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Summary

Histone deacetylases (Hdacs) are widely implicated as key Consequently, hdacl-deficient embryos exhibit several
components of transcriptional silencing mechanisms. Here, defects of neuronal specification and patterning, including

| show that hdaclis specifically required in the zebrafish a dramatic deficit of hedgehog-dependent branchiomotor
embryonic CNS to maintain neurogenesis. hdaclmutant neurones that is refractory to elevated levels of hedgehog
embryos, the Notch-responsiveE(spl)+elated neurogenic  signalling. Thus, in the zebrafish embryo,hdacl is an
geneher6 is ectopically expressed at distinct sites within essential component of the transcriptional silencing

the developing CNS and proneural gene expression is machinery that supports the formation and subsequent
correspondingly reduced or eliminated. Using arhdacl-  differentiation of neuronal precursors.

specific morpholino, | show that this requirement forhdacl

is epistatic to the requirement for Notch signalling. Key words: Histone deacetylase, Chromatin, Neurogenesis, Zebrafish

Introduction requiresMashlactivity (Cau et al., 1997). In the zebrafish,

Neurogenesis is regulated by intercellular interaction®0th ashla and ngnl are required for specification of

involving the transmembrane-spanning proteins Notch anapiphysdiafl n(ta#rofnes (tC_:au ?nR(’j r\]NiIs%n, 2dOOﬁjn1 is also
Delta (reviewed by Campos-Ortega, 1993; Artavanis-Tsakong§4u!red for the formation of Rohon-Beard sensory neurones

et al., 1999). In vertebrate and invertebrate embryos, neuror (la\t/g(leosmgilt (f:grrds (ggi:‘incﬂltingdoF:jsc?rgélz?c?ozt)’sgﬂgol?tera%n I:g
precursor cells are born within small proneural clusters as P P y 9ang

result of Notch- and Delta-dependent lateral inhibitory ndermann et al., 2002).

. : ; In the mouse embryo, thE(spl) protein Hesl represses
interactions _(re_VIewed by _Chan and Jan, 1999). .Dena'bour}%ultiple proneural genes. Targeted inactivatiorle§1causes
Notch protein is cleaved intracellularly and the intracellula

r . .
fragment promotes transcripon of genes encodin upregulation ofMashl and Ngnl leading to accelerated

i intional f 'the hairv/Enh f i eurogenesis and a decrease in the number of later born
ranscripuonal repressors of the hary/=nhancer Of Spliherones (Ishibashi et al, 1995). Conversely, ectopic

[E(spD)] family. Within a Notch-expressing cell, E(spl) proteins ¢, e ssjon oHes1prevents neuronal differentiation (Ishibashi
repress genes required for the adoption of a neuronal fa al., 1994). The zebrafish orthologue leésl herg is
including components of trmhaete—scuteomplex and other expressed in the developing CNS (Pasini et al., 2001),
bHLH genes such aweurogenirandneuroD Homologues of - gggesting that it may perform a function related to that of
Drosophila neurogenic genes such amtch delta and  Hesl Murine Hes5, in contrast to Hesl, is not required for
hairy/E(spl) hgve been identified in many model vertebr_ates,,eloressiOn ofMash1 during early neurogenesis but instead
In the zebrafish, thregeltahomologues have been describedfnctions synergistically with Hes1 at a later stage to repress
(Dornseifer et al., 1997; Appel and Eisen, 1998; Haddon et alNgn1 (Cau et al., 2000). The zebrafish orthologueHet5
1998), and seven differehtairy/E(spl) (her) genes have been herq4, similarly repressesgnlin the neural plate (Takke et al.,
characterised to date (www.ensembl.org/Danio_rerio). 1999). Taken together, these studies indicate that different
The adoption of a neuronal fate in vertebrate embryog(spl) homologues perform distinct roles during vertebrate
involves the sequential activation of bHLH proneural genegeurogenesis. Increased understanding of the distinct functions
(reviewed by Brunet and Ghysen, 1999; Chitnis, 1999). In thef E(spl)genes, together with a better appreciation of how they
mouse, achaete-scute orthologues suctMashl (Ascll —  are regulated, promise to yield important new insights into the
Mouse Genome Informatics) are required early on in neuraholecular mechanisms controlling neurogenesis.
cells to enable them to acquire a neuronal precursor identity Covalent chromatin modifications play key roles in
(Cau et al.,, 1997). Expression of the murine bHLH genegegulating eukaryotic gene expression (reviewed by Strahl and
neurogeninlgnl) andNeurodi(previously known as neuroD) Allis, 2000). The acetylation of core histones on N-terminal
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lysines is a major determinant of the transcriptionally activéor non-specific effects of MO injection: Control-MO'-tfg ctc gtt
state of many genes and chromatin-associated histoigeg aac tcgea cca t-3

acetyltransferases (HATs) are known to perform essential MOs were microinjected into zebrafish embryos at the one- to two-
recruitment of histone deacetylase (HDAC) enzymes t ater. Ne!ther the pontrol MQ nor an |rr§Ievant sequence MO known
specific genes presages their transcriptional silencing. T om previous studies to be biologically inert-¢st ctt acc tca gtt aca

results of these and other studies suggest that chroma gtvetl?)tprﬁ(;ﬁt aefzi<er1r|ts#ii?Oiggztioc;]t.)servable effects on  embryonic

modifying enzymes may be involved in the establishment and 14 modulate the expression levelbhin vivo, in vitro-synthesised
maintenance of cell memory during embryonic developmendapped mRNA encoding zebrafish Shh was microinjected into
(reviewed by Turner, 2002). Indeed, targeted deletion oémbryos at the one- to two-cell stage, at a dose of 100 pg/embryo
murine hdacl reduces embryonic growth, leading to along with the appropriate dose of MO.

morphological abnormalities in the head and allantois (Lagger. , . ,

et al., 2002). However, few other insights into the roles of!iStology and immunohistochemistry

vertebrate HDACs in embryonic development have emerged feor _ histological  analysis, ~embryos ~ were fixed in 4%
date. Here, | have exploited a mutation in zebrdiighc1to paraformaldehyde, embedded in paraffin wax, themnB sections
' ere taken and stained with Haematoxylin and Eosin.

