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SUMMARY

The midbrain-hindbrain (MH) domain of the vertebrate zebrafish Cdk inhibitor p27Xicl, Finally, although the her5
embryonic neural plate displays a stereotypical profile of expression domain is determined by anteroposterior
neuronal differentiation, organized around a neuron-free  patterning cues, we show Her5 does not retroactively
zone (‘intervening zone’, 1Z) at the midbrain-hindbrain influence MH patterning. Together, our results highlight
boundary (MHB). The mechanisms establishing this early the existence of a mechanism that actively inhibits
pattern of neurogenesis are unknown. We demonstrate that neurogenesis at the MHB, a process that shapes MH
the MHB is globally refractory to neurogenesis, and that neurogenesis into a pattern of separate neuronal clusters
forced neurogenesis in this area interferes with the and might ultimately be necessary to maintain MHB
continued expression of genes defining MHB identity. We integrity. Her5 appears as a partially redundant
further show that expression of the zebrafish bHLH component of this inhibitory process that helps translate
Hairy/E(spl)-related factor Her5 prefigures and then early axial patterning information into a distinct
precisely delineates the 1Z throughout embryonic spatiotemporal pattern of neurogenesis and cell
development. Using morpholino knock-down and proliferation within the MH domain.

conditional gain-of-function assays, we demonstrate that

Her5 is essential to prevent neuronal differentiation and ey words: Zebrafish, Midbrain-hindbrain boundary, MHB,
promote cell proliferation in a medial compartment of the  Neurogenesis, Her5, bHLH, E(spl), Hairy, Proliferation, Cyclin-

IZ. We identify one probable target of this activity, the  dependent kinase inhibitor, p27

INTRODUCTION 1996; Ma et al., 1996; Blader et al., 1997) confirmed these
pioneering studies. These findings demonstrate that the early
A conspicuous feature of the vertebrate embryonic CNS is thgattern of neuronal differentiation is established following a
absence of a homogeneous gradient of neurogenesis acrosshighly similar and stereotypical spatiotemporal sequence in all
neural tube, young post-mitotic neuroblasts arise at discretertebrates, suggesting that it responds to precise and shared
patches of the neuroepithelium in a disjoined spatiotemporglatterning cues. How positional identity information and the
pattern. Among the first neurons to differentiate in all speciesnset of neurogenesis versus proliferation are integrated in
is a basal cluster located at the diencephalic-mesencephaliertebrates is, however, not fully understood.
junction, which projects growth cones caudally to pioneer the A crucial and extensively studied domain of the anterior
medial longitudinal fascicle (MLF) (Puelles et al., 1987;neural plate is the midbrain-hindbrain (MH), which contains at
Chitnis and Kuwada, 1990; Metcalfe et al., 1990; Wilson et althe MH boundary (MHB) the isthmic organizer, a critical
1990; Ross et al., 1992; Easter et al., 1994; Mastick and Eastexgulator of MH growth and patterning (Martinez, 2001; Rhinn
1996). This neuronal group is known as the ventrocaudand Brand, 2001; Wurst and Bally-Cuif, 2001). Strikingly, the
cluster (vcc) or nucleus of the MLF (nMLF). Concomitantly MH is also characterized by a distinct pattern of neurogenesis
in the hindbrain, motorneurons become identifiable in that early stages: mesencephalic and anterior rhombencephalic
center of each even-numbered rhombomere (Lumsden améurons are separated by a neuron-free, transverse stripe of
Keynes, 1989). Molecular markers such as the Atonal-likelelayed differentiation (hereafter referred to as ‘intervening
bHLH transcription factors neurogenins (Gradwohl et al.zone’, 1Z), precisely located at the level of the MHB. In the
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zebrafish, the 1Z is identifiable from the onset of neurogenesiagcessary, together with Hes3, for maintaining a neuron-free
when it separates two of the earliest neuronal clusters, the veone at the MHB at a relatively late stage (E10.5) in the mouse
and the presumptive motorneurons of rhombomere 2 (r2ZMNembryo (Hirata et al., 2001). However these genes did not have
The 1Z is conspicuous during neurogenesis of all vertebratean early role in the establishment of the neuron-free zone.
examined (see Palmgren, 1921; Bally-Cuif et al., 1993)Thus, globally, the inhibitory processes regulating
According to classical neuroanatomical studies (Vaage, 1968gurogenesis in the vertebrate neural plate remain poorly
Vaage, 1973), it corresponds in the chick to a caudainderstood.
‘mesomere’ which initially encompasses half the midbrain but Using manipulated and mutant contexts in zebrafish, we first
upon regression during development forms a narrow, neuroglemonstrate that the establishment of the neuron-free zone (12)
free stripe at the junction with the first rhombomere. Lineagat the MHB is crucial to the maintenance of MHB integrity.
analysis in the zebrafish (A.T. and L.B.-C., unpublished)Ve next report that expression of the zebraffistiry/E(spl)-
demonstrate that this is a dynamic process where the like geneher5at late gastrulation precisely prefigures the 1Z,
progressively contributes cells to adjacent territories upon cedleparating the vce from r2MN. By combining knock-down and
divisions. The zebrafish 1Z also maintains a large populationonditional gain of Her5 function in zebrafish transgenics, we
of proliferating cells at larval stages, long past the time whedemonstrate that Her5 is essential in vivo for inhibiting
proliferation has ceased in adjacent neural domainseurogenesis and increasing cell proliferation in a medial
(Wullimann and Knipp, 2000). As such, the 1Z has beerdomain of the IZ, without influencing other aspects of MH
proposed to play a crucial role in permitting the growth angbatterning. Our results demonstrate that Her5 is part of a key
regionalization of MH structures over a long period (Tallaful¥egulatory process that links early axial patterning mechanisms
and Bally-Cuif, 2002). Understanding its formation is thus arto the spatial pattern of neurogenesis and cell proliferation
important issue. within the vertebrate anterior neural plate.
Several factors have been identified that positively define

equy neurogenesis competence domains and prpneurql C.'““f%iTERIALS AND METHODS
within the embryonic neural plate. Neuronal differentiation-
promoting factors include members of the Achate-Scutesq afish strains
?;%T}Ii:.GA' andd ngu(;)lslglgrgl.llecs (A(leilende_ andl Vggglpelgg’wnd-type embryos were obtained from natural spawning of AB

» Fisher an audy, ; Cavodeassi et al., V1, Da ults, and raised according to Kimmel et al. (Kimmel et al., 1995).
and Turner, 2001). Neuroblasts that engage into thReadless(hdl) embryos were obtained by pair-wise mating of
differentiation process are then selected following similaheterozygous adult carriers, as described previously (Kim et al.,
genetic cascades to those originally defineBiimsophila In 2000).
the zebrafish neurectoderm for example, Neurogeninl (Ngnl) o
(Blader et al., 1997; Korzh et al., 1998) drives the expressiofSP-hers transgenic lines
of Deltahomologuesielta A (delAanddelta D(Dornseifer et To constructhsp-her5(Fig. 2D), the published coding sequence of
al., 1997; Appel and Eisen, 1998; Haddon et al., 1988p her5 (Mdller et al., 1996) flanked by thé &nd 3 UTR of Xenopus

; globin was extracted fronpXT7hersA3' (Bally-Cuif et al., 2000)
delD and ngnl transcripts are expressed by engaged buﬁd cloned downstream pzhsp7QqShoji et al., 1996) in pBluescript

probably still proliferating neuronal precursors. Delta ther@K(ﬂ. Wild-typeher5 encodes 9 additional N-terminal amino acids

actlvate.s Notch in its neighboring cells, an II"lhI'bItOI’y Fig. 2D) (A.T. and L. B-C., unpublished) but both proteins are intact
interaction that allows only a subset of precursors within eacly thejr bHLH and further C-terminal sequence. Trep-34glob-

proneuronal cluster to become neurons. The selected neuroRals-3aglobinsert (2.5 kb) was extracted from the vector backbone
precursors exit the cell cycle and begin expressing genes Sma + Apa digestion, resuspended in water and injected at 50
characteristic of differentiating neurons, suchdal3, zcoe?2  ngjul into freshly laid AB embryos. Injected embryos were raised to
neuroD transcripts and Hu proteins, expressed by committedexual maturity and pair-wise crossed to AB fish. DNA was extracted
and no longer proliferating cells (Bally-Cuif et al., 1998;from pools of 1- to 2-day-old embryos by incubating for 3 hours at
Haddon et al, 1998; Korzh et al., 1998; Mueller and®0°C in25Qul lysis buffer (10 mM Tris-HCI pH 8.3, 1.5 mM Mgl

