbrain
nMLF neurons (Easter et al., 1994; Wilson et al., 1990). Thig)eurons; N. Hopkins for theeurod31959mutant line; and S. Holley
together with previous reports, indicates a strict requiremeri@r providingdesembryos. DAPT was a gift of Boehringer Ingelheim
for Ngn1 in spinal sensory neurons (Cornell and Eisen, 200fharma KG. The monoclonal antibody znl2 developed by B.
Golling et al.,, 2002) and the MH area (this paper) of the révarow was obtained from the Developmental Studies Hybridoma
embryonic zebrafish CNS. By contrast, Ngnl is not essenti ank maintained by the University of lowa, Department of Biological

f i dint d | tin the trunk and spi ciences, lowa City, IA 52242. Work in L.B-C.’s laboratory is
or motor- and interneuron development in the trunk and sping pported by a VolkswagenStiftung ‘junior research group’ grant and

cord (Cornell and Eisen, 2002; Golling et al., 2002; Park et alprg grant BA2024/2-1. Work in U.S.’s laboratory was supported by
2003), and for epiphysial neurons (Cau and Wilson, 2003)NSERM, CNRS, HUS, ARC, AFM, VW Stiftung and AICR, ACI.
Differential requirements for Ngn in CNS neuronal

differentiation was also observed in other vertebrates, a typical

example being the complementary requirements for Ngn2 argt

Mash1 in the mouse embryonic neural tube (see Bertrand &eferences

al., 2002). Other bHLH factors, such as Achaete-scute or Oligylende, M. L. and Weinberg, E. S.(1994). The expression pattern of two
may pIay redundant or prominent roles in neurogenic areas tha%ebraflsh achaete-scute homolog (ash) genes is altered in the embryonic

- g . . rain of the cyclops mutariRev. Biol 166, 509-530.
differentiate norma”y |mgn1—def|0|ent embryos. . Andreazzoli, M., Gestri, G., Cremisi, F., Casarosa, S., Dawid, I. B. and

Our results point to synergistic roles of Ngnl and Coe2 in garsacchi, G. (2003). Xrx1 controls proliferation and neurogenesis in
MH neurogenesis, possibly reflecting the positive cross- Xenopus anterior neural pla@evelopment 30, 5143-5154.
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