investigate the function of this gene in the develqplng n.ervplﬁnmunohistochemistry was performed using standard procedures
system. The results reveal for the first time a primary, in viv Schulte-Merker, 2003), which incorporated a 5 minute

requirement fohdaclto maintain vertebrate neurogenesis anthermeapilisation step with ice-cold trypsin for embryos older than 28
evidence is presented that this occurs via repression of NoteRf (omitted for Isl1 staining). Antibodies were used at the following
targets, includingher6, the zebrafish orthologue of murine dilutions: anti-Isll monoclonal (39.4D5; Developmental Studies
Hesl Moreover, | demonstrate that expression of proneurallybridoma Bank, lowa, USA), 1:500; anti-Phospho-H3 polyclonal
genes and neuronal specification are severely impaired {Rpstate), 1:500; anti-Hu (BD Biosciences), 1:500; anti-GFAP (a kind
distinct CNS territories of mutant embryos within which stronggift of Dr J. Clarke, UCL) (Nona et al., 1989), 1:160. Primary
ectopic expression dier6 is observed. Although thkedacl antibody blndlr)g was visualized with peroxidase- or FITC-conjugated
mutant hindbrain is segmented, the patterning of post-mitotigécondary antibodies.

neurones and glia within each rhombomere is disorganized. fwa in situ hybridisation

a_ddltlon_,hdaclmutants fail to maintain the responsiveness _Of igoxigenin-labelled probes were prepared as recommended by the
hindbrain neural precursor cells to hedgehog signalling, whichanufacturer (Roche). Whole-mount in situ hybridisation was
results in the specification of very few branchiomotorperformed using standard procedures (Oxtoby and Jowett, 1993).
neurones. Taken together, these results reveal a surprisin@tails of the probes used are available on request.

specific requirement fandaclto maintain neurogenesis and

enable neuronal fates to be realised in the zebrafish CNS. Results

hdac1l is expressed widely throughout the embryo
Materials and methods and required for CNS growth and morphogenesis

Zebrafish stocks A recessive mutation of zebrafisdaclwas recently reported
hdac1i1618 mutant fish were raised from embryos kindly supplied byto cause embryonic lethality (Golling et al., 2002,)' However,
Dr S. Farrington and Professor N. Hopkins af MIT, Us#ndbomb  1ew details of the defects caused by losisdzfc1function were

mutant fish were provided by Dr T. Whitfielsindi1640 mutant and ~ described in that report, and so a systematic analysis of the
Isl1-GFP transgenic fish were provided by Prof. P. W. Ingham, fromhdaclmutant phenotype was initiated in order to gain insights
stocks maintained at the University of Sheffield. into the requirements fondacl function during embryonic

Homozygouddac11618mutants were distinguished from siblings development. The expression pattern bflacl during
at 22-24 hours post-fertilization (hpf) by their reduced anteriorembryonic development was first documented using probes
hindbrain = development. Homozygousmd'640 mutants were  prepared from a full-lengthdac1cDNA clone. Fig. 1 shows
(:;stlngwshed f.rg’m siblings at 3.4 Dpf .b% tdh‘]f" U'S_E?ped bSOT]'t?sthat hdacl is maternally expressed, with transcripts being

omozygousmib mutants were distinguished from siblings by their yetectaple at all developmental stages analysed and in all
abnormal trunk morphology. ) B .

regions of the embryo. Particularly strong zygotidacl

hdacl cDNA cloning expression is evident in the anterior CNS of embryos at the 18-
Full-lengthhdac1cDNA clones were amplified by RT-PCR using the SOmMite stage and 24 hpf, suggesting that there might be a
forward primer 5ggc agg cgc agg ctg taa ttehd the reverse primer specific requirement fohdacl function in the developing
5'-atg cat cca gga gga ctg gc-Based on thedac1cDNA sequence brain. As development continudsjacltranscripts selectively
deposited in the EMBL database (Accession Number, AF506201). accumulate throughout the brain and spinal cord (Fig. 1).

Until 22-24 hpf, embryos homozygous for tidaclmutant
allele hdac11618are morphologically indistinguishable from
unaffected siblings. However, at this time, specific
abnormalities of hindbrain development first become apparent.
Qflthough the correct number of rhombomeres are formed, the
verified by independent cDNA cloningdac1MO: 5-ttg ttc ctt gag ~ antérior rhombomeres fail to undergo the characteristic
aac tca gcg cca t-3 mediolateral expansion typical of the hindbrain in sibling

A second MO identical in sequencehidactMO apart from four —embryos. Subsequently, ventricular expansion in the midbrain
mismatching nucleotides (highlighted in bold), was used to contraflso fails. By 48 hpf, homozygous mutant embryos adopt a

Microinjection of morpholino antisense oligonucleotides

and synthetic mMRNA

A morpholino (MO; Gene Tools, LLC) was designed to block
translation initiation ohdac1ImRNA, using DNA sequence obtained
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Fig. 1. Expression ohdaclis widespread in the embryo at all
stages of development and most abundant in the anterior CNS.
Whole-mount in situ hybridisation of d&idac1cDNA probe

to zebrafish embryos at the (A) two-cell, (B) 1000-cell, (C)
80% epiboly, (D) 6-somite, (E) 18-somite and (F) 24 hpf
stages. (G,J) Dorsal views of the hindbrain at 24 (G) and 48
(J) hpf. (H,K) Transverse sections through the hindbrain at the
level of r3/r4, at 24 (H) and 48 (K) hpf. (I,L) Transverse
sections through the anterior spinal cord at 24 (1) and 48 (L)
hpf. Strongest expression laflaclis observed in the brain

and spinal cord; by contrast, notochord and somites express
much lower levels dfidacltranscripts.

expression patterns of genes involved in neural
patterning, such gsax2a epha4 hoxbl hoxb4andfgfs,
were investigated. As exemplified pgx2aandephadin

Fig. 4, expression of all of these genes in the CNS is
essentially unperturbed by loss @ifdacl function,
indicating that the mechanisms responsible for regional
specification of the neuraxis do not require zygotiacl
function (Fig. 4A-D).