Wullimann, 2002). 50 mM KCI, 3% Tween-20, 3% NP40; 1.5 mg/ml proteinase K). The

- . . amples, complemented with 780H20, were heated at 95°C for 10
While a broad network of genes that positively InStrUCtsrsninutes and PCR reactions were carried out using an upstream primer

where neurons differentiate has been identified in vertebrates, . "o zebrafisthsp70promoter sequence '(ETGGACTGCCT-
mechanisms that define where neurons are not permitted j\@cTTCATCT 3) and a downstream primer within theer5
form remain less studied. To date, Hairy/Enhancer of splidequence her5#2 5 TTTCTCCATGAGAGGCTTGG 3 that
[E(spl)]-like proteins (Davis and Turner, 2001) such asyielded a 900 bp PCR product. For genomic DNA control the
XenopusESR6e (Chalmers et al., 2002), addnopuszZic2  following primers were used, which amplified the endoger@us
(Brewster et al., 1998), have been identified as inhibitors bi@DNA (her5#68 5 AGTTCTTGGCACTCAAGCTCAA 3 and
the role of their homologs during neural plate development iRerS#4AP 5 GCTCTCCAAAGACTGAAAAGAC 3). PCR was

other species remain unexplored.Dmosophila Hairy has a pgrformed with 5ul of the diluted genqmic DNA in¥ PCR buffer
prominent role in inhibiting neurogenesis. Unlike most¥ith 2.5 MM MgCh, 2.5 mM of each primer and 0.2 mM dNTPs, for
transcription factors encoded by the E(spl) Complex, Hairy i 5 cycles at an annealing temperature of 56°C. Carrier GO fish were

. - : . e-crossed to wild-type fish to test for expression of the transgene
a Hairy/E(spl) transcription factor that is not driven by NOtChu on heat-shock: the resulting embryos were submitted to a 1-hour

activation, rather it acts as a prepattern gene to define domaifigyi-shock pulse before the 24 hpf stage and tested in whole-mount
in the notum where sensory bristles are not permitted tgsing situ hybridisation for ubiquitouser expression. GO carriers
differentiate (Fischer and Caudy, 1998; Davis and Turnetransmitting induciblensp-her5were then crossed to wild-type fish
2001). A related Hairy/E(spl) factor, Hes1, was shown to band the i generation was raised; Earriers were identified by PCR
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on tail genomic DNA. From more than 100 injected embryos, thé1887574 (forward primer:'SCAAGCATCT GGAGCGTCATGTTG
integration rate in the GO generation was 15%, of which 5098'; reverse primer: '5STAACGGCGTTCATCCTGCTCCG 3. PCR
transmitted the transgene to their progeny. The transgene wasoducts were subcloned and sequenced according to standard
inducible in a ubiquitous fashion upon heat-shock in 50% of thesprotocols. EST fx62e01.y1 was obtained from the rzpd (Berlin). All

families. subclones were used for the generation of in situ hybridization probes
] ) ) ) following standard procedures. Sequence analyses revealed that the
Heat-shock induction and time course experiments three clones encode CDI domain-containing proteins, characteristic of

50-100 embryos originating from a cross betwean 2 or R Cdk inhibitors. The CDI domains of BI887574 and fx62e01.yl1 are
heterozygote carriers (to generate both wild-type and transgen&0% identical to each other and most related to thaXesfopus
embryos within each pool) were immersed in a 38°C water bath fqu27¥IC1 (53-56% identity). They are equally distant from the CDI
1-2 hours from 80% epiboly to the 3-somite stage. The embryos weddmain of AF398516 (45% identity). The CDI domain of AF398516
then fixed in 4% PFA or further incubated at the normal temperatuns itself is more related to that of mammalian 2% (56-59%

of 28°C before being processed for analysis. All embryos weréentity) than toXenopusp27XICl (46% identity). Based on these
processed together in blind experiments, the transgenic embryos beifigdings, and on the fact that BI887574 is expressed earlier than
identified a posteriori usindier5 in situ hybridization or PCR x62e01.y1 (see text), we re-named BI887574 zebrafish P21,
genotyping as described above. The amount of transgerscdlRNA o

in the time-course experiment on Fig. 3C was estimated as followéyphidicolin treatments

following heat-shock, embryos were fixed every 0.5 hour lee1d Embryos were incubated for 2 hours (from 70% epiboly to the 3-
expression was revealed by whole-mount in situ hybridization usingomite stage) [compared to an estimated 4-hour cell cycle length at
the fluorescent Fast-Red substrate. All embryos were processedthis stage in the neural plate (Kimmel et al., 1994)] in embryo medium
parallel and the color reaction was stopped at the same timeontaining 1 or 10ug/ml aphidicolin (Sigma A-9914) at 28.5°C
Fluorescence intensities were compared using the linear amplificatigMarheineke and Hyrien, 2001). The embryos were then washed in
system of a 3CCD Color Video Camera (Sony MC3255) and thembryo medium, fixed and processed for in situ hybridization and
Axiovision Software (Carl Zeiss GmbH). immunodetection.

Antisense experiments
Morpholino antisense oligonucleotides (MOs) were purchased frorRESULTS
Gene-Tools, Inc. (Oregon, USA). MOs were dissolved to a stock

concentration of 2 mM in O and injected into 1-cell stage embryos The 1Z displays distinct mediolateral restriction to

at 1 or 2 mM. Sequences were as follows (see also Fig. 2D¥: MO : e
5 CCTTCTCATGTCTTTTTGCTCCATT 3 MOhe's 5 TTGGTT.  eurogenesis, and results from active inhibition of

CGCTCATTTTGTGTATTCC 3 Both MOs were tested for their €uronal differentiation at the MHB o .
blocking efficiency by injection into a transgenic liner5SPAC-GFP  In the zebrafish embryo, the IZ can be visualized as a gap in
(A.T. and L.B.-C., unpublished) which carries an in-frame fusion othe expression of markers identifying the first proneural
Her5 and GFP'3o the basic domain of Her5 (thus where endogenouglusters and differentiating neurons. At the tail-bud stage,
her5 ATG is used) and more than 40 kb of upstream regulatorghortly after the onset aignl expression, the 1Z is clearly
sequences; this line faithfully reproduces endogendesS  yjsiple as a V-shapedgnlnegative area of 6-8 rows of cells
expression. In this line, M@ fully inhibited the expression of GFP, that separates the vcc from the early motor neurons of r2
demonstrating that, in the conditions used, this MO fully blocks th . .
translation of endogenousers In the same context, MDwas ?rZMN) (Fig. 1A). L.aterally, in the future alar plate, the IZ.
P : ; abuts the presumptive early sensory neurons of r2 (r2S) (Fig.
inefficient at blocking GFP expression. . . .
1A). This area roughly corresponds to the domain expressing
RNA injections pax2.1(red in Fig. 1A), which covers most of the presumptive
Capped RNAs were synthesized using Ambion mMessage mMachifdH territory at that stage (Lun and Brand, 1998; Picker et al.,
kits following the recommended procedure. RNAs were injected a2002). By 24 hours post-fertilization (hpf), the IZ appears as a
the following concentrations: 25 ng/(low dose) or 125 ngi (high  stripe of 3-6 cells wide between neuronal precursors of the
dose)ngnl(Blader et al., 1997), with or withouis-lacZ(40 nglll) ~ pasal midbrain and rostral hindbrain (Fig. 1B, bracket). It

as lineage tracer. encompasses the domain of expressiopax2.1(Fig. 1C),
In situ hybridization and immunohistochemistry V\{[nEZZarr]]dfengl(not shown), which have narrowed to the MHB
Probe synthesis, in situ hybridization and immunohistochemistry wer% pr.

carried out as previously described (Hammerschmidt et al., 1996). The Absence of neurons in the MHB domal_n might reflect the
following antibodies were used: mouse anti-myc (Sigma M 5546}0cal absence of proneural gene expression at or around the

