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Mouse DII3: a novel divergent Delta gene which may complement the function
of other Delta homologues during early pattern formation in the mouse
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SUMMARY

Mouse delta-like 3(DII3), a novel vertebrate homologue of tion of tissue from the primitive streak and tailbud. A
the Drosophila gene Delta was isolated by a subtracted careful comparison ofDII3 and DII1 expression by double
library screen. In Drosphila, the Delta/Notch signalling RNA in situ hybridisation demonstrates that these genes
pathway functions in many situations in both embryonic  have distinct patterns of expression, but implies that
and adult life where cell fate specification occurs. In together they operate in many of the same processes. We
addition, a patterning role has been described in the estab- postulate that during somitogenesi®II3 and DII1 coordi-
lishment of the dorsoventral compartment boundary in the nate in establishing the intersomitic boundaries. We
wing imaginal disc. DII3 is the most divergent Delta  confirm that, during neurogenesis in the spinal cordDlIl1
homologue identified to date. We confirm thatDII3 can  and DII3 are expressed by postmitotic cells and suggest that
inhibit primary neurogenesis when ectopically expressed in  expression is sequential such that cells expre8dll first
Xenopus suggesting that it can activate the Notch receptor followed by DII3. We hypothesise thaDII1 is involved in the
and therefore is a functionalDeltahomologue. An extensive release of cells from the precursor population and thabll3
expression study during gastrulation and early organogen- is required later to divert neurons along a specific differ-
esis in the mouse reveals a diverse and dynamic pattern of entiation pathway.

expression. The three major sites of expression implicate

DII3 in somitogenesis and neurogenesis and in the produc- Key words: mouse embryBelta, neurogenesis, somitogenesis.

INTRODUCTION produced from a precursor population (equivalence group)
even though each cell in that population is capable of becoming
The suppy and_péteming of tissue and cellular dérentigion ~ a neuroblast. This production of individual neuroblasts occurs
within that tissue are fundamental to the development of arepeatedly from the equivalence groups until a full complement
organism. For example, during the initial stages of gastrulatioaf neuroblasts has been derived. In each case, the cell that
in the mouse, the epiblast, a pluripotent and rapidly dividindgpecomes the neuroblast signals via Delta to its neighbours and
epithelium, supplies tissue in the form of the newly inducedhe activation of Notch in these cells prevents them from
mesoderm. The mesoderm is then patterned leading to a largéopting a neural fate. This cell-cell dependent inhibitory sig-
diversity of differentiated tissue types. Throughout gastrulatiomalling is referred to as lateral inhibition. Loss-of-function
and organogenesis these processes are repeated as the guootations in either of the corresponding genes, results in the
plexity of the embryo increases. These events are not restrictptbduction of as many neuroblasts as there are cells in the
to the embryo but are also required in the adult during tissygrecursor population. In the peripheral nervous system (PNS),
replenishment. A signalling pathway first described inDelta/Notch signalling is required again to divert cell fate
Drosophilahas been implicated in tissue supply, patterning anduring differentiation (Hartenstein and Campos-Ortega, 1986;
cellular differentiation. The signal is supplied by Delta andHartenstein and Posakony, 1990; Spana and Doe, 1996; Guo
received in the neighbouring cells by the receptor, Notch. Thet al., 1996).
Delta gene encodes a transmembrane protein (Vassin et al.,In Drosophila, DeltaandNotchare pivotal in numerous cell
1987; Heitzler and Simpson, 1991) which affects the develogate choices during both embryonic and adult life. In the
ment of adjacent cells displaying the transmembrane recept@mbryo, homozygous null mutations felta or Notchresult
Notch (Wharton et al., 1985). in the expansion of one cell type at the expense of another. In
In Drosophila a well-documented case where Delta/Notchectoderm discussed above, the embryonic nervous system is
signalling is required is during the production of neural preexpanded while the embryonic epidermis is reduced (Lehman
cursors (see Artavanis-Tsakonas, 1995). A single neuroblastes al., 1983). In mesoderm, an expanded myoblast population



3066 S. L. Dunwoodie and others

is gppaent (Corbin et al., 1991). Similgra phenotypeasts
in the endoden lineaye (Tepass and Héenstein, 1995). In the
adult, adlitional wles br Delta and Notdh include specifia
tion of biistle precussors thoughout the adultgdemis, cell
type specifiaion in the adult e and diferentiction of follicle
cells duing oayenesis (see Muskich, 1994). Genes homol
ogous toDelta andNotc are present inC. elganswhere glp-
1andlag-2are required to allocte precussors of specift vulval
fates (Geenvald et al., 1983). flese pleiotpic functions
appear to eflect the ecurent use of theseeges in may
scenaios where cell Bte speciftaion is occuring.

Vertebrate homolgues of Notch have been identiéid in
Xenopus (X-Notel), chick (C-Notd-1) and mouséNotch-1,
Notch-2, Noth-3, Notd-4) (Coffman et al., 1990; Heique et
al., 1995; IFanco del Amo et al., 1992; Ldelli and Lendahl,
1993; Ladelli et al., 1994; Uyttendaele et al., 1996). d.ik
Drosophilaand C. elgans it is gppaent tha the Noth sig
nalling pahway influences celldte speciftaion in vertebrates.
Constitutvely actvated forms of Notd-1, which ladk the
extracellular potion of the potein, inhibit neungenesis in
XenopugqChitnis et al., 1995; Dsky et al., 1995; Cdiman et
al., 1993) In adlition, actvated Notd inhibits nusde
formaion in Xenopusas vell as in mouse cells in virand
drives T ymphogte lineaje selection in the mouse ¢ldan et
al., 1994; Robg et al., 1996).