To investigate the possibility that thiedac1il618
mutation affects neurogenesis, the expression patterns of
the proneural geneshlb(Allende and Weinberg, 1994)
and ngnl (Blader et al.,, 1997) were compared in
hdaci1618 mutants and siblings. At 25 hpf, expression
of ashlb (ashb — Zebrafish Information Network)
curled-down shape and their CNS is significantly smaller thaand ngnl is strikingly reduced throughout the CNS of
that of unaffected siblings (Fig. 2A,B). Several additionalhdac?1618 mutants (Fig. 4E-H), demonstrating that
morphological abnormalities are also apparent, including theeurogenesis is significantly compromised by lossiadcl
absence of pectoral fins, the presence of a weakly beating hefnction.
lacking an atrio-ventricular valve, and the absence of epithelial .
projections forming the semi-circular canals in the developing* Notch-activated repressor of proneural gene
otic vesicle (Fig. 2C-H). Histological analysis confirmed thateXpression, her6, is derepressed in  hdacl mutants
the hdacimutant brain is correctly subdivided into forebrain, In view of the evidence th&tdaclfunctions primarily in the
midbrain and hindbrain, but all of these structures, as well dsanscriptional repression of target genes (reviewed by Ng and
the spinal cord, are smaller than in unaffected sibling embrydsird, 2000), it seemed reasonable to postulate that the
(Fig. 2C,D). Transverse sections through the hindbrain andownregulation of proneural gene expression observed in
spinal cord also revealed abnormalities in their dorsoventraidac?1618 mutants could be an indirect consequence of de-
patterning (Fig. 2E-H). To determine whether the reducedepressing other genes that are themselves direct targets of
dimensions of the hindbrain reflects reduced proliferation ofhdacl-mediated repression. Proneural genes are well-
neural cells, phospho-H3-positive mitotic cells were identifieccharacterised targets of Notch-dependent transcriptional
and counted in the hindbrain dfdac1i1618 homozygous repression by members of the hairy/E(spl) family of bHLH
mutant and sibling embryos (Saka and Smith, 2001) over proteins (reviewed by Campos-Ortega, 1993; Chitnis, 1999).
period from 25 to 38 hpf (Fig. 3; Table 1). At 25 hpf, cell In the mammalian CNS, the Notch target gelleslis required
proliferation in the hdac?i1618 mutant hindbrain is during neurogenesis to co-ordinately repress transcription of
significantly lower than that in unaffected siblings. Howeverpoth Mash1 and Ngnl (Cau et al., 2000). This raised the
by 33 hpf, the mitotic indices dfidachi1618 mutants and possibility that its zebrafish orthologueer6 (Pasini et al.,
siblings are similar and they remain so at 38 hpf (Fig. 3; Tabl2001), might be aberrantly expressedhitac?1618 mutant
1). Thus, although there is a transient proliferation deficit irembryos. At 26 hpfher6is weakly expressed in the lateral
the hdac1i1618 mutant hindbrain at 25 hpf, the normal hindbrain of wild-type embryos, but by 33 hpf, transcripts have
proliferation rate of neural precursor cells is subsequentlpccumulated in two distinct lateral stripes running caudally

regained and maintained independentihdaclfunction. from the rhombic lip (Fig. 5A,C). In 26 hpidacTi1618mutant

) ) embryos,her6 is expressed in the medial hindbrain, being
Mutation of hdac1 does not affect regional particularly abundant in rhombomeres 5 and 6, and this
specification of the neuroepithelium but aberrant pattern persists at 33 hpf (Fig. 5B,D). In wild-type
neurogenesis is highly dependent on zygotic ~ hdac1 embryos, the proneural ger&shlbandngnilexhibit distinct,
function partially overlapping expression patterns in the hindbrain (Fig.

To explore the possibility that the morphological abnormalitie$G,I,M,0). However, in thehdacl mutant hindbrain, the
in the CNS ofhdac?i1618 mutants are caused by primary abundance ofashlb and ngnl transcripts is dramatically
patterning abnormalities within the neuroepithelium, thereduced both at 26 hpf and 33 hpf (Fig. 5H,J,N,P). Transverse
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Fig. 2. Mutation ofhdaclcauses multiple

developmental defects in the zebrafish embryo.

(A,B) Bright-field images of live, 4-day-oladac1i1618

(A) sibling and (B) mutant embryos. Reduced brain size,
absent jaw, curled down tail and pericardial oedema are
clearly visible in the mutant. (C,D) Longitudinal

sections of 3-day-olddac1i1618(C) sibling and (D)

mutant embryos taken at equivalent dorsoventral levels.
Anterior is towards the left. Note the reduced size of the
midbrain and anterior hindbrain and the dorsally open
spinal cord in the mutant embryo. Position of midbrain-
hindbrain boundary is marked with a black arrow. The
hindbrain is indicated with a blue arrow and the row of
somites (staining bright red) on the left side of each
embryo is bracketed. Otic vesicles (lying below the
plane of section in the sibling embryo) are marked with
red arrowheads in D. (E,F) Transverse sections of 3-day-
old hdac11618(E) sibling and (F) mutant embryos

taken at equivalent anteroposterior levels passing
through the otic vesicles and the heart. Note the absence
of a heart valve (arrowhead) and semi-circular canal
projections (arrow), and abnormal hindbrain shape in the
mutant. (G,H) Transverse sections of 3-day-old
hdac1i1618(G) sibling and (H) mutant embryos taken at
equivalent anteroposterior levels passing through the
pectoral fins. Note the absence of pectoral fin bud
outgrowth (arrowhead) in the mutant.

Table 1. Quantification of cell proliferation in the
hindbrain of hdac11618 mutant and unaffected sibling
embryos at 25, 33 and 38 hpf

Age
25 hpf 33 hpf 38 hpf
hdac1i1618siblings 285+11.5 306+2.9 300+17.8
hdac1i1618mutants 176+14.6 320+14.3 288+8.6

The total number of darkly stained phospho-H3-positive nuclei in the
region of the hindbrain spanning rhombomeres 2-7 was counted under the
compound microscope. Values given are mean cell counts (+s.e.m.) where
n=4 individual embryos in each sample group (see Fig. 3 for examples).

sections through rhombomere 5 further reveal the
complementary nature of théier6 expression domain
compared with those afshlbandngni, in bothhdac1i1618
mutant and unaffected sibling embryos (Fig. 5). Thus, loss of
hdaclfunction causes an increasehier6transcript levels and
suppresses expression aghlband ngnl (Fig. 5E,F). In the
dorsal diencephalon of wild-type embryos, the expression
domain ofher6is also complementary to those aghlband
ngnl(Fig. 6), both at 26 hpf and at 33 hpf Moreover, libe5
expression domain is expanded in the dorsal diencephalon of
hdac1i1618 mutants, whereas those aghlband ngnl are
correspondingly reduced or eliminated, at 26 and 33 hpf (Fig.
Fig. 3. Analysis of cell proliferation in the hindbrain bflaci1618 6). Taken together, these results demonstrate htlatl is
(A,C,E) sibling and (B,D,F) mutant embryos between 25 and 38 hpfrequired both to repredser6 and to promote expression of

Dorsal views of hindbrains from embryos at (A,B) 25, (C,D) 33 and ashjpandngniduring the development of the hindbrain and
(E,F) 38 hpf immunostained for the mitosis marker phospho-H3. dorsal diencephalon

Anterior is towards the left in all panels. At 25 hpf there are
i itoti i i inhafac hi1618 . . .