(dilution 1:1000), rabbit an-galactosidase (Cappel 55976) (dilution MH junction, the presence of intrinsic or extrinsic cues that
1:4000), rabbit anti-phosphohistone H3 (Upstate Biotechnology, ndictively inhibit proneural function in that location, or both. To
06-570) (dilution 1:200), mouse anti-HNK1 (DSHB Zn12) (dilution discriminate between these possibilities, we determined how
1:500), mouse anti-human neuronal protein HUC/HuD (MoBiTec Athe MH domain responds to ectopic expression of the proneural
21271) (dilution 1:300). Secondary antibodies HRP-conjugated gogjenengn1 within the 1Z. One-celled wild-type embryos were
anti-mous.e or goat anti-rabbit antibod_y.(Jackson ImmunoResearq jected with capped mRNA encoding Ngn1, and probed at the
;_alllboraton?s) gulu(:ed t? 1:2|00' The staining was revealed with DABgj|_pq stage fodelAexpression to reveal induction of Ngn1-
oflowing standard protocols. responsive genes (Fig. 1D-F). A dosengh1(25 pg) that was
Cloning of zebrafish ~ Cdk inhibitor-encoding cDNAs _sufficient to trigger n_euroger_]esis throu_ghout the neural plate
Random-primed cDNA prepared from 15-somite AB zebrafish RnAnduceddelA expression within the medial part of the I1Z, but
was amplified using oligonucleotides directed against cDNANOt in the lateral or dorsal IZ (88%s17) (Fig. 1D,E).delA
AF398516 (forward primer:'STCCGCTTGTCTAATGGCAGCC 3  expression was effectively induced within the presumptive
reverse primer: '5SCACTTCATCCACACAGATGTGC 3), and EST lateral and dorsal parts of the 1Z only upon injection of higher
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Fig. 1. The intervening zone (1Z) displays
intrinsic mediolateral differences and is shap
by antagonistic activities from neurogenesis-
promoting signals and the IsO. Whole-mount
situ hybridization at the 3-somite stage (A,D-
F,K,L) (dorsal views, anterior to the top) and
hours post-fertilization (hpf) (B,C,G-J) (sagitt
views, anterior to the left) with the markers
indicated (bottom left, color-coded).

(A-C) Intervening zone (1Z) location in wild-
type (wt) embryos. At the 3-somite stage, the
separates the ventro-caudal cluster (vcc) frol
the r2 motor (r2MN) and sensory neurons (rz
and encompasses most of the MH primordiu
as revealed bgax2.lexpression. By 24 hpf, tt
I1Z (bracket in B,C) has narrowed to a stripe ¢
the MHB. (D-F) Intrinsic differences between
the neurogenic capacities of lateral versus
medial domains of the 1Z. Upon injection of Z
pgngnlmRNA at the 1-cell stagegnl-inj E),
ectopic neurogenesis is induced within the i W
neural plate outside proneural clusters (arrov J 2 E

in E) including the basal domain of the 1Z P \
(bracket), while the 1Z remains neurons-free & :
lateral regions. 125 pggn1(F) are necessary ‘ e *
force neurogenesis within the 1Z alar domain 1z .

(arrow in F; location of the 1Z in F is indicatec  pax2.1 g, wntt nani-inj ngnt g_‘g! hdl

by the bracket). This phenotype is correlated )

with the loss of expression of the MH markpex2.1landwntlat 24 hpf (G-J, red arrows). Note that the profilpa{2.1andwntlexpression

is otherwise unaltereghéx2.1 optic chiasm, hindbrain interneurons: G,H, black arrewgl midbrain dorsal midline, rhombic lips: 1,J, black
arrows). (K,L) The anterior-to-posterior extent of the 1Z correlates with IsO activity, and is enlargidintants, which overactivate Wnt
signaling (L compared with K, bracket). Scale bars: 0.1 mm. 1Z, intervening zone; vcc, ventrocaudal cluster; r2MN, rhombomere 2
motorneurons; r4MN, rhombomere 4 motorneurons; r2S, rhombomere 2 sensory raglfodglta A ngnl, neurogenin 1

ngnldoses (125 pg) (Fig. 1F). Even in this case, ectdgi& genes that define MHB identity (Kim et al., 2000). We
remained mosaic rather than ubiquitous and the I1Z could stiibserved that this phenotype correlates with an expansion of
be distinguished (77%=22) (Fig. 1F, bracket). Similar results the ngnlfree domain in the MH (Fig. 1K,L).
were obtained when probing for the expression of the neuronal Together, these results suggest that 1Z formation depends on
differentiation markerhuC (n=42, data not shown). Thus, the combination of two antagonistic cues: positive neuronal
although the 1Z is globally non-neurogenic in vivo, theredifferentiation signals, and an opposite inhibitory activity that
appears to be intrinsic mediolateral differences in thés spatially associated with the isthmic organizer. In addition,
mediation of its non-neurogenic character within this domainthey demonstrate that suppression of neurogenesis at the MHB
In particular, the lack of expression of neuronal determinatiois crucial to the maintenance of MHB integrity.
factors such as Ngnl in the basal 1Z domain might solely _ o
account for this region remaining neuron-free, while additionaf’er5 expression at the onset of neurogenesis is
intrinsic or extrinsic blocks acting downstream or in parallel tgsufficient to prevent neurogenesis around the MHB
Ngn1 activity are likely involved within the lateral and dorsalThe above results suggest that factors expressed at the MHB
IZ domains. in response to early anteroposterior patterning cues may
Because the IZ develops at the MHB, we explored whetheactively contribute to the local suppression of neurogenesis.
and to what extent 1Z formation relates to and/or is requiredsmong those factors, Her5 appeared to be a good candidate to
for isthmic organizer activity. We observed that ectopicencode the anti-neurogenic influence spatially associated with
expression ofignldoes not generally impair the establishmentthe MHB. First, it is the earliest selective marker of the MH
of MH identity (as revealed byeng2 her5 or pax2.1 domain, and its expression precedes the onset of neurogenesis
expression) at early somitogenesis stages (not shown). At ZKllller et al., 1996; Bally-Cuif et al., 2000). Second, it belongs
hpf however, the expression of MHB markers suchwr@dand to the Hairy/E(spl) family of bHLH transcription factors,
pax2.1was abolished upon injection o§nImRNA (Fig. 1G-  which generally orient cell fate decisions during development
J). Thus forced neurogenesis within the 1Z eventuall(Kageyama et al., 1997; Fisher and Caudy, 1998; Guillemot,
interfered with maintenance of genes that define MHB identity1999). In support of our hypothesis, we found that5
suggesting that inhibition of Ngnl expression and functiorexpression faithfully outlines the 1Z from the onset of
may be necessary to maintain MHB identity and/or continuedeurogenesis at late gastrulation (Fig. 2A) until at least 24 hpf
function of the isthmic organizer. (compare Fig. 2B and C).
headlesghdl) mutants, characterized by reduced repression To examine the potential role of Her5 in IZ formation, we
of Wnt target genes by Tcf3, have expanded expression €ifst used a gain-of-function approach. Ectopic expression of
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Fig. 2.Her5 as a candidate to control |
formation. (A-C) Whole-mount in situ
hybridization at the 3-somite stage (A,
dorsal view, anterior to the top) and at
hpf (B,C, sagittal views, anterior to the
left) with the markers indicated (bottor
left, color-coded in A). Note thter5
expression in wild-type embryos
delineates the I1Z (bracket) from the or
of neurogenesis (A) until at least 24 h|
(1Z identified by the gap imcoe2
staining in B). (D) Structures of the wil
type and mutant forms dier5cDNA
and their encoded proteins used for
functional assays. Top: full-lengtter5
cDNA as determined from our genomi

analyses (A.T. and L.B.-C.,

unpublished), which starts at ATG1 ar _ﬁ [ H L H //” WIPW [ ] #erscDNA

encodes nine additional N-terminal e

amino acids compared to the publishe m__ v 2 e

sequence (Mdller et al., 1996) (see bc //{/ — dpde

for protein sequence). Bottotnsp-her5

construct used to generate transgenic lines for conditional misexpression; this construct is built from the clone oaM(\grlet et al.,
1996) such that the first ATG is deleted and the second ATG is used for the generation of an otherwise fully functionéidése@ro
Materials and Methods). As a control, a morpholino directed against ATG®,(Mg&kt) inhibits translation of the transgene mRNA but not
that of the endogenoler5 (data not shown, see Materials and Methods). For loss-of-function experiments, a morpholino directed against
ATG1 (MONers, inset) was used, which inhibits the function of the endogenous Her5 mRNA. Abbreviations as Fig. 1 plus, b, basic DNA-
binding motif; HLH, helix-loop-helix dimerization motif; 1Z, intervening zone; mes, mesencephalon; r1, rhombomere 1.