More recenty, vertebrate homolgues ofDelta have been
identified inXenopus (X-Delta-1, X-Delta-2}hick (C-Delta-
1) and mousé€DII1) (Chitnis et al., 1995; Heigue et al., 1995;
Bettenhausen et al., 199%nJet al., 1997). Ae Delta-1 and
DII1 genes ppear to be dhologues due to consetion of
amino acid sequence aneérge &pression. Dung embyo-
genesis, the m@dominant egions of Delta-1/DIl1 gene
expression a& the newectodem and the pFsomitic
mesodem. In the neuwectodem, the punctie pateming of C-
Delta-1 expression éreshaduwrs the spiotempoal patem of
neuonal diferentidion. Cells tha have eited from the cell
cycle transienty express CBelta-1prior to differentiging into
neuons (Henique et al., 1995; Mgt et al., 1996). Ectopic
expression ofDelta-1in Xenopusand dick inhibits the po-
duction of neunns in the new plate and etina (Chitnis et al.,
1995; Dosky et al., 1997; Hemyjue, unpullished), pesumaly
due to the ubiquitous aettion of Notdh-1. In adlition, genetic
anaysis in the mouse demorgattrs tha Delta/Notd signalling
is required duing somit@enesis, sinceull mutant mice ér
Notch-1 (Swiaek et al., 1994; Conlon et al., 1995) dnlifl
(Hrabe de Anglis et al., 1997) »hibit defects in somite
formation.

Here we report the identifcation of a nwel vertebrate
homolgue of Drosophila Delta This gene DII3 has been
isoladed in the mouse and is the thivertebrate Delta
homolgyue to be identiéid The DII3 gene like DII1/Delta-1,
is predominanty expressed in the neoectodem and paaxial
mesodem duiing embyogenesis. W shav tha DII3-express
ing cells in the newepithelium, like those thiaexpressDII1
are postmitotic and thaDII3, like X-Delta-1, can inhibit
primary neuogenesis inXenopus We suggest tha in the
mouse DII3 and DII1 coopegte in the brmation of somite
boundaies dumg seymentdion of the paaxial mesodan. We
therefore ague tha DII3 andDII1 function tayether in seeral
contts duing mouse emilyogenesis.

MATERIALS AND METHODS

Generation of subtracted PS-(Ect+End) cDNA librar
identifi cation of cDNAs

The PS-(Ect+End) sulatcted cDM library was gneested accading
to the pocedue desdbed in Harison et al. (1995). Her single-
stranded DM\ was gneeted from the Pimitive Steak libiary and
subtacted with biotiglated RNA geneeted from the Ectoden and
Endodem libraries. The subtacted PS-(Ect+End) liary was
hybridised to 10,000 idded dones fom the Pimitive Steak libary
accoding to Harison et al. (1995). Hyidising dones vere
sequenced and thosmresenting neel cDNAs were used to gneete
antisenseiboprobes 6r RNA in situ hybridisation.

y and

Northern b lot anal ysis

Total RNA was isoléed from embyonic tissue and ES cells acdorg
to Chomczynski and Saaiq1987). Bly(A)+ RNA was isoléed using
the pol/(A)Tract system (Pmega). CGRS8 ES cells (Mourdfd et al.,
1994) were cultued accading to Wison et al. (1993). A DN
fragment epresenting 470 bp dDII3 3UTR was egnerted by PCR
(1760-2225 bp), @ puified using QIAEX gl extraction (QIAGEN)
and32PdCTP incoporated using a Random-Rred DNA Labelling
Kit (Boehiinger Mannheim). RW was dentured and sie fraction
ated (1% aarose 2.2 M formaldelyde), tansered to a glon
membane (Hybond-N+), @ss linlked to the memlane ly exposue
to UV light and lybridised accating to Samhwok et al. (1989) using
14.0P cts/mirute/ml of tybridisation buffer.

Embryo reco very

Embiyos were collected fom timed C57BL6xDBA matings. Noon
on the dg of gopeaance of the aginal plug is desigrtad 0.5 dpc
Embiyos were dissected ém the uteus and Reigett’'s membane
removed as desdred ly Beddington (1987) in M2 medium (H@n
et al., 1994) containing 10%tal calf seum (FCS Advanced Rotein
Products) instead of ine seum allumin. Embyos for whole-
mount RM\ in situ hybridisation were rinsed in phosphea-huffered
saline (PBS) and Xed with 4% paaformaldelyde (PR) in PBS
Embiyos for RNA isolation were immedigely dissoled in dentur-
ing solution (Chomczynski and S&ic1987).