Smulﬁsatrigt'tﬂ%fﬁ]"‘;ﬁ;n;;trlo(;g:r;i‘erlllz ;gg}%g'g?ﬂ%@'es B§Pé3 hof, the  Mutation of hdacl causes defective production and

numbers of mitotic cells in the hindbrain of mutant and sibling patterning of.hlndb_raln neurones and glia .

embryos are similar and they remain so at 38 hpf. For quantitation on order to investigate the degree to which losshdéacl

hindbrain mitotic indices, see Table 1. function affected production of differentiated neurones in the
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hindbrain but they, like the Hu-expressing neurones, also fail
to become organised into segmental arrays, and are distributed
throughout the hindbrain in predominantly lateral locations,
apparently intermingled with Hu-expressing neurones (Fig.
7G,H). Taken together, these results demonstrate that in the
hindbrainhdac1lis specifically required for the production and
pax2a sib pax2a hdac1- segmental patterning of both neurones and glia.

Multiple defects of neuronal specification in hdac1-
deficient embryos

In order to characterise the extent to which hideci1618
mutation affected the specification of neuronal sub-types
within the CNS, the development of Isl1-expressing epiphysial,
branchiomotor and spinal cord neurones was compared in
hdac?i1618 mutant and unaffected sibling embryos (Korzh et
al., 1993). Epiphysial neurones express the Isl1 transcription
factor once they have been specified within the epithalamic
region of the dorsal diencephalon (Masai et al., 1997).
Branchiomotor and spinal motoneurones are induced by
hedgehog signalling in the hindbrain and spinal cord,
respectively, and they also express Isl1 protein in response
to such signals (Chandrasekhar et al., 1997). Intriguingly,
homozygosity for thehdaci1618 mutation eliminates Isl1
expression in the anterior half of the epiphysis (Fig. 8A,B), and
prevents specification of almost all branchiomotor neuronal
precursors except for two small clusters of trigeminal (nV)
neurones in rhombomere 2 and two small groups of facial
_ ) _ . (nVIl) precursors located in rhombomere 4 (Fig. 8C,D). To
Fig. 4. Mutation ofhdacldoes not perturb primary neural patterning getermine whether the Isl1-positive cells that were specified in
but neurogenesis is severe]y impaired. In situ hybridisation fqr the hindbrain of hdactdeficient embryos were able to
expression of CNS patterning markers and proneural genes in differentiate fully into motoneurones with axons, a morpholino

hdac11618(A C,E,G) sibling and (B,D,F,H) mutant embryos. , : X
(A,B) pax2aat 24 hpf marks the optic chiasm, midbrain-hindbrain ~ targeted against the translation start sita#c1mRNA was

boundary, otic vesicle and scattered spinal interneurones; (C,D) ~ Microinjected into embryos specifically expressing an Isl1-
ephadat 32 hpf marks the forebrain and hindbrain rhombomeres 1, green fluorescent protein (GFP) transgene in branchiomotor

sib ephA4
F y

ngnt % sib ngni

and 5; (E,Fashlband (G,H)ngnlat 25 hpf mark neuronal neurones (Higashijima et al., 2000). At 30 hipflactMO-
precursors in brain and spinal cord. ExpressigpeaRaandepha4 injected embryos exhibited a pattern of four small clusters of
in the embryonic CNS is unperturbed by tuac1618mutation, Isl1-positive branchiomotor neurones identical to that observed
whereas expression of the proneural gerséd bandngnlis in hdac1i1618 mutants, two of which (nV neurones) were
substantially reduced indac1"*'¢mutant embryos. located in rhombomere 2, and two of which (nVIl neurones)

were located in rhombomere 4 (compare Fig. 8C,D with 8E-

H; and see Table 2). Moreover, whereas the population of GFP-
hindbrain, the distribution of cells expressing the pan-neuronglositive motoneurones in control-MO injected embryos was
Hu proteins was compared idac1i1618 mutant and sibling considerably increased in size between 30 hpf and 36 hpf (Fig.
embryos, at 25, 34 and 38 hpf (Fig. 7). Within each8E,F), the rudimentary pattern of four small clusters of GFP-
rhombomere of the wild-type zebrafish hindbrain, Hu-positivepositive branchiomotor neurones remained unchanged in
post-mitotic neurones are arranged in a stereotyped segmenrtidiactMO-injected embryos (Fig. 8G,H). No GFP-positive
pattern that comprises a central cluster and an outer bordeells were ever observed in the caudal part of the hindbrain that
separated by a layer of glial cells (Trevarrow et al., 1990hormally gives rise to nIX and nX motoneurones. Nevertheless,
(Fig. 7). Strikingly, in thehdaci1618 mutant hindbrain, Hu- the GFP-positive motoneurones that were preseimidack
expressing cells fail to adopt the characteristic segmentdO-injected embryos did appear to differentiate normally and
arrangement in each rhombomere, and instead they asseméal®n outgrowth could be clearly observed (Fig. 8G,H). These
into an unsegmented column on each side of the hindbranesults demonstrate that relatively few branchiomotor neurones
(Fig. 7A-F). Between 25 and 38 hpf, the number of Hu-positivare specified inhdactdeficient embryos, which remain
cells within thehdaci1618 mutant hindbrain progressively spatially restricted to rhombomeres located anterior to
increases, although in comparison to the hindbrain of siblinghombomere 5, and they do not undergo tangential migration
embryos, there are consistently fewer neurones. As thegosteriorly. Remarkably, however, these cells differentiate into
hdac?1618mutant hindbrain develops, most of the newly bornmotoneurones with axons that project anteriorly.
Hu-positive neurones accumulate in rhombomeres 2, 3 and 4,In the developing spinal cord ohdac11618 mutant
whereas relatively few are found in rhombomeres 5 and 6 (Figmbryos, the number of Isll-positive motoneurones is
7E,F), in stark contrast to the situation in wild-type embryosonsiderably reduced in comparison with that observed in
(Fig. 7E,F). Glia are also specified in thelacl mutant unaffected siblings (Fig. 81,J). SimilarlgdactMO-injected



2988 Development 131 (12) Research article

embryos exhibited a substantially reduced population of spinaéview, see Chitnis, 1999). In vitro studies indicate that Notch-
motoneurones in comparison with control MO-injectedmediated transcriptional activation oE(spl) genes is
embryos (Fig. 8K,L). To a lesser degree, the population cdntagonised by a protein complex that contains Hdacl (Kao et
Rohon-Beard sensory neurones is also reduced in the dorsdl, 1998). However, the in vivo requirements fodacl
spinal cord ofhdacl mutants and morphants (Fig. 8I,L). functions in repression &(spl)genes, particularly in relation
Thus, loss ofhdacl function profoundly impairs neuronal to the effects of Notch signalling, have not been defined.
specification in the epiphysis, hindbrain and spinal cord, whicffhe mind bomb(mib) mutation profoundly impairs Notch

is consistent with the observed widespread reduction dfignalling such that extensive, premature neuronal
proneural gene expression and ectopic expression of the NotdHferentiation occurs throughout the embryonic CNS (ltoh et

target gendner6in the CNS othdaclmutants. al., 2003). To test the hypothesis thdaclfunction is required