her5 severely perturbs gastrulation (Bally-Cuif et al., 2000),0f the developing spinal cord or the trigeminal ganglia, were
precluding an unambiguous interpretation of a neurabnly marginally affected, if at all. In contrashgnl
phenotype at late stages. To overcome this problem wexpression was not affected when transgenic embryos were
constructedsp-herStransgenic lines carrying theer5cDNA  injected, prior to heat-shock, with a morpholino selective for
(Muller et al., 1996) under control of the zebrafish heat-shocthe hsp-her5Stransgene (M®) (Fig. 2D). This morpholino
promoterzhsp7QShoji et al., 1996; Halloran et al., 2000) (Fig. has no effect on the translation of endogenbass and
2D). Three independenhsp-her5 lines were generated. does not affect embryonic development (see Materials
Because they produced similar results, they are consideredid Methods). Thus, heat-shockkgp-her5MOW9-injected
together below. transgenic embryos (80% of cases,20) showed normal
We tested the reliability dfispdriven transcription in these ngnl expression (Fig. 3F, compare with Fig. 3D and E),
lines by monitoringher5 expression in transgenic embryos demonstrating that the inhibition agnl expression in the
immediately before and after heat-shock. At all stages examined;c and r2MN areas updmer5 misexpression (Fig. 3E) is a
all embryos originating from a cross betweenhsp-her5 selective consequence of ectopic Her5 activity.
heterozygote and a wild-type fish displayed the endogédmeubs To test whether ectopihier5 mRNA provided at late
expression profile (Fig. 3A). Upon heat-shock, strong andastrulation is sufficient to permanently inhibilgnl
ubiquitous expression dfer5 was observed in 50% of the expression in domains adjacent to the 1Z, we heat-shocked
embryos (Fig. 3B), thusspdriven transcription is only induced embryos under the conditions described above, then resumed
upon heat-shock in our lines. In a time-course assay, transgeuievelopment at normal temperature and analyngal
hersmRNA, revealed by whole-mount in situ hybridization, wasexpression at the 20-somite stage.h&g-driven her5 mRNA
detectable as soon as 15 minutes after the beginning of the hdatno longer detectable at this stage, transgenic embryos were
shock but was gradually lost within the 1.5 hours following itsdentified a posteriori by PCR genotyping (Fig. 3I). We
end (Fig. 3C). These results are comparable to those of Schedrserved long-lasting inhibition afyjnlexpression, which was
et al. (Scheer et al., 2002) and indicate that a heat-shock pulstl downregulated at the 20-somite stage around and within
translates into a narrow time-window when transgbaes  the MH (83% of case$=28) (bar in Fig. 3H, compare with
mMRNAs are available for translation. G). Later, this phenotype was followed by a lack of neuronal
Heat-shock pulses between 80% epiboly and tail-budifferentiation: at 24 hpf,hsp-her5 transgenic embryos
stages resulted in severe defectmgihlexpression in most harbored a significantly reduced number of differentiated
hsp-her5transgenic embryos by the 3-somite stage (85% ofcc-derived nMLF neurons (identified by their HNK1
cases,n=30) (Fig. 3E). Strikingly,ngnl expression was immunoreactivity) compared to non-transgenic heat-shocked
strongly diminished — in some cases abolished — in territoriesiblings (73% of cases)=15) (brown arrows in Fig. 30,
normally giving rise to the vcc and r2MN, located compare with N). Thus ectopic Her5 activity at the onset of
immediately adjacent to the domain of endogenbas5 neurogenesis is sufficient to inhibignlexpression and the
expression (Fig. 2A) (compare Fig. 3E with D). Other sitesubsequent steps of neuronal differentiation around and within
of neurogenesis, such as the motor, sensory and interneurdghe MH domain.
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Her5 activity is necessary for |Z formation at early epiboly) and the 3-somite stage consistently failed to reveal a
neurogenesis stages significant difference in the number of apoptotic cells at any
To test whether Her5 activity was necessary for 1Z formationsite between wild-type and M&xinjected embryos (Fig.
we ‘knocked-downher5translation by injecting a morpholino 3L,M, and data not shown) (92% of cases?5). In contrast,
selective for endogenoukers (MOMe™ into wild-type cell counts indicated a large increase in the numbegof-
embryos (Fig. 2D, see Materials and Methods). Strikinglyexpressing cells within the medial MH territory in NR®-
when Md®r2injected embryos were assayed at the 3-somitéjected embryos (91 cells +5) compared to wild-type siblings
stage fomgnlexpression, no 1Z was discernible in the medial(48 cells +4) (90% of cases+10). Thus, lack of Her5 activity
MH domain: the vcc and r2MN clusters were bridged (84%esults in the generation of ectopignl-positive cells in

of cases,n=19) (compare Fig. 3K with J). TUNEL assays the territory located between the vcc and r2MN clusters.
performed between the normal onsehef5expression (70% Importantly, this phenotype was followed by the development

Fig. 3.Her5 is necessary and sufficient to I rr—
control 1Z formation. (A-C) Reliability of the A B/ f ’ C of 5# tming
hspdependent expression system. ; ”

(A,B) Embryos from a cross between parer S .

heterozygous for thiesp-herSransgene
probed forher5expression (in situ
hybridization) before (A) and after (B) a 1-
hour heat-shock. While no ectopic express
of her5is detected without heat-shock, ectc
her5expression is ubiquitously induced upc
heat-shock (white arrows indicate endogen
her5expression at the MHB, black arrows
indicatehspdriven ubiquitous expression).
(C) Stability of the inducelerSmRNA upon
heat-shock, determined by whole-mount in
situ hybridization (in percentage of the
estimated intensity of staining that
immediately follows a 0.5-hour heat-shock
pulse). Induced mRNAs become undetecte
within 1.5 hours following the end of the he
shock. (D-H,N,O) Ectopic expression of He
inhibits ngnlexpression in the vcec and
presumptive r2MN. Whole-mount in situ
hybridization or immunocytochemistry with
the markers indicated (bottom left, color
coded) on transgenic embryos (tg) (E,F,H,(
and their wild-type siblings (wt) (D,G,N) at
the 3-somite (D-F), 20-somite (G,H), and 3
hpf (N,O) stages, following a 1-hour heat-
shock at late gastrulation (hs). D-F and N,
are dorsal views of the MH area in flat-
mounted embryos, anterior to the top; G,H
sagittal views of the head, anterior to left; ti
insets show unperturbednlexpression in
the spinal cord. The misexpressiorhef5
during late gastrulation inhibitegn1
expression in the vcc and r2MN at the 3-
somite stage (white asterisks in E). Non-he IJ— ] )

shocked trgnsgenics displaygnlprofile F‘ef@ + HNK-1 her‘ﬁ + HNK=1

indistinguishable from non-transgenic controls

(not shown). This effect is maintained until at least the 20-somite stage (H), and is rescued upon injectigreaiit@holino oligonucleotide
selective of the transgene (F). At 24 hpf, the number of nMLF neurons (brown arrows), which derive at least in part fopiis #iso/c

significantly reduced ihsp-heriransgenics (O) (red arrow ter5expression at the MH junction). (I) Genotyping results to identify transgenic
embryos in H (PCR for the transgene). Lane 1: embryo H, lane 2: embryo G, lane 3: negative control, lane 4: positiven ¢deirtatal

procedure was used to identify embryos in N,O. (J-M,P,Q) The inhibition of Her5 activity leads to the differentiationmheatops in place

of the 1Z. J,K: dorsal views of the MH area in flat-mounted embryos at the 3-somite stage, anterior to the top, prghkekfuession

following injection of MA*"S, a morpholino selective of endogendess (K), compared to non-injected wild-type control embryos (J). Note

that the vec and r2MN clusters are bridged (double arrow), while other neuronal populations (e.g.r4MN, arrowhead) ar. unaffecte