RNA in situ h ybridisation to mouse embr yos

Antisense iboprobes vere transcibed accading to Harison et al.
(1995). or DII3, riboprobes vere deived fom PS93 (1075-2243 bp)
or Delta-S (1-2102 bp). WWole-mount RM in situ hybridisation was
caried out accating to Wilkinson (1992) using theytbridisation con
ditions of Rosen and Bdihgton (1993). Tie length of poteinase K
treament \aried; 5.5-6.5 dpc (5 mirtes), 7.0-8.5 dpc (10 mites),
9.0 dpc and older (15 mites.) Emhbyos were postfked in 4%
paraformaldetyde, 0.1% glutaaldelyde in PBSRNA in situ hybridi-
sdion of ciyosections wre perbrmed accaling to Myet et al. (1996).
Doulbe in situ lybridisaion was abieved as éllows. Synthesised
riboprobes incoporating DIG-UTP or fuorescein-UTP \ere detected
with alkaline phosphase (AP)-conjuged anti-DIG or anti-flores
cein antibodies. fie substte for AP was either BCIP/NBT (lne) or
BCIP/INT (brown; Boehinger Mannheim). Bllowing the AP
reaction in the fst instancethe pecipitae was fked with 4% PR
in PBS the AP actiity destoyed with 0.1 M gycine in water, pH 2.2
(2x5 minutes, cyosection; 215 mirutes, vhole mount). ie embyos
or ciyosections wre Hocked ajain piior to incubdion with the nat
antibody.

Embryo sections

After whole-mount RM in situ hybridisaion, embyos were
processeddr pagffin sectioning kg detydration through an ethanol
seiles, deaiing in Histodear (Ndional Diggnostics) and embéihg
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TCTCCCCCATCCCAGGTCTCTGGCATGTCCTAGAGATTCTTACCCACCTTCGGCTGCCACTGATTTCCGTTCACTCACAAGGCCCTCTACCTGGTCTC

TACTCCTGAGACTATTTCCCCATCCTGTCCCCCAAAGCAATGGTCTCTCTGCAGGTGTCTCCGCTTTCCCAGACGCTGATCCTGGCTTTTCTTCTTCC
MVSLQVSPLSQTLILAFLLP 20

AGGCACTGCCAGCTGGTGTCTTCGAGCTACAAATTCATTCTTTCGGGCCAGGCCCAGGCCTCGGGACCCCACGCTCCCCCTGCAACGCCCGAGGC!

QALPAGVFELQIHSFGPGPGLGTPRSPCNARGPC 54
CCGCCTCTTCTTCAGGGTCTGCCTGAAGCCCGGAGTCTCCCAGGAGGCCACCGAGTCCCTGTGCGCCCTGGGNGCAGCACTGAGCACGAGCGTCC
RLFFRVCLKPGVSQEATESLCALGAALSTSVPYV 87
TATACGGAGCACCCCGGAGAGTCAGCGGCTGCCCTGCCGCTGCCTGATGGCCTCGTACGTGTGCCCTTCCGCGATGCTTGGCCGGGCACCTTCTC
YTEHPGESAAALPLPDGLVRVPFRDAWPGTFSL 120
TCATTGAAACCTGGAGAGAGCAGCTGGGAGAGCATGCTGGAGGGCCCGCCTGGAACCTGCTAGCACGTGTGGTCGGCCGTAGACGCCTGGCGGL
VIETWREQLGEHAGGPAWNLLARVVGRRRLAAGG 154

CCCGTGGGCCCGCGATGTGCAGCGCACAGGCACATGGGAGTTGCACTTCTCCTACCGCGCGCGGTGCGAGCCGCCCGCCGTCGGGGCCGCCTG(
PWARDVQRTGTWELHFSYRARCEPPAYVGAACIRIm. 187
CTGTGCCGCTCACGCAGTGCCCCCTCGCGGTGTGGCCCGGGACTGCGACCCTGCACGCCATTCCCAGACGAGTGCGAAGCCCCGTCTGTGTGTCC
LCRSRSAPSRCGPGLRPCTPFPDECEAPSVCRP 220
GCTGCAGCCCCGAGCACGGCTACTGTGAAGAGCCTGATGAATGCCGTTGCCTGGAGGGCTGGACTGGACCCCTCTGCACGGTCCCTGTCTCCACC
GCSPEHGYCEEPDECRCLEGWTGPLCTVPVSTSS 254

CTGCCTGAACTCCAGGGTTCCTGGTCCTGCCAGCACTGGATGCCTTTTACCTGGGCCTGGACCTTGTGATGGGAACCCATGTGCCAATGGGGGCACG
CLNSRVPGPASTGCLLPGPGPCDGNPCANGGSC 287

AGTGAAACCTCTGGCTCCTTTGAATGTGCCTGTCCCCGGGGATTCTACGGGCTTCGATGTGAGGTGAGCGGGGTCACGTGCGCAGATGGACCCTGC
SETSGSFECACPRGFYGLRCEVSGVTCADGPCEF 320

ATGGCGGCTTGTGTGTTGGCGGTGAAGATCCTGACTCTNCCTATGTCTGTCATTGCCCACCTGGTTTCCAAGGCTCTAACTGTGAGAAGAGGGTGGE
NGGLCVGGEDPDSXYVCHCPPGFQGSNCEKRVDR 354

CTGTAGCCTGCAGCCATGTCAGAATGGCGGCCTCTGCCTGGACCTGGGCCACGCGTTNNCCTGCCGCTGTCGCGCGGGATTCGCCGGGCCGCGL
CSLQPCQNGGLCLDLGHAXXCRCRAGFAGPRCE 387