) o for repression oher6in the developing CNS, and that Notch
her6 is derepressed, proneural gene expression is signalling is required to relieve this repressicer6expression
extinguished, and neuronal specification is impaired was analysed in thaib mutant under conditions where levels
in hdac1 -deficient embryos, independently of Notch of hdac1 activity were either unperturbed or reducelddact
signalling MO microinjection. Homozygosity for themib mutation

Notch signalling is essential for proper transcriptionalsignificantly reduces the abundancénef6transcripts both in
activation of manyE(spl) genes during neurogenesis (for athe dorsal diencephalon and the hindbrain (Fig. 9), confirming
that notch signalling is essential for proper
expression of her6. In stark contrast,
microinjection of thehdactMO into either
mib mutant or sibling embryos caused a
dramatic derepression dfer6 both in the
dorsal diencephalon and in hindbrain
rhombomeres 5 and 6 (Fig. 9, arrows; Table
3). These results demonstrate that hdacl does
indeed act as a repressor bér6 in the
hindbrain and dorsal diencephalon, and also
that the repressive effect of hdacl lwer6 is
normally alleviated by Notch signalling. In
further confirmation of these findings,
expression of the proneural gengnlin the
CNS was strictly dependent on wild-type
levels of hdacl activity, irrespective of
whether hdacktdeficient embryos were
homozygous for thenib mutation or not (Fig.
9l,L). Finally, immunostaining for Isl1 protein
revealed that loss dfdaclfunction severely
impaired neuronal specification in both the
epiphysis and the hindbrain in anib-
independent manner (Fig. 9M-T; Table 3).
Reduced levels of hdacl eliminated Isl1
expression in the anterior epiphysis, both in
mib siblings and mutants (Fig. 9M-P). The
hindbrain ofhdaclmorphants developed with
two pairs of Isl1-positive cell clusters in r2 and

sib M

Fig. 5.1n situ hybridisation analysis comparing the
expression domains bkr6, ashlbandngnlin the
hindbrain ofhdac1i1618sibling and mutant
embryosher6is aberrantly expressed in the
medial hindbrain ohdac11618mutants at 26 and
33 hpf, and most strongly in rhombomeres 5 and 6
(arrows). By contrast, expressionashlband
ngniin thehdac1618mutant hindbrain is almost
completely extinguished. (A-Fer6, (G-L) ashlh
(M-R) ngnlexpression patterns.

(A,B,G,H,M,N) Dorsal views of hindbrain, 26 hpf;
anterior is towards the left. (C,D,1,J,0,P) Dorsal
views of hindbrain, 33 hpf; anterior is towards the
left. (E,F,K,L,Q,R) Transverse sections through
rhombomere 5 of hindbrain, 33 hpf; dorsal is
uppermost.




hdacl maintains neurogenesis in zebrafish 2989

sbD .. hdact

a3hhers

Fig. 6.In situ hybridisation analysis
sibH

comparing the expression domains
of her6, ashlbandngnlin the
dorsal diencephalon tidac1i1618
sibling and mutant embryos at 26
and 33 hpf. Loss dfdaclfunction
et - causes a stable expansion of lilee6
26h ashib 33hashib : 33h  expression domain in the dorsal
hdac1 K : sib L diencephalon (arrows), as well as
reductions in the diencephalic
expression domains ashlband
ngnl (A-D) her6 (E-H)ashlh
(I-L) ngnlexpression patterns. In all
panels, views are dorsal and anterior

I

‘;h" L3 3 N - <
26h ngni 26h ngn1

by

33h ngnt 8 33h s towards the left.

- 4B

ngni

r4 and none posterior to r4, as was observeddimc11618  mib mutant embryos suppressed this widespread, ectopic
mutants (Fig. 9S). By contrast, supernumerary Isl1-positiveeurogenesis and instead restricted the specification of Isl1-
cells were found throughout the hindbrain rafb mutants  positive cells to the two pairs of cell clusters in rhombomeres
(Fig. 9R). However, microinjection of thedactMO into 2 and 4 that are characteristichafac1618mutants (Fig. 9T).

A sib B hdaci= hdacl maintains the response of motoneurone

A F precursors to hedgehog signalling

The results described above demonstrate kuktcl is
required to repress Notch targets in order to promote
proneural gene expression and to specify several different
neuronal cell types, including motoneurones. However,
formation of motoneurones in the zebrafish also requires
ventral midline-derived hedgehog signals (Chen et al., 2001;
Varga et al., 2001; Lewis and Eisen, 2001). It was therefore
of interest to investigate the relationship between hedgehog
signalling and the requirement fdidacl function in
motoneurone specification. In situ hybridisation analysis for
expression o§hhand the shh target gep&clrevealed that
hdacl does not play a major role in determining the
expression patterns of these genes in motoneurone-forming
regions becausshhis expressed in ventral midline cells

in both hdac1i1618 mutant and sibling embryos, and
expression of the shh targetcl is relatively unperturbed
both in the CNS and paraxial mesoderm (Fig. 10A-D). A
localised reduction in expression of bathh and ptcl is
found more anteriorly, however, in the zona limitans
intrathalamica of the forebrain (zli, Fig. 10A-D). In wild-

Fig. 7. Defective production and patterning of post-mitotic
neurones and glia in the hindbrainhafac1618 mutant

embryos. Immunohistochemistry for Hu-expressing post-mitotic
neurones (A-F) and GFAP-positive glia (G,H) in the hindbrain of
eElya  hdachil618sipling and mutant embryos at (A,B) 26, (C,D) 34
and (E-H) 38 hpf. Although the efficiency of neurone formation
is reduced there is a progressive increase in the number of Hu-
positive neurones in the hindbraintafac1i1618 mutants

between 26 and 38 hpf. However, these neurones are arranged in
continuous longitudinal tracts extending through the hindbrain
and a segmented arrangement is not adopted. Glia also fail to
adopt their characteristic arrangement in each rhombomere and
instead accumulate aberrantly in the anterior hindbrain.