(L,M) TUNEL assay in wild-type (L) and M®™injected (M) embryos shows that injections are not followed by increased apoptosis in the MH
area (bar). (P,Q) At 36 hpf, an ectopic HNK1-positive neuronal cluster (brown arrows) lies across the MH junction (idengfeekpyession,

blue arrow) upon M@ Sinjection. Note reducelder5levels at the MHB in Q (compared with P), a late event suggesting indirect positive
autoregulation oher5expression. 1Z, intervening zone; MH, midbrain-hindbrain domain; nMLF, nucleus of the medial longitudinal fascicle;
r2MN, motorneurons of rhombomere 2; r4AMN, motorneurons of rhombomere 4; vcc, ventrocaudal cluster.
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of ectopic differentiated neurons at later stages: in most casesuronal fate is still being determined and includes cells that
(67% of casesn=12), bilateral clusters of HNK1-positive might still be proliferating (Ma et al., 1996). To better define
neurons formed across the MHB in NR®injected embryos the targets of Her5 activity and test whether it could affect cells
by 36 hpf, but not wild-type embryos (brown arrows in Fig.further engaged in the neuronal differentiation pathway, we
3Q, compare with P and N). Together, our results demonstrateonitored the effect of ectopiber5 expression on the
that Her5 is both necessary and sufficient for inhibition ofexpression of HUC protein. In contrast to the early ondwat Gf
neurogenesis in the medial MHB domain at the onset dRNA expression (Kim et al., 1996), HuC protein immediately
neurogenesis, an activity that helps keep the MHB free d&bels post-mitotic precursors (Mueller and Wullimann, 2002).

differentiated neurons during later development. In striking contrast taagnl expression, the HuC profile was
. only moderately affected, if at all, by ectopic Her5 activity
Her5 can act in a dose-dependent manner on newly (82% of casesn=11) (Fig. 4F-1). Thus Her5 is sufficient to
selt_ected neuroblasts to inhibit neurogenesis at least prevent ngnl expression and/or to revert newly selected
until 24 hpf neuroblasts {gni-positive but still HUC-negative) to a non-

Becauséer5expression delineates the 1Z until at least 24 hpfengaged state. However, it does not act on immediately
we tested whether it might also be involved in inhibitingcommitted precursors such as HuC-positive cells, an
neurogenesis at these late stages. WigmherStransgenic  observation in line with the idea that the mitotic to post-mitotic
embryos were heat-shocked for 2 hours at the 8- or 15-somiteansition represents an irreversible commitment.
stagesngnlexpression was down-regulated across the entire S ) ) )
neural plate (Fig. 4A-C,G,l), in a dose-dependent fashion (86dder5 activity is not involved in patterning events
of casesn=22) (data not shown, and compare Fig. 4B andvithin the MH domain
C). Within and around the MH domain, this phenotype wa8ecauseher5 expression coincides with a number of markers
stable over time (Fig. 4D,E), while in other territoriagnl that define MH identity or the MHB (Lun and Brand, 1998;
expression was restored within a few hours of development &eifers et al., 1998; Belting et al., 2001; Reim and Brand,
normal temperature (data not shown, and blue arrows in Fig002), we asked whether Her5 activity is involved in
4E) (87% of casex=24). When ectopic Her5 activity was controlling aspects of MH regionalization. Strikingly, ectopic
induced at 24 hpfagnlexpression was decreased within theher5 expression from the onset of endogenous &5
MH domain (77% of cases=18) (compare Fig. 4K and J), expression (70% epiboly) imsp-her5transgenic embryos had
while other sites remained unaffected (blue arrows in Fig. 4Kno detectable effect on the expression of MH patterning
Thus Her5 activity is capable of inhibiting neurogenesismarkersifol, iro7, pax2.1 eng2 eng3 or IsO activity markers
throughout somitogenesis. (wntl, fgf8) at the 5- and 15-somite stages35; Fig. 5A-C,
ngnl transcripts identify neuronal precursors in whichalso data not shown). Because a single short heat-shock pulse

Fig. 4.Her5 activity can inhibingnl | ngnt, hers

|
until 24 hpf, in a dose-dependent 7
manner, but does not affect HUC A B ’ ¥ c D E w“‘

expression. Whole-mount in situ £ _ ‘- »#

hybridization forngn1(blue) and 5’;;-;;:

her5(red), with - Ll ! 3 =
immunocytochemistry for HUC o ]IZ ‘ﬁ B %{ : W
protein expression (brown), at the b-d ; AT e ; ? X ?i i
stages indicated (bottom left) . ! . . T 5% o Ny
following a two-hour heat-shock (F . P ’ i % . PR o
between the 8- and 15-somite stay 1 A " ‘“?!4/
(A-G), the 15- and 20-somite stagi NS 8-15s ) hs 8-15s | hs 8-15s | hs 8-15s ~ hs8-15s b
(H,l) and at 24 hpf (J,K) ihsp-her5 ~ 15-som wt 15-som |0 Wlg 15-som | lo/tg 20-som Awi_20-som +ig
transgenic heterozygotes (+/tg), | ngnt, her5, Hu Jf ngn, her5 |
homozygotes (tg/tg) or their non- :
transgenic siblings (wt). Dorsal F K \
views of flat-mounted anterior neu
tubes (A-E,H-K) or tails (F,G),
anterior to the top; bracket indicate NS 8-15s
the 1Z, vertical black bar indicates 15-som
the MH domainngnlexpressionis (G & 5
downregulated in a dose-depende =N b 4
manner immediately after heat- k. &y 3
shock at any of these stages (B,C i R ,
This phenotype is stable in the Mk hs 8-15s 5 hs 15-20s | hs 15-20s | hs 24 hpf

domain (blue arrows to restored 15-som ighg 20-som W 20-som j‘; 24 hpf

ngnlexpression in the fore- and

hindbrain in E). In contrast, neuronal precursors already expressing HuC are only moderately affected (brown arrows@nig-fijstHu
detectable in vcc neurons at about the 20-somite stage (H,l), thus at the 15-somite stage we focused on HuC expressigh@)[thhe 24
hpf, only the MH domain is sensitive to ectopic Her5 activity (blue arrows to unaffegtdeéxpression in the fore- and hindbrain in K). 1Z,
intervening zone; hs, heat-shock; som, somites.

N

" -

hs 24 hpf

wt 24 hpf +g
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might induce only a transient burst in Her5 activity, insufficientneurogenesis, Her5 activity is not required for the
to trigger stable defects, we repeatedly heat-sholekpeher5 establishment and early maintenance of MH identities. To
embryos until 24 hpf. Again, even in these embryos thaascertain whether Her5 activity could dissociate neurogenesis
received a constant supply of ectogierS5 mRNAs, no from MH patterning in a single embryo, we colabeled embryos
patterning defects were detectegZ5; Fig. 5D, also data not injected with MA¥™>for MH patterning markers (e.gax2.)
shown), although strong and ubiquitous ectopic expression ahd neurogenesis markers (erggnd). Both marker types
her5 was achieved (Fig. 5D, red staining). These resultappeared co-expressed across the MH junction (Fig. 5H), a
indicate that ectopic expressiontwr5 from late gastrulation combination never normally observed in vivo (see Fig. 1A).
onwards is not capable of altering neural patterning. Thus, whileher5expression in the MH is determined by early

Similarly, when wild-type embryos were injected with patterning cues, its function does not control regional
MOhers no defects were observed in the induction ompatterning within this domain. Thus Her5 is an essential factor
maintenance of MH patterningi£30; Fig. 5E-G, also data that translates early axial patterning information into a distinct
not shown). Thus, in contrast to its prominent effect orpattern of neurogenesis in the MH domain.