CACGACCTGGACGACTGCGCCGGCCGCGCCTGTGCCAACGCGGGCACGTGCGTTGAGGGCGGCGGCTCGCGCCGCTGCTCCTGTGCGCTGGGC
HDLDDCAGRACANAGTCVEGGGSRRCSCALGEFG 420

GGCGCGACTGCCGAGAACGCGCGGACCCTTGCGCCTCCCGCCCCTGCGCGCATGGAGGCCGTTGCTACGCCCACTTCTCTGGCCTGGTCTGCGC!
GRDCRERADPCASRPCAHGGRCYAHFSGLVCACA 454

GCCCGGCTACATGGGCGTGAGATGCGAGTTCGCTGTGCGCCCGGACGGCGCGGACGCGGTGCCCGCCGCCCCGCGGGGCCTGAGGCAGGCGGH
PGYMGVRCEFAVRPDGADAVPAAPRGLRQADPRQ 487

CGCTTTCTTCTGCCTCCCGCCTTGGGGCTGCTGGTGGCCGCCGGTTTGGCTGGCGCCGCACTCTTGGTCATCCACGTTCGCCGCCGAGGTCCTGG!
RFLLPPALGLLVAAGLAGAALLVIHVRRRGPGAQ 520

ATACCGGGACTCGCCTGCTTTCTGGGACCCGGGAGCCTTCGGTCCACACGCTCCCGGATGCACTCAACAACCTGAGGTTACAAGACGGTGCTGGG(
DTGTRLLSGTREPSVHTLPDALNNLRLQDGAGDG 554

CCCCAGTTCGTCGGCTGACTGGAATCATCCTGAAGATGGAGACTCTAGATCCATTTATGTCATACCAGCCCCTTCCATTTATGCACGAGAGGCCTGA™
PSSSADWNHPEDGDSRSIYVIPAPSIYAREA. 585

TGCCCCCTTCTCTATCTTGTCCCTTCTCTATCATCGCCTGGAGATGGAGCCTGAATGATTTTATTTACTTTGTGGTGTCCAATCTCTACCTCCCCCTAC
GACTGGAGACTCTTTGAAAGGGCTTTATTGTACATATTGCTTATTTATAACCTAGTTTTTCTCATCTCCCCAGAGACATCTATAAAGGTTCTTATTTTGC
TCAACACATCAGGCTGAGAACTTTTTATTTTCCCAGGATAGAGTTTCCTCTCTGTAAAAGCCCTGGCCAGCCTAGAACTCTGTAGACCAGGCTGGCCT

AACTCACAGAGATCCACCTGCTTCTGCCCCCTAAGTGCTGGC(A)N

Fig. 1. Nudeotide sequence and copteal transldion of DII3 cDNA. The cDMA consists of 2243 bp with 35 adenirsidues tthe 3 end
while the potein consists of 585 amino acidhielputdive signal sequence (amino acids 1-32), tiemase sigriare (amino acids 56-71) and
the tansmemkane domain (amino acids 489-348 undelined. The DSL is heuly shadedthe six EGF-like repeds ae lightly shaded and
the stop codon is indited (-). he EMBL accessionumber br DII3 is Y11895.

in paffin wax (Histoplast, m.p. B€&). Sections wre devaxed in BrdU labelling of mouse embr yos and

Histodear (5 mimutes) and mounted under vesslips in DPX  immunohistoc hemistr y

mountant (BDH). Emlyos for ciyosectioning were fixed with 4%  10.5-13.5 dpc mice ere injected with 10Qg BrdU per gam bog
PFA/PBS & 4°C ovemight, ciyoprotected with 30% suose/PBS & yeight accading to Miller and Nevakowski (1988) br 30-120
4°C ovemight. minutes. Embyos were fixed in 4% PA/PBS and cyosectioned as
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above. RNA in situ hybridisaion was perbrmed on the grosections
using the Bst Red florescent alkaline phosptase substte
(Boehinger Mannheim). After stainingslides vere washed in PBS
and pocesseddr BrdU immunodetection (Bfb et al., 1992). Islet-
1/2 piotein was detected aslfows. Following RNA in situ hybridi-
saion and staining using theaBt Red subsite slides vere washed
in PBS and locked Anti-BrdU (1/50; Bekton Dickinson) and anti-
islet-1/2 (1/50; Deelopmental Studies Hyisloma Bank maintained
by the Dgpatment of Phanacolgy and Molecular Sciencesplins
Hopkins Unversity Stool of Medicing MD 21205, and the Opat-
ment of Biolajical Sciences, Unersity of lova, lova City, IA 52242,
under contact NO1-HD-2-3144 fym the NICHD) vere detected
using FITC-conjugted goa anti-mouse secondarantibod/ (1/40;
Cappel). Composite florescent imges were obtained using a Bio-
Rad MRC600 cortfcal micoscope

In vitr o transcription,
micr oinjection

DII3 cDNA was doned into CS2+ ector (Turner and Wintraul
1994). Caped RM for injection was gneeted accading to Kreig
and Melton (1984). Gmped lacZ RNA was g@nested from
pSP6micbal (Smith and Hdand, 1991). Synkronous embyos were
obtained k attificial fenilisation, maintained in 10% Naoral
Amphibian Medium (MM: Sladk, 1984) a 14-18C and stged
accoding to Nieuwloop and Bber (1975). Emlyos for microinjec
tion were transkéred to 75% MM containing 4% Fkeoll Type 400
(Sigma). 200 pg oDIlI3 and 50 pg ofacZ RNA was injected in a
volume of 10 nl into a singlddstomee & the 2- to 4-cell sige. RNA
was injected into an animaldstomee on the pospectve dosal side
of the embyo in oder to diect expression of the RN into the neual
tissue 2 hous after injection emlyos were retumed to 10% MM.