38h GFAP
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type embryos, the level shhexpression is strictly limiting for observed (Fig. 10; Table 4). Thus, although the hedgehog
the number of branchiomotor neurones that are specifigghthway is active ihndactdeficient embryos (Fig. 10A-D) and
because over-expression afhh induces supernumerary there are many mitotically active cells in the hindbrain (Fig. 3;
branchiomotor neurones (Chandrasekhar et al., 1998Jable 1), very few Isl1l-expressing motoneurones are produced
Although specification of the majority of branchiomotorin response to hedgehog signals (Fig. 10E-L). To confirm that
neurones requirdsdac], small clusters ofidactindependent the branchiomotor neurones that did formhohactdeficient
motoneurones do form in rhombomeres 2 and hd#ct  embryos were nevertheless dependent on hedgehog signalling,
deficient embryos. Therefore, to determine whetsbh the effect of knocking dowmdacl function in smoothened
overexpression could expand the population of branchiomotenutants (Chen et al., 2001; Varga et al., 2001) was analysed.
neurones formed ihdacldeficient embryosshhmRNA was At 26 hpf, the first cells to detectably express Isl1l protein in
microinjected into Isl1-GFP transgenic embryos with either dhe hindbrain of control-MO-injected, unaffected sibling
hdac1MO or a control MO. Microinjection ohh mRNA  embryos were a small group of rostrally located trigeminal
along with the control MO induced many supernumerary(nV) motoneurones in rhombomere 2 (Fig. 11A). Although
branchiomotor neurones in the hindbrain of Is|1-GFP embryodoss of smoothenedfunction completely abolishes the
However, no supernumerary branchiomotor neurones wewspecification of these first-detected branchiomotor neurones
formed when théndac1MO was co-injected witshhmRNA  (Fig. 11C), loss ohdaclfunction had no observable effect on
and instead only the rudimentary pattern of branchiomotatheir formation (Fig. 11B). By 32 hpf, control-MO-injected,
neurones that is characteristic bflacti1618 mutants was unaffected siblings had developed a properly expanded and
appropriately positioned set of branchiomotor neurones

A . 4 SHEBY TR hdaci= (Fig. 11E), whereas once more, no Isll-positive cells
» N LR w A were detectable in the hindbrain sshoothenednutants
LA A SR TR (Fig. 11G). As observed previously, at 32 Hyfact

y m iy _'«.f-w-a.u-"\_»%-.\“’;?,!- b deficient embryos developed only the two further small

i clusters of facial (nVIl) motoneurones in r4 in addition

B AN 3‘““ R to the trigeminal (nV) population first detected in r2 at 24
sl 38070 A Isl1
sib . hdac1- ; . I
- i Fig. 8.Loss ofhdaclfunction disrupts specification
o W - and patterning of Isl1-expressing neurones.
: (A,B) Immunohistochemistry for Isl1-expressing neurones in
& ] the epiphysis ofidac1i1618(A) sibling and (B) mutant

embryos. Note the absence of Isl1-positive cells in the anterior
half of the mutant epiphysis (left of arrowhead).
(C,D) Immunohistochemistry for Isl1-expressing
branchiomotor neurones in the hindbrairhdac1i1618(C)
1 - oo , sibling and (D) mutant embryos. Note that the characteristic
control MO F _ control M curved arrangements of nVII branchiomotor neurones
N spanning rhombomeres 4, 5 and 6 in the sibling hindbrain are
B - _JEFP g e N PR & absent in the mutant hindbrain and replaced by two small
st ¥ ¥4 At \‘n'e‘&'ﬁ‘ m clusters of Isl1-positive neurones in rhombomere 4 (arrows).
apSg, Mo - Shuidiooniaii B0 ’; ""ﬁ Tl 9 Trigeminal (nV) motoneurones in rhombomere 2 are marked
! D -.,;-J'o - (arrowheads). (E-H) Expression of an IsI1-GFP transgene
'“_ reveals the position and morphology of differentiated
nX 36h nv nvil nx branchiomotor neurones in embryos microinjected with (E,F)
hdacit MOH hdaci MO control MO or (G,Hhdac1MO, at (E,G) 30 hpf and (F,H) 36
hpf. Positions of otic vesicles are marked with a white oval
o and red asterisk. In A-H, views are dorsal, anterior is towards
the left. At both 30 and 36 hgidactMO-injected embryos
exhibited the same four, small clusters of differentiated
branchiomotor (trigeminal and facial) neurones with axons
that projected anteriorly, and there were no Isl-GFP-positive
neurones located posterior to rhombomere 4. By stark contrast,
control MO-injected embryos developed a normal population
of Isl1-GFP-expressing branchiomotor neurones which
increased in size and morphological complexity between 30
and 36 hpf (I1,J) Immunohistochemistry for Isl1-expressing
neurones in the spinal cord ledaci1618(]) sibling and (J)
mutant embryos, and wild-type WIK embryos microinjected
with (K) a control MO or (L) aftndac1MO, at 24 hpf. Lateral
views, anterior is towards the left. Isl1-positive motoneurones
lie in the ventral spinal cord; Rohon-Beard cells are located in
the dorsal spinal cord and stain relatively strongly for Isl1
protein. Homozygosity for thiedac1i1618mutation or
microinjection of arhdac1MO reduces the number of Isl1-
expressing neurones formed in the spinal cord.
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Table 2. Specific effect of almdac:MO on development of  hpf (Fig. 11F), all of which were strictlsmoothened

branchiomotor neurones in Isl1-GFP transgenic zebrafish  dependent (Fig. 11H). Taking the results described in Figs 10
embryos (see Fig. 8 for examples) and 11 together, it can be concluded that the hedgehog

signalling pathway is intact ihdacl mutants, but sustained

g‘g;ﬁ%ﬁigﬁﬁg Ef{,?;ﬂﬁ?,iﬁfnﬁgﬁ Sg‘;’é}ﬁc production of hedgehog-dependent motoneurones, although
Treatment neurones neurones defects initially normal, is not efficiently maintained even when the
Uninjected 125 0 3 level of hedgehog expression is experimentally increased.
Control-MO 218 0 4 Therefore, consistent with its function as an antagonist of
hdac1MO 9 193 1 Notch signalling, these results reveal thdaclis required in
sib + control MO mib -+ control MO sib + hdac1 MO mib ~+ hdac1 MO