Her5 activity regulates cell proliferation and the
expression of the zebrafish cyclin-dependent kinase
inhitor-encoding gene  p27Xicl-a
We next examined the cellular mode of Her5 action. Neuronal
differentiation generally correlates with cell cycle exit (Ross,
1996; Ohnuma et al., 2001) suggesting that Her5 activity might
be associated with the maintenance of a proliferating state. To
test this hypothesis, we counted the number of dividing cells
per cell row (phosphohistone H3-immunoreactive, indicating
M phase) across the neural plate in wild-type and Her5-
manipulated contexts at the onset of neurogenesis (Fig. 6A-F).
Counts of dividing cells in wild-type embryos revealed
differences within the 1Z. The medial domain (Fig. 6A, A
domain) has more cells in M phase than the dorsolateral
domain (Fig. 6A, B domainsh£5) (Fig. 6F, right panel; Fig.
6B,D, brown arrows). Thus intrinsic mediolateral differences
in the proliferation status of the IZ in vivo parallel its medially
heightened response to ectopic neurogenesis-promoting factors
(Fig. 1E) and to lack of Her5 activity (Fig. 3K).
In hsp-her5transgenic embryos that were heat-shocked
- - W during late gastrulation, the number of cells in M phase was
significantly increased throughout the presumptive midbrain
and hindbrain regions (Fig. 6A, A-D domains). This included
eng? the domain endogenously expressirgg5 (Fig. 6A, A and B
- X domains) as well as the 16 cell rows immediately anterior and
posterior to it (Fig. 6A, C and D domains), from which the vcc
and r2MN originate (Fig. 6B, C and Fig. 6F, left paneby).
In the presumptive forebrain (Fig. 6A, E domain) the number
of dividing cells was not altered, although this area also
prominently expresselaer5 (Fig. 6C). Conversely, in MB™
pax% injected embryos, the number of dividing cells was
Rt L significantly and selectively reduced in domain A (Fig. 6D, E;

Fig. 5.Her5 activity does not control MH regional patterning. Fig. 6F, left panel)r=5). Proliferation in this domain was not
Whole-mount in situ hybridization at the 3-somite (E-H), 5-somite  @bolished but rather brought to a level equivalent to other

(A-C), and 24 hpf (D) stages for the expression of patterning and neural plate territories (F|g 6F) Together, these results suggest

e

neurogenesis markers, as indicated (bottom left, color coded), that Her5 activity can influence cell proliferation within and
following up- or down-regulation of Her5 activity. All panels are around the MH domain, and that it specifically accounts for the
dorsal views of whole-mount (E-G) or flat-mounted (A-D,H) increased number of dividing cells within the medial 1Z.
embryos, anterior to the top; arrows point to the MH junction. In addition, Her5 loss-of-function results point to a strict
(A-D) MH patterning is not altered in transgehsp-hersembryos  correlation between domains with a decrease in cell

(right in each panel) compared to non-transgenic siblings (left) by

heat-shock during late gastrulation (A-C) or by repetitive heat-shoc . L . .
(D). (E-G) MH patterning also remains unaltered in ¥iBinjected Cell proliferation involves the tight spatiotemporal control

embryos (right in each panel) compared to controls (left). (H) Co- of expression and activity of a number of cellular factors

expression ohgnlandpax2.1(see also fluorescent view, inset) including the cyclin-dependent kinases (Cdk) inhibitors p27
across the MHB in a single embryo upon #M®injection and p57 (O’Farrell, 2001; Ohnuma et al., 2001). Among these,

demonstrates that neurogenesis and patterning can be uncoupled bp27<'°! (Bourguignon et al., 1998; Ohnuma et al., 1999), its
Her5 activity. mammalian relative pP! (Lyden et al., 1999; Levine et al.,

kgroliferation and an increase in neuronal differentiation.
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2000; Dyer and Cepko, 2001; Li et al., 2002) and{P3TDyer  expression profile is compatible with a role in linking cell cycle
and Cepko, 2000) play prominent roles in the control ofirrest with the differentiation of primary neurons. We thus
developmental neurogenesis downstream of neurogenaddressed whethgr27%icl-a expression was modulated by
cascades inXenopus and mouse. To identify potential Her5 activity. Upon a brief heat-shock at late gastrulation,
downstream effectors of Her5 proliferative activity, we p27%icl-a expression was severely down-regulatetisp-her5
conducted database searches for zebrafish Cdk inhibitosansgenic embryos, while it was unaffected in heat-shocked
encoding genes. Three clones or ESTs encoding probabiéld-type siblings (80% of casesp=20; Fig. 6G,H).
zebrafish homologs of p#P! and two closely related forms Conversely, in embryos where Her5 activity was abolished,
of p27¢icl (-a and -b) were recovered (see Materials ang27%icl-a expression expanded ectopically across the 1Z,
Methods), and the corresponding genes were PCR-amplifiexverlapping the unaffected expressiompax2.1(82% of cases,
from tail bud-stage cDNA. In situ hybridization analysesn=22; Fig. 61,J). Thus, modulating Her5 activity triggers
revealed that onlyp27Xicl-a was expressed in wild-type opposite effects on cell proliferation apg87¥icl-a expression.
embryos at the onset of neurogenesis (Fig. 6G,, also data rithis suggests that down-regulationp@7Xicl-a expression by
shown). Most interestinglyp27¢icl-a expression strongly Her5 might be involved in mediating the Her5-effected higher
resembles that afgnl, identifying the first primary neurons of cell proliferation of the medial 1Z domain in wild-type
the neural plate and avoiding the 1Z (Fig. 6G,l). Thisembryos.

Fig. 6.Her5 activates cell proliferation A B o C
within the MH domain, but this process is & 2L
in itself insufficient to account for the s

regulation ofngnlexpression. (A,Fher5
expression (in situ hybridization, blue H
staining) and density of cells in M phase
(brown anti-phosphoH3 immunostaining) | D
(in number of positive cells per cell row) i

the anterior neural plate at the 3-somite

stage (in territories schematized in A) in
hsp-herSransgenics (C), their wild-type F
siblings (B) (both heat-shocked), wild-tyg cell

’

el

hs MOher5

wit
hs

(D) and M injected embryos (E). A is iy

a schematic representation of the neural giii [ WT + heat-shock I wr

plate in B,C; B-E are flat-mounted views T+ SRRy AT« barsho
the anterior neural plate (B,C) or the 64

endogenouker5domain (D,E), anterior tc sl

the top. White arrow in B,C, the

endogenous domain ber5expression o "

(territories A + B); box in D,E indicates it

territory A. Proliferation is enhanced in 24

territory A compared to other neural plate
domains in wild-type embryos (brown
arrows in B,D). Her5 is sufficient to
increase proliferation within the MH
domain upon ectopic expression (territori H i -
A-D) (F, left panel), and is necessary for , V‘% - .
increased level of proliferation of territory == f# : l! |
A (F, right panel). (G-J) Expression of the W
cyclin-dependent kinase inhibitor-encodil “Z[ & pax:

'f* _

icln i »owt g pak2d ¥ .
genep27Lais downregulated by Her5 ;o7 - ' hs p27Xicl-a., hs  PR7XICTA WT p27)€r_‘:1- MORSTS
within the 1Z. Expression gi27¢cl-a and ST Ak - oot -
pax2.1 as indicated (bottom left, color- K STt v |.,, M S e N

coded), ithsp-herSransgenic embryos gi"‘- 2T et ¥ e ;‘ ‘
after heat-shock (H) and M&Xinjected w 5
embryos (J) compared to their wild-type ‘fz[

siblings (G,) at the 3-somite stage. Inthe - ‘“’

vee and 1Z p27%icl-a expression is PhGSD}'bHii *‘,; fwt pl%phuHa = aphi
strikingly similar to that ohgnl(e.g. Fig.