Xenopus embryos and

Xenopus X-gal staining and whole-mount RNA in situ
hybridisation

At neumal plae st@e (stge 13-15), the vitelline meméane vas
removed and emiyos fixed in MEMFA (Hadand 1991) br 1 hr a
4°C. Embyos were washed 320 mirutes in vash luffer and stained
at 37°C for 1 hour X-gal wash and stain solutionseve as desded
in Beddington et al. (1989). Empos were postfked in MEMFA at
4°C ovemight and dejdrated Whole-mount RM in situ hybridisa
tion was perbrmed essentiallas desdbed ty Haland (1991).

RESULTS

Isolation of DII3

Following DNA sequencing and kwole-mount RM in situ
hybridisetion anaysis of dones lybridising to the PS-
(Ect+End) subtacted pobe several cDNAs corresponding to
genes gpressed in mesodarand the pmitive steak dumng
gastulation were identifed Of the six neel genes thawere
identified in this saen, one pved to be a homotpue of the
DrosophilageneDelta.

DII3 cDNA consists of 2243 bp and contains an ogating
frame (ORF) of 1755 bp i@ 1). This ORF encodes agiein
of 585 amino acids and containyes@l feaures tha identify
it as a homolgue ofDrosophila Delta At the N teminus, a
stretch of 32 lydrophobic amino acids inditea a signal
sequence Another lydrophobic egion is locded betveen
amino acids 489-513 epresenting a memhBne-spanning
region of the potein. Like Drosophila Delta the etracellular
domain contains EGF-likrepeds and a gsteine-ich domain,
the DSL (Bx et al., 1994), hich is required for binding to the
Notch receptor (Fehon et al., 1990). iee ae six EGF-lile
repeds encodedptheDII3 cDNA with a gap consisting of 29
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Fig. 2. Northem blot anaysis ofDII3 gene &pression. 2.5g of
Poly(A)+ RNA from undiferentiged ES cells, 11.5 dpc enylorand
11.5 dpc placentaas tybridised to a 3JTR probe gnegted from
theDII3 cDNA. A predominant @nscipt of 2.2 kb vas detected in
undifferentiged ES cell and empo RNA. A minor transcipt of 0.8
kb is visitde.

amino acids placed bega&n the fist and secondepeds. This
represents éwer repeds than ae pesent inDrosophila Delta
(9 repeds) (Kopczynski et al., 1988) ariall1 (8 repeds) (Bet
tenhausen et al., 1995).h@ DII3 piotein also contains a
rotamase sigriare betveen amino acids 56 and 71 @GR TE
daabase PDOC00426), a efture tha is &sent fom
Drosophila DeltaandDII1 (Fig. 2). Although pofaderylation
signals hae not been identé#d in the 3JTR, this sequence is
deiived from a full-length tanscipt as a pol(A) tail was
present aithe 3 end of the cDM. Northem blot anaysis using
a 3UTR-deived pobe of theDII3, indicaed tha the gne
produced a prdominant @nscipt of 2.2 kb and a minoran
sciipt of 0.8 kb The 2.2 kb tanscipt is detected in the emjmy
(11.5 dpc), to a mch lesser etent than in undferentiged ES
cells and is bsent fom the placenta (11.5 dpc)igF2).

An amino acid sequence compan of DII3 with
DrosophilaDelta and the mouse DII1 iz 3A) indicdes tha,
overall, DII3 shaes 29% and 36% identity witBrosophila
Delta and DII1, espectiely. Regions of geaer identity eist
between the EGF-lik repeds, the gedest occus between
reped 3 of DII3 and epea 5 of DrosophilaDelta (47%), and
between epea 4 of DII3 and epea 6 of DII1 (63%). he inta-
cellular domains of these @& poteins ae highly dissimilar
the one fom DII3 being shder. Fig. 3B illustrates a compar
ison of the DSL of DII3 with the DSL ofertebrate and iner-
tebrate Delta-like pioteins. he DSL domain of DII3 shws
considesble divergence although some conedion of
cysteine spacing isvaent.

DII3 inhibits primar y neur on formation in Xenopus
In Xenopusprimary neupgenesis tyes ise to thee longtu-



dinal stipes of neunns either side of the dkal
midline. These newns can be identdd Ly the
expression of new-specifc type Il Btubulin
refered to as\-tutulin (Oscwald et al., 199!
Chitnis et al., 1995). Ectopicxpression of .
constitutvely active form of Notc-1 pevents
the poduction of these pnary neuons a:
judged by the loss ofN-tukulin-expressing
cells in the new plae (Chitnis et al., 199¢
Likewise ectopic &pression of X-Delta-1
blocks neuon prooduction indicéing tha it
binds to and actates the Noth receptor
(Chitnis et al., 1995). @én tha DII3 has sub
a divergent DSL and aaduced omber o
EGF-like repeds, it was possite tha it might
not be dle to actvate the Noth receptor. In
order to test thisDII3 and lacZ RNA were
coinjected into a singlEenopudlastomee &
the 2- to 4-cell sige and the empos allaved
to develop until the new plae stage (st@me
13-15). Whole-mount RM in situ hybridisa
tion revealed a eduction or complete loss
N-tukulin expression in the nealt plae on the
injected side of the emyw, shaving tha
ectopic @pression of DII3 can also inhit
primary neuon pioduction. Een thoughDII3
is deived from the mousewe obseved inht
bition of pimary neungenesis in 84% (16/1
of injected embyos, which is compaable with
79% (15/19) imenX-Delta-1RNA is injectec

(Fig. 4).