Fig. 9. Thehdaclmorphant CNS
A B c L phenotype is epistatic to that of tménd
bombmutant. (A,E,l,M,Q) Unaffectethib
siblings injected with control MO.
(B,F,J,N,R)mib homozygous mutant
embryos injected with control MO.
(C,G,K,0,S)mibsiblings injected with
hdaciMO. (D,H,L,P,T)mib homozygous
mutant embryos injected witidac1MO.
(A-H) In situ hybridisation analysis of
her6expression in (A-D) dorsal
diencephalon (30 hpf) or (E-H) hindbrain
(30 hpf). Loss ofmibfunction reduces the
abundance dfier6transcripts in the dorsal
diencephalon and hindbrain, whereas loss
of hdaclfunction dereprességréin the
dorsal diencephalon and hindbrain both in
mib-siblings and mutants. (I-L) In situ
hybridisation analysis afgnlexpression
in 25 hpf embryos. Loss afiib function
increasesmgnlexpression throughout the
CNS, whereas loss bflaclfunction
abolishesignlexpression in the CNS
both inmib-siblings and mutants.
(M-T) Immunohistochemistry for Isl1-
expressing (M-P) epiphysial and (Q-T)
branchiomotor neurones in the hindbrain
of 30 hpf embryos; dorsal views, anterior
is leftwards. Loss afib function
produces supernumerary Isl1-positive cells
in the epiphysis and throughout the
hindbrain, whereas loss bélac1function
severely impairs the production of Isl1-
positive cells both imib-siblings and
mutants.

her6_30h

Table 3. Specific effects of ahdacl-MO on her6 expression and specification of Isl1-expressing cells in the CNSnoib
mutants and siblings (see Fig. 9 for examples).

Wild-type Deficiency Excess
Wild-type her6 Ectopicher6 Reducedher6 Isl1 of Isl1+ve Isl1+ve
expression expression expression pattern cells cells
Uninjected
mib siblings 72 0 0
mib mutants 0 0 18
Control-MO
mib siblings 39 0 0 31 0 0
mib mutants 0 0 11 0 0 11
hdactMO
mib siblings 1 40 0 0 28 0
mib mutants 0 16 1 0 7 0
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Fig. 10. The hedgehog signalling pathway is intach@acl
mutant embryos but motoneurone precursors require wild-type
levels ofhdaclactivity to respond to elevated levelshefdgehog
signalling. (A-D) In situ hybridisation analysis of (A,Bhhand
(C,D) ptcl expression imdac1618(A,C) sibling and (B,D)
homozygous mutant embryos at 24 hpf. Positions of zli are
indicated (arrowheads). Loss ledac1function does not
significantly affectshhexpression in ventral midline cells of
hindbrain and spinal cord, and expression ofsthietarget gene
ptclis relatively unpertubed in CNS and paraxial mesoderm.
(E-L) Expression of an Isl1-GFP transgene reveals the position
and morphology of branchiomotor neurones in 30 hpf embryos
microinjected with (E,G) control MO; (F,Hydac1MO; (I,K)
control MO plus 100 pghhmRNA,; (J,L)hdac1MO plus 100 pg
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Table 4. Suppressive effect of ahdacMO on induction
of supernumerary branchiomotor neurones by co-injected
shhmRNA in Isl1-GFP-transgenic embryos (see Fig. 10
for examples).

Wild-type
pattern of Deficiency of Supernumerary
branchiomotor  branchiomotor branchiomotor

Treatment neurones neurones neurones
Uninjected 21 0 0
Control-MO 13 0 0
Control-MO +shhmRNA 1 0 44
hdac1MO 0 13 0
hdac1MO +shhmRNA 0 44 0

the hindbrain to maintain the production of branchiomotor
neurones in response to hedgehog signalling.

Discussion

Previous studies have demonstrated that Hdacl enzymes are
deployed in a variety of developmental contexts to mediate
transcriptional silencing. In the mouse, targeted mutation of
Hdac1 derepressed CDK inhibitor genes leading to reduced
cell proliferation and post-gastrulation embryonic lethality
(Lagger et al., 2002). InDrosophilag a loss-of-function
mutation in thehdacl orthologue Rpd3 causes a pair-rule
phenotype (Mannervik and Levine, 1999), whereasCin
elegansmutation ofhda-1causes post-embryonic defects in
gonadogenesis and vulval development (Dufourcq et al., 2002).
In zebrafish, mutation dfdac1(Golling et al., 2002) causes a
phenotype in which, as shown here, distinct aspects of the
development of several organs and tissues are affected.

Hdac1 as a repressor of Notch targets in neural
precursor cells

Histological analysis of the CNS imdacl mutants initially
indicated that neurogenesis may be sensitive to lobslafl
function. The ensuing analysis demonstrated unequivocally
that hdacl is indeed required to promote neurogenesis
and evidence is presented that this is accomplished by
transcriptional repression of Notch-activated target genes such
asher6. Her6is the orthologue of mammalidfes], which is
required for Notch-driven repressionMfishlandNgnl(Cau

et al., 2000). Consistent with these observations, transcripts of
the proneural geneashlbandngnlwere almost completely
absent irhdactmutant embryos, suggesting that, as for Hes1
in mammals, Her6 is a specific repressor of multiple proneural
genes. Derepression dier6 was greatest in the dorsal
diencephalon and hindbrain rhombomeres 5 and 6, two regions
of the CNS where neuronal specification, as revealed by Isl1
immunostaining, was particularly severely affected (Fig. 8).
Intriguingly, her6 derepression caused Ihdacl deficiency

was epistatic to theind bomeurogenic phenotype, both in
the dorsal diencephalon and in rhombomeres 5 and 6 of the

shhmRNA. (E,F,1,J) Dorsal views of hindbrain, anterior is towards hindbrain. These observations unequivocally show that a

the left; (G,H,K,L) lateral views of hindbrain, anterior is towards
the left. Overexpression ghhdramatically increased the number
of Isl1-GFP-positive branchiomotor neurones. No supernumerary
branchiomotor neurones were formed whermdactMO was co-
injected withshhmRNA and only the rudimentary pattern of Isl1-
expressing neurones characteristitdactdeficient embryos was
observed.

function of Notch signalling is to relievedactmediated
transcriptional repression of Notch targets in the CNS, which
is consistent with studies in other species (Kao et al., 1998;
Barolo and Posakony, 2002). Interestingly, losshdacl
function did not cause widespread derepressionhex
throughout the embryo. Insteadier6 derepression was
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In Drosophilg Notch target genes are actively repressed by
DNA-bound Suppressor of Hairless [Su(H)], which recruits co-
repressor molecules such as groucho and CtBP to the target
locus via interactions with the Hairless protein (Barolo et al.,
2002). Other studies in cultured mammalian cells previously
found that the Su(H) orthologue CBF1 bound the HDAC1-
containing SMRT complex (Kao et al., 1998). Moreover, in
Xenopusanimal cap explants, the broad specificity HDAC
inhibitor trichostatin A caused a two-fold increase in
expression of the Notch target geBE8R1(an orthologue of
zebrafishherd) in response to overexpression Xfleltal
mRNA (Kao et al., 1998), suggesting a role for histone
deacetylase in repression of Notch targets. The experiments
reported here extend these observations significantly by
demonstrating that in the zebrafish embryonic Cintaclis
required for repression of Notch targets in a manner that still
renders these genes inducible by Notch signalling. No
vertebrate orthologue of thbairless gene has yet been
described, and the SMRT protein can interact directly with the
orthologue of Su(H) (Kao et al., 1998). However, proteins such
as SHARP and SKIP may also modulate connectivity between
DNA-bound Su(H) and Hdac1 in vertebrate embryos (Oswald
et al., 2002). It will now be of great interest to determine
whether interactions between Hdacl, SHARP, SKIP and Su(H)
orthologues are essential for repressing Notch targets during
neurogenesis in the zebrafish embryo.