3D). p27Xicl-a expression is down-regulated within the neural plate following ectapEexpression (arrow in H), and is activated across the
IZ when Her5 activity is blocked (white arrows in J). Concomitantly in the latter p288S1-a expression is partially reduced in the vce area,

a phenomenon at present unexplained but independent of cell migration (A.G. and L.B.-C., unpublished data). (K-N) Thédioecbfn

cell proliferation does not affect 1Z formation amer5expression. Expression n§nlor her5(blue in situ hybridization staining) and anti-
phosphoH3 immunostaining (brown nuclei) at the 3-somite stage in embryos treated with the cell proliferation inhibitolimphitie@nset

of neurogenesis (L,N) compared to mock-treated siblings (K,M). Although phosphoH3 staining is virtually abolished upotiraphidico
treatment, both I1Z size (bracket in K,L) alner5expression appear normal. Aphi, aphidicholin-treated embryo; hs, heat-shocked embryo; 1Z,
intervening zone; tg, transgenic; vce, ventrocaudal cluster.

hers e A .
wt 'phosphoH3 aphi

hers e
phosphoH3
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To determine whether Her5-induced effects on neurogenedidocks, one operating upstreanngilexpression, and at least
and proliferation are causally linked, we assessed neurogenesize operating downstream or in parallel to this step. These
in embryos where cell proliferation was blocked. To block celintrinsic differences are unlikely to reflect general lateral versus
proliferation, we incubated wild-type embryos in aphidicolinmedial properties of the entire neural plate, since neurons
from the onset oher5 expression until early neurogenesis. develop elsewhere in lateral domains at the same time as in
Although this treatment virtually abolished cell division (Fig. basal territories (for instance the sensory neurons of r2). They
6K-N, phosphoH3 staining), it had no effect mgnl (n=20;  might be due to other local inhibitors redundant to Her5
Fig. 6L) or her5 (n=20; Fig. 6N) expression. Thus the function in the laterodorsal territory. The transcriptional
activation of cell proliferation by Her5 is not an intermediateinhibitors Eng2 and 3 (Ekker et al., 1992), also expressed
step in its inhibition ofngnl expression across the 1Z. within the IZ from the onset of neurogenesis (Lun and Brand,
Conversely, our results demonstrate that enhanced Hef®98), do not appear to be sufficient cofactors. Indeed their
activity in hsp-her5transgenics can further upregulate cellectopic expression is capable of inhibitingnl expression
proliferation within the endogenouser5positive territory  within the MH, however blocking the activities of Her5, Eng2
(Fig. 6F, left panel, A+B domain), which is devoidmnl and Eng3 together by co-injecting the relevant morpholinos
expression and neurogenesis at all stages. Thus, at least witdimes not extend the neurogenic phenotype triggered by the lack
the 1Z, the inhibition ofngnlexpression by Her5 is unlikely of Her5 activity alone (M.l. and A.C., unpublished). Other
to be an intermediate step in its activation of cell proliferationcandidates might be found within antagonists to neurogenic
Together, these results suggest that the regulation ®HLH proteins, such as Hairy/E(spl) or non-basic HLH factors
neurogenesis and cell proliferation across the medial IZ in vivpA.T. and L.B.-C., unpublished), or among factors related to
reflect two parallel but distinct activities of endogenous HerSknown neurogenesis inhibitors such as Zic2 (Brewster et al.,

1998). The combined use of multiple inhibitors to locally
prevent neurogenesis has been postulated to explain the non-
DISCUSSION differentiation of the superficial ectoderm layer Xenopus
(Chalmers et al., 2002). Our results thus provide a new example
In this study, we addressed the mechanisms establishing tbe this strategy to delimit neuronal differentiation domains
pattern of neurogenesis of the vertebrate MH domain. Wduring neural plate development.
demonstrated that neuronal differentiation is actively repressed An intriguing aspect of the phenotype triggered by Her5
at the MHB, and that this process is necessary for thgain-of-function is its prominence around and within the MH
maintenance of MHB integrity. We provided evidence that thelomain (Fig. 3E,H and Fig. 4), suggesting the presence of local
non-differentiation zone (1Z) that splits midbrain from cofactors. These might act on the regulatory elememgrat
hindbrain neuronal clusters at the MHB consists of a medialr of genes encoding redundant proneural factors to potentiate
and lateral domain with intrinsically different patterns of cellHer5 activity, or might behave as partners of Her5 to reinforce
proliferation and potential for neurogenesis. We demonstratets activity and/or the stability of the Her5 protein. In favor of
that knock-down of Her5 function uncovers a crypticthese ideas, thagnl enhancer contains an element driving
proneuronal domain in the medial IZ that is continuous wittexpression preferentially within the MH domain (Blader et al.,
vce neurons rostrally and r2 motor neurons caudally. We als2003). In addition, we found that a mutant form of Her5,
demonstrated that Her5 is essential for maintaining relativelgleleted of its C-terminal Groucho-binding WRPW domain,
high levels of proliferation in this medial domain by awas inactive in regulatinggnlexpression (A.G. and L.B.-C.,
mechanism that may be independent of effects on neurogenesigpublished), suggesting that Groucho-like cofactors are
and involve the Cdk inhibitor pZFl-a. Finally, we showed necessary to Her5 function. Along this lingioucho4 is
that Her5 activity does not influence MH patterning. Togetherselectively expressed within the MH domain in the mouse and
our results establish that a local process actively inhibitinghick (Sugiyama et al., 2000; Ye et al., 2001).
neurogenesis at the MHB shapes the MH neuronal o ) o )
differentiation pattern and is essential to MHB maintenance-ler5 activity shapes the midbrain-hindbrain
We identify Her5 as one crucial molecular component of thi§ieurogenesis pattern
partially redundant pathway, and demonstrate that Her5 ister5 acts in vivo as a local inhibitor of neurogenesis at the
key regulator linking early axial patterning information to aMHB. Our findings suggest that in the basal MH area,
distinct pattern of neurogenesis and cell proliferation in theeurogenesis is primarily shaped into a pattern of separate
MH domain. These findings more generally shed light omeuronal clusters by a process of local inhibition that likely
the mechanisms underlying the combinatorial control ofplits a continuous MH proneural field. Recent studies in
patterning, neurogenesis and proliferation events within thEenopus brought to attention the role of neurogenesis

vertebrate neural plate. inhibitors in organizing zones of differentiation within the
neural plate (Bourguignon et al., 1998; Brewster et al., 1998;

Differential competence of the MH junction towards Chalmers et al., 2002). Our analysis of 1Z formation illustrates

neurogenesis how neurogenesis inhibitors, superimposed on differentiation-

A first conclusion of our findings is that the 1Z is not acompetent territories, are crucial elements in shaping the
homogeneous territory but is composed of two subdomains thambryonic neurogenesis pattern in vertebrates.

differ strikingly both in their proliferation properties and in  MOM"2injected embryos display ectopic neurogenesis
their competence to undergo neurogenesis. The medial &cross the medial IZ from the very onsetnghlexpression
exhibits a single block in the differentiation pathway, encodedFig. 3K), demonstrating that Her5 activity is essential to the
by Her5 activity, while the dorsolateral 1Z likely bears multiple establishment of this neuron-free zone. Whether Her5 is also
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involved in medial 1Z maintenance at later stages cannot kahibition machinery, and in particular suppressing Notch
directly concluded from our loss-of-function data. Such a rolesignaling, did not affect 1Z formation (A.G. and L.B.-C.,
however, would be in line with the observation th&r5  unpublished), arguing against a role for Her5 upstream of
expression continues to define the neuron-free area untill tiéotch signaling. Further, Her5 does not act far downstream of
24 hpf stage and that ectopier5 expression can prevent ngnlexpression in the neurogenic cascade, as expression of
neurogenesis within the MH domain at least until 24 hpf (Figthe post-mitotic marker HuC protein (Mueller and Wullimann,
4). In the mouse, 1Z maintenance relies on the combined acti@902) was never reversed upon ectopic Her5 activation (Fig.
of two other Hairy/E(spl) bHLH factors, Hesl and Hes34). In the same individualg)gnl expression was virtually
(Hirata et al., 2001), which separately inhibit neurogenesis iabolished. Thus our results support a role for Her5 in regulating
a number of instances in vivo (Ishibashi et al., 1994, Ishibashihe expression (or activity) of proneural factors at a level
et al., 1995; Ohtsuka et al., 199%Jest’—Hes3”’~ double- equivalent to Ngn1 in the neuronal differentiation process.
mutant embryos display premature neuronal differentiation An important question is, to what extent the mechanism
across the MH junction from late somitogenesis (E10.5Jegulating neurogenesis at the MHB differs from those
(Hirata et al., 2001). No earlier neurogenic phenotype wagperating elsewhere in the neural plate. All studied bHLH
detected in these embryos, however, suggesting that Hes1 amelirogenesis inhibitors in the vertebrate central nervous
Hes3, unlike zebrafish Her5, are not involved in 1Z generatiorsystem act as downtream effectors of Notch activity, with the
These observations are in keeping with the relatively late onsekception oiXenopudHES6 and mouse Hes3. Her5 joins these
of HeslandHes3expression within the MH domain (Lobe et exceptions as both its expression and activity within the
al., 1997; Allen and Lobe, 1999; Hirata et al., 2001), and witmeural plate are independent of Notch signaling in vivo (A.G.
the observation that Hesl and Hes3 are more related and L.B.-C., unpublished). Within the neural plate, Her5
sequence to zebrafish Her6 and Her3 than to Her5. Whethexpression and function appear more reminiscent of those of
Her5 function is, all or in part, relied on by other Her factorsDrosophilaHairy than of other vertebrate Hairy/E(Spl) factors
at late stages to maintain medial 1Z development in th&nown to date. Indeed Hairy operates independently of Notch

zebrafish will require further study. signaling and is involved in pre-patterning broad non-
) _ differentiation zones within thBrosophilanotum, prior to the
Her5 effectors in the control of MH neurogenesis onset of neurogenesis (Fischer and Caudy, 1998; Davis and