Tissue-specifi ¢ DII3 gene expression
during gastrulation and earl y

organog enesis

RNA in situ hybridisaion either to intac
embryos (5.5-13.5 dpc) or to yosection:
(9.5-15.5 dpc) ws used to deterine the local
isdtion of DII3 transcipts. DII3 transcipts ae
detected immedtaly prior to pimitive steak
formation (5.5-6 dpc) and erlocalised to th
epiblast (dda not shan). A low level of tran
sciipts pesist thoughout the piblast
following the onset of gstulation and up ti
mid-primitive steak stges (Fg. 5A,B). Laer,

Fig. 3. Alignment of pedicted potein sequence of
DII3 and other Delta-lig poteins. (A) Potein
alignment betwen DII3, DII1 anddrosophila
Delta. The DSL, EGF-lile repeas and
transmembane domain (TM) & undelined. The
EGF-like repeas ae rumbeed accading to
DrosophilaDelta. The consered amino acids ar
shaded(B) Alignment of the DSLeagion from all
Delta like poteins. The consered amino acids ar
shadedDII3, mouse Delta-lik 3; DII1, mouse
Delta-like 1 (Bettenhausen et al., 1996); XD2.
XenopuDelta-2 (&n et al., 1997); DD
DrosophilaDelta (Kopczynski et al., 1988); APX1
(Mello et al., 1994) and L&2 (Tax et al., 1994;
Hendeson et al., 1994)epresent Delta lik genes
in C. el@ans
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MVSLQVSPLS QTLILAFLLP QALPAGVFEL QIHSFGPGPG LGTPRSPC  NA 50
..MGRRSALA LAVVS.ALLC QVWSSGVFEL KLQEFVNKKG LLGNRNCC RG 47
.MHWIKCLL TAFICFTVIV QVHSSGSFEL RLKYFSNDHG RDNEGRCC SG 48
L R....... GPCRLFFRVC LKPGVSQEAT ESLCALGAAL STSVPVY TEH 91
3 GSGPPCA... ..CRTFFRVC LKHYQASVSP EPPCTYGSAV T...PVL GVD 89
ESDGATGKCL GSCKTRFRVC LKHYQATIDT TSQCTYGDVI T...PIL GEN 95
2 PGESAAALPL PD....GLVR VPFRDAWPGT FSLVIETWRE Q.LGEHA GGP 136
) SFSLPDGAGI .DPAFSNPIR FPFGFTWPGT FSLIIEALHT DSPDDLA TEN 138
SVNLTDAQRF QNKGFTNPIQ FPFSFSWPGT FSLIVEAWHD TNNSGNA = RTN 145

37 AWNLLARVVG RRRLAAGGPW ARDVQRTGTW ELHFSYRARC EPPAVGACA 186
39 PERLISRLTT QRHLTVGEEW SQDLHSSGRT DLRYSYRFVC DEHYYG EGCS 188
5 .KLLIQRLLV QQVLEVSSEW KTNKSESQYT SLEYDFRVTC DLNYYG SGCA 194

37 RLCRSRSAP. ...SRCGPGL RPC.TPFPDE CEAPSVCRPG CSPEHG YCEE 231
39 VFCRPRDDAF GHFTCGDRGE KMCDPGWKGQ YCTDPICLPG CDDQH®CDK 238

5 KFCRPRDDSF GHSTCSETGE IICLTGWQGD YCHIPKCAKG CE..HG = HCDK 242
DSL ! EGF1
32 PDECRCLEGW TGPLCTVPVS TSSCLNS... .......... ...... ... 258

39 PGECKCRVGW QGRYCDECIR YPGCLHGTCQ QPWQCNCQEG WGGINGDL 288
3 PNQCVCQLGW KGALCNECVL EPNCIHGTCN KPWTCICNEG WGGLYCNQDL 292
1 1

! EGF2 !

59 ... RVPGP ASTGCLLPGP GP........ .......... .. C..D GNPC 281

39 NYCTHHKPCR NGATCTNTGQ GSYTCSCRPG YTGANCELEV DECAP..SPC 336

3 NYCTNHRPCK NGGTCFNTGE GLYTCKCAPG YSGDDCENEI YSCDAD VNPC 342
1

EGF3 !