L i’

e

A widespread requirement for hdacl in neuronal
specification and patterning
Immunostaining for expression of Hu proteins and GFAP
revealed that formation of neurones and glia was highly
abnormal in the hindbrain dfdaclmutant embryos (Fig. 7).
There are fewer post-mitotic neurones Maacl mutant
embryos than in siblings at each of the three stages analysed,
and the characteristic segmental organisation of these neurones
with their associated glia is lost. However, loss hofacl

- Mo function does not cause a general arrest of CNS growth and
smo- + hdacliiil development, because although cell proliferation inhithec1

Fig. 11.Sustained production of smoothened-dependent mutant hindbrain is reduced at 25 hpf in comparison to the
branchiomotor neurones requires wild-type levelsdzclactivity. situation in sibling embryos, it regains its normal proliferative
Immunohistochemistry for Isl1-expressing branchiomotor neurones capacity by 33 hpf and a similarly high level of mitotic activity
in the hindbrain 06md1640(A,B,E,F) sibling and (C,D,G,H) persists at 38 hpf. Moreover, throughout the period from 25 hpf

homozygous mutant embryos, at (A-D) 26 hpf and (E-H) 32 hpf. {5 38 hpf, the size of the Hu-positive neuronal population in
EBmgrg‘Ls ‘é"gre }mlvlltgogjecteld with e'thfr .(A'.C"tE'G) ‘;’jonttrr]‘)' IMf? OF " the hindbrain progressively increases. It is possible that the
(B,D,F,H)hdac - S0rsa VIEws, anterlor IS towards the [eft, transient reduction in cell proliferation within thdaclmutant

Specification of all Isl1-expressing branchiomotor neurones requireﬁq. dbrai ifically affect ticul t f .
smoothenedlinction. Initial specification of Isl1-positive trigeminal indbrain specifically alfecls a parucuiar Step ol neurogenesis,

motoneurones at 26 hpf wadaclindependent, but further because the defects in neurogenesis are irreversible and
production ofsmoothenediependent branchiomotor neurones was bgcpme more profound with time, whereas C_e" proliferation
impaired inhdacZdeficient embryos and only two further small within the hindbrain recovers. It is also possible theacl
clusters of Isl1-positive facial neurones had formed by 33 hpf, in  mutants selectively accumulate proliferating neural precursors
contrast to the situation in control-MO-injected embryos. as a direct consequence of derepressing Notch target genes

(Solecki et al., 2001). Future experiments will investigate these

possibilities. However, taken together with the finding that
strongest in CNS territories undergoing neuronal specificatiomatterning markers such @phadare properly segmentally
implying that hdacl-mediated transcription silencing isexpressed in the hindbrain (Fig. 4), the observed abnormalities
selective for neural patterning processes, perhaps througtearly illustrate thahdaclis required to efficiently couple
interactions with neural-specific repressors. The resultseurogenesis to the mechanisms determining segmental
described here also imply that the products of Notch targgatterning of the hindbrain.
genes such as the her6 transcriptional repressor can function irHdacldeficient embryos exhibited a range of defects
an hdactindependent manner, possibly through redundanin specification of neuronal subtypes, as revealed by
interactions with other class | HDACs. immunostaining for Isl1 and by confocal microscopy of an
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Isl1-GFP transgenic line. In the dorsal diencephalomdaicl  associated with many different target genes in neural cells.
mutants, there was a striking deficit of anterior epiphysiaNevertheless, the results presented here ungetlas a likely
neurones in a position corresponding to the diencephalidirect target ohdactmediated transcriptional repression and
territory within which strong expression leér6and extinction  imply that theher6 locus is hyperacetylated imdaclmutant

of proneural gene expression was observed (Figs 6, 8). In tieenbryos. Deacetylated core histones are substrates for lysine-
hindbrain, nascent clusters of Isl1-positive trigeminal (nV) andnethylation by a large family of SET-domain-containing
facial (nVIl) motoneurones were produced in rhombomeres Bistone methyltransferases (for a review, see Turner, 2002), and
and 4 ofhdactdeficient embryos, but these clusters failed toso the her6 locus of wild-type embryos may also exhibit
expand properly and no additional branchiomotor neurondsistone methylation patterns that are under-represented in
were formed. Nevertheless, those nV (r2) and nVIl (r4hdacl mutant embryos. These possibilities will now be
motoneurones that were specified persisted in their originahvestigated.

positions within the hindbrain and they produced correctly

oriented axons that are characteristic of properly differentiated | am grateful to Professor Nancy Hopkins and Dr Sarah Farrington
neurones. Interestingly, there was no evidence of tangential MIT for generously providing thedac1'®'8 mutant; to Professor

; : itoshi Okamoto (RIKEN) for the Isl1-GFP line; and to Professor
g:,g;iﬂ?onmOig#dﬁg};ro(n%ganggﬁekiuar rhgtmbzti)lr.r’]eriggz), ink?(?hilip Ingham and Dr Tanya Whitfield for sharing their mutant stocks

. - and for critically reading earlier versions of the manuscript. | also
rhombomeres 5 and 6 of ttelaclmutant hindbrain, where thank Julian Lewis (CRUK, London), Jonathan Clarke and Adam Guy

her6 was strongly expressed. It remains unclear whether thigc|, | ondon), Kate Hammond, Claire Allen, Sarah Baxendale, and
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nVIl neuronal precursors d¢fdaclmutants that were born in advice, plasmids and gifts of other materials; and Fiona Browne, Lisa

rhombomere 4, or whether the observed defect is also tl&eadall and Matthew Green for fish care. Funding for confocal

consequence of a failure to specify nVII motoneurones fronmicroscopy was provided by Yorkshire Cancer Research.
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