Her5 belongs to the Hairy/E(spl) class of bHLH transcriptionTurner, 2001). Similarly, mouse Hesl was proposed to
factors, generally functioning as transcriptional repressors (sergatively delimit neurogenesis domains within the olfactory
Kageyama et al., 1997; Fischer and Caudy, 1998; Davis ampithelium (Cau et al., 2000). Her5 appears as the first
Turner, 2001). Indeed, we demonstrated previously that Hengertebrate Hairy/E(spl) factor with similar function within the
functions as an inhibitor of transcription during a firstneural plate, and it will be interesting to determine whether our
developmental cell fate choice event required for endodertiindings can be extended to other family members.
patterning (Bally-Cuif et al., 2000). The direct targets of . ] ) )
Hairy/E(spl) factors remain largely unknown outside ofProliferation and neurogenesis at the MH junction
achate-scuteelated genes (Chen et al.,, 1997) and som&wo classes of G1 CyclinD:Cdk inhibitors play a prominent
instances of autoregulation (Takebayashi et al., 1994). Ouole in a developmental context: p16, and the Cip/Kip family
results demonstrate that a rapid response to manipulating Heriembers p21, p27 and p57 proteins (O’Farrell, 2001; Ohnuma
activity is the regulation ohgnl expression. Thus the most et al., 2001; Ho and Dowdy, 2002). Zebrafipe7%icl-a
parsimonious interpretation of Her5 function is that it directlyexpression is negatively regulated by Her5 activity, adding
inhibits the transcription ohgnl Alternatively, Her5 might strong support to the idea that Cdk inhibitors control
primarily inhibit expression (or activity) of upstream proneuralspatiotemporally regulated cell cycle events during
factors such as those belonging to the Ash or Ath bHLHembryogenesis and are, at least in part, controlled themselves
familes. Several such factors have been isolated in the zebrafmhthe transcriptional level (see Dyer and Cepko, 2000; Dyer
(Allende and Weinberg, 1994; Masai et al., 2000; Itoh an@nd Cepko, 2001; Hardcastle and Papalopulu, 2000; Levine et
Chitnis, 2001), but their expression in the early neural platal., 2000; Ohnuma et al., 1999; Ohnuma et al., 2001). Our
was not reported. Addressing this point will be an importantindings strongly suggest that the transcriptional inhibition of
issue. p27icla is a downstream event of Her5 activity in its
Her5 might also act at other steps of the neurogenic cascadetivation of cell proliferation within the medial 1Z. Her5 thus
but our results indicate that the time-window of Her5 action igppears reminiscent of mammalian Hes1 and 3, which inhibit
limited. Upstream ohgnlexpression are the specification of the expression of Cip/Kip family members in vitro (Kabos et
the MH proneural field (possibly by Irol and 7) (Lecaudey eal., 2002), and it is possible, like for other Hes factors (Sasai
al., 2001; Itoh et al., 2002), the definition of proneural clusterst al., 1992; Kageyama et al., 1997; Hirata et al., 2000,
and the singling-out of individual precursors by the Notch-Pagliuca et al., 2000), thpP7¢}-a is a direct transcriptional
dependent lateral inhibition process (Haddon et al., 1998arget of Her5. However, our data also suggest that additional
Lewis, 1998; Chitnis, 1999; Takke et al., 1999). An action otell cycle regulators are responsive to Her5 activity in this
Her5 at any of these upstream steps is unlikely. First, knockinglomain, since an increased dose of Her5 at the MHB further
down Her5 activity has no effect on the expression of markemsnhances cell proliferation imsp-her5transgenics compared
of the MH proneural fields or clusters (Fig. 5D and data noto wild-type embryos while this domain does not express
shown). In contrast, perturbing Iro function affedters  p27¢icla,
expression (M.l. and A.C., unpublished), placiiger5 In its regulation of cell proliferation, Her5 does not appear
downstream of these factors. Second, manipulating the lateras an all-or-none switch, but rather as a modulator. Indeed a



1602 A. Geling and others

basal level of proliferation is maintained in the absence of HerbIH patterning and growth (Martinez, 2001; Rhinn and Brand,
activity within the medial 1Z. In addition, the laterodorsal 1Z, 2001; Wurst and Bally-Cuif, 2001). Later, the MHB remains a
which also expresséwr5 does not proliferate at a higher rate prominent source of proliferating cells (Wullimann and Knipp,
than other neural plate domains. Several hypotheses migh®00), proposed to permit the massive and sustained growth of
account for these observations. Her5 might act as a permissiviH structures relative to other neural territories in all
factor that enhances the competence of its expressingrtebrates. Our findings demonstrate that maintenance of an
cells towards extrinsic or intrinsic proliferation triggers. MHB neuron-free zone results from an active mechanism, and
Alternatively, Her5 might alter the length of cell cycle phasedurther attests the biological significance of this process for
to shorten those where cells are responsive to differentiatidiH development, by demonstrating that neurogenesis must
signals. Finally, Her5 might not act on the cell cymbe sebut  be prevented at the MHB to maintain MHB integrity. The
rather orient cell divisions towards a symmetrical mode at thmhibitory process involving Her5 might perhaps speculatively
expense of an asymmetrical one. be viewed as a self-protective mechanism permitting the
Finally, our results suggest that the effects of Her5 on cethaintenance of MHB activity over time, in a manner possibly
proliferation and neurogenesis are distinct. hgp-her5 reminiscent of other signaling boundaries, such as, for instance
transgenics, increased Her5 activity upregulates proliferatiothe Drosophilawing margin.
even at the MHB, a neurogenesis-free territory. Conversely,
blocking cell proliferation does not induognlexpression at ~ We are indebted to Dr J. A. Campos-Ortega for providindéns
the MHB. Thus, the activation of proliferation by Her5 is notcPNA. We wish to thank Dr W. Wurst who provided laboratory
soly consequence, and  also kel 1 be a1 stedl s L s o s o e
step, of its inhibition of neurogenesis. Rather, our re?“'t -C. and K. Ir’nai Iabor:'itories for helpful discussions. We also
support a model where these two processes are, at least in pg&mowledge Drs C. Goridis, K. Lunde, F. Rosa, U. Stréhle and M.
independently regulated by Hers activity in vivo. HerS wouldyyassef for their critical reading of the manuscript, and K. Lunde for
thus appear as a coordinator of cell division and neuron®kr careful editing. The monoclonal antibody zn12 developed by B.
differentiation within the MH domain, in a manner reminiscentTrevarrow was obtained from the Developmental Studies Hybridoma
of the key regulator XBF-1 within théenopusanterior neural Bank maintained by the University of lowa, Department of Biological
plate (Hardcastle and Paplopulu, 2000). A striking and relevariciences, lowa City, IA 52242 USA. Work in the laboratory of L.B.-C.
examp|e is also provided by the bifunctiob@nopqurotein is supported by the VolkswagenStiftung Association and DFG grant
p27%cl which uses separate molecular domains to regulafé® 2024/2-1.
both cell cycle and cell differentiation in the retina (Ohnuma
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