32 ANGGSCSE.. .TSGSFECAC PRGFYGLRCE VSGVTCADGP CFNG.. .GLC 325

37 KNGASCTD.. .LEDSFSCTC PPGFYGKVCE LSAMTCADGP CFNG.. .G 378

3 QNGGTCIDEP HTKTGYKCHC ANGWSGKMCE EKVLTCSDKP CHQGIC RNVR 392
1

T

EGF4

26 VGGEDPDSXY VCHCPPGFQG SNCEKRVDRC SLQPCQNGGL CLDLGAXXC 375
79 RCSDNPDGGY TCHCPLGFSG FNCEKKMDLC GSSPCSNGAK CVDLGSYLC 428
3 PGLGSKGQGY QCECPIGYSG PNCDLIQLDNC SPNPCINGGS CQPSGK ...C 439

EGF5 ! EGF6

76 RCRAGFAGPR CEHDLDDCAG RACANAGTCV EGGGSRRCSC ALGFGRDCR 425
29 RCQAGFSGRY CEDNVDDCAS SPCANGGTCR DSVNDFSCTC PPGYT&NCS 478

) ICPAGFSGTR CETNIDDCLG HQCENGGTCI DMVNQYRCQC VPGFHG THCS 489
1 ]

! EGF7 !
26 ERADPCASRP CAHGGRCYAH FSGLVCACAP GYMGVRCEFA VRPDGBAVP 475
79 APVSRCEHAP CHNGATCHQR GQRYMCECAQ GYGGPNCQFL LPEPPBP.. 526
) SKVDLCLIRP CANGGTCLNL NNDYQCTCFT RAGGKDCSVD IDECSS GPCH 539

EGF8 !

(R AAPRGL RQADPQR... ...cc... ... ... 488

27 MVVDLSE RHMESQGGPF PWVA....... ...... ... 547

) NGGTCMNRVN SFECVCANGF RGKQCDEESY DSVTFDAHQY GATTQARADG 589
1

EGF9

39 ... FLL PPALGLLVAA GLAGAALLVI HVYRRRGPGQD TGTRLL SGTR 531

18 .VCAGVVLVL LLLLG..... .. CAAVVVCV RLKLQKHQPP PEPCGG ETET 589

) LTNAQVVLIA VFSVAMPLVA VIAACVVFCM KRKRKRAQEK DDAEAR  KQNE 639
™

32 EPSVHTLPDA LNNLRL...Q DGAGDGPSSS ADWNHPEDGD SRSIYV IPAP 578

30 MNNLAN.CQR EKDVSVSIIG ATQIKNTNKK ADF.HGDHGA KKSSFK  VRYP 637

) QNAVATMHHN GSGVGVALAS ASLGGKTGSN SGL.TFDGGN PNIIKN  TWDK 688

... 585
38 TV oot s DYNLVRDLKG DEATVRDTHS K..... .RDT 664
3 SVNNICASAA AAAAAAAAAD ECLMYGGYVA SVADNNNANS DFCVAP LQRA 738

55 KCQSQ..... cooevver v SSAGEEKIAP TLRGGE IPDR 689
) KSQKQLNTDP TLMHRGSPAG SSAKGASGGG PGAAEGKRIS VLGEGS YCSQ 788

)0 KRPESVYSTS KDTKYQSVYV LS........ .AEKDECVIA TEV.. 722
) RWP.SLAAAG VAGACSSQLM AAASAAGTDG TAQQQRSVVC GTPHM 832

B DI3 ARCEPPAVGA ACARLCRSRS AP....SRCG PGLRPC.TPF PDECE
Dll1 FVCDEHYYGE GCSVFCRPRD DAFGHFTCGD RGEKMCDPGW KGQYC
XD2 VSCDEHYYGD SCSDYCRPRD DNFGHYTCDE QGNRLCMSGW KGEYC
DD VTCDLNYYGS GCAKFCRPRD DSFGHSTCSE TGEILCLTGW QGDYC
LAG2 VTCARNYFNG RCENFCDAHL AKAARKRCDA MGRLRCDIGW MGPHC
APX1 NLCSSNYHGK RCNRYCIAN: AKLHWE-CST HGVRRCSAGW SGEDC
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Fig. 4.1njection of DII3 RNA inhibits pimary neuon formation in
Xenopus(A-D) Neuml plae stge Xenopuembiyos (dosal view,
posteror to the ight) shaving N-tukulin gene epression (pyple)
identifying pimary neuons, in medial (m), intenedide (i) and
lateral (1) locdions. A single injection of 50 pg ¢tdcZ RNA and 200
pg of X-Delta-1or DII3 RNA into a 2- or 4-cell emiyo gave
localisaion of the tanscipts to diferent iegions of the new plae
as shawn by X-gal staining (backet). (A) Ectopic gpression ofX-
Delta-1RNA supesses pmary neuon formation. The lgeral stipe
of neupns (l) is dsent in theagion where X-Delta-1RNA is
localised indicaed by Xgal-positve cells (badket). (B-D) Ectopic
expression oDII3 RNA supesses pmary neuon formation. Laeral
and intemediae neuons ae reduced in omber (B) or Asent (C)
where DII3 RNA is localised (badet). (D) Medial, intemedide and
antefor lateral neuons ae asent vhere DII3 RNA is localised
(bradket). Scale bai330um.

at the full length pimitive steak stge, epiblast expression is
only detected in the cells thare adjacent to the initive
streak (Kg. 5B,C). Transcipts ae also localised to the
primitive steak itself andxdend along its entér length it ae
absent fom the nodeExpression ofDII3 is also apaent in
the nascent mesoderas it emages flom the pimitive steak
(Fig. 5C). At frst, this &pression occug thioughout the enté
wing of mesoden hut by the lde pimitive steak stge only
the distal mesoder which is fated to become pacial
mesodem (Paramesvaran and @&m, 1995) containBII3 tran
sciipts (Hg. 5D). At all stges, &pression in the m@blast
appeas consideably lower than thain the mesoden.

DII3 transcipts continie to be localised to the ipnitive
streak thoughout the ler stges of @stulation and also
pesist in the tail bd (Hg. 6A,F). At ealy somite stges the
highest lgel of DII3 transcipts is seen in the paxial
mesodem (Hg. 6A). Trans\erse sections tlough the postésr
trunk confrm tha the tanscipts ae localised to the paxial
mesodem and ag not pesent in axial (notdwrd), intemedi
ate or lderal mesodaen (Hg. 6B). Hawvever, expression in
paraxial mesodan is onl obseved in pesomitic mesoden
and nascent somites, angpaas to cease as somites tore
(Fig. 6C). The level of transcipt accunulation is highest in the
presomitic mesoder, lower in the somite thas in the pocess
of forming and in the most imr@re somites xpression is
detecthle only a the anteior magin (Fig. 6C). This patem
of expression is maintained thughout somitgenesis indica
ing tha DII3 may be irvolved ony in the initial ormation of
somites and not their subsequenteaiéntigion.

Fig. 5.DIlI3 gene &pression dung ealy gastulation detemined ty
whole-mount RM in situ hybridisaion. In eat casethe posteor
of the embyo is to the ight. (A) Lateral view of an edly-streak-
stage embyo whetre DII3 transcipts ae localised ol to the
epiblast. (B) Lderal view of a mid-pimitive steak-stge embyo.
DII3 expression pegists in the piblast and is seen in the nascent
mesodem as it emages flom the pimitive steak. (C) Tans\erse
section (7um) through the poximal region of full-length pimitive-
streak-stge embyo (slightly eatfier stage than D), the pmitive
streak is to theight. DII3 is expressed in the pmitive steak, the
cells @out to ingess though the pmitive steak and the mesoder
(D) Lateral view of a lae-steak-stge embyo. DII3 expression
persists in the pmitive steak hut is nav resticted to the
distal/posteor nascent mesodar Scale barl90m (A); 200m
(B); 160 (C); 220un (D).

DII3 expression in the msumptve bmin region is first
detected ©8.25 dpc ta low level (Fg. 6A). High levels of
transcipt are seen oyl in a punctte patem, and ae first seen
in the pesumptve midbrin & 8.75 dpc (k. 6D), which then
extends postéorly into the hindbain and spinal cak regions
(Fig. 6E,F). Tis peperd «pression pHem gopeas to
coincide with the drmation of neuons which, in the mouse
afise in the bain (8.5 dpc) befre the spinal car (9.5 dpc)
(Mastik and Easter1996; Nones and Cay, 1978). By the
25-somite stge, the antaor neuopor has tosed and
expression in the midlain region has &tended léerally. In
addition, DII3 transcipts ae paticulady prominent in the
nasal pits, sensprganglia (M VII, IX, X), the sympghetic
chain and the deal oot ganglia (Fg. 6E,F).

Prolif erative status of DII3-expressing cells in the

CNS

Neural precusors poliferate within a pseudosttified

columnar eithelium (wenticular zne) and their udei

migrate between the basal and lumenal suds in a cell-
cycle-dependent mannerS-phase wudei lie basaly while



Fig. 6. DII3 gene &pression in paxial mesoden
and neuoectodem detemined ly whole-mount
RNA in situ hybridisetion. (A) Ventral view, flat-
mounted 8-somite emypo. DII3 transcipts ae
localised to the pmitive steak, pesomitic
mesodem, nascent somites and the aiger
neuoectodem (arow). (B) Trans\erse section
through postédor trunk of 12-somite emlyo shavs
DII3 expression in the paxial (presomitic)
mesodem. (C) Fla mount of an 8-somite emjw
viewed dosally (surface ectoden and endoden
removed) shavs tha DII3 expression is high in
presomitic mesoden and gealy reduced upon
somite brmation. A band of &pression defies the
antefor bounday of the nascent somite bite
arow) and of the somite kich is in the pocess of
forming (Hack arow). At the anteior of the
presomitic mesoden, a thiker band of gpression
defines the antéor of the n&t somite thais to
form (black arowhead). (D) Anteior view of an
11-somite emhyo shavs punctée DII3 gene
expression in the daal region of the pesumptve
midbrain. DII3 gene &pression in a 25-somite
embiyo viewed lgerally (E) and dosally (F).

(E) Expression is detected supeiélly in the
midbrain and hindkain, the nasal pits (ack
arrow), the sensar cranial ganglia (V VII, 1X, X)
(white arows), the sympihetic dain (Hack

Avg
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arowhead) and along the length of the spinaldc¢F) DII3 transcipts ae also localised to the dsal oot ganglia (arows) and &pression
persists in the gmitive steak/tail lud. Scale bar380m (A); 35um (B); 80m (C); 280ym (D); 400 (E,F).

mitosis occus & the lumenal sudce As the neuwal tube
closes, cells tathe basal suace starto lose their gtoplas

mic connection with the lumenal sade and become pest

mitotic. These newblasts eside in the nely estdlished
intermedide layer (mapginal zone) and will diferentiae into
neuons. Neuons migate laerally into the mantle iger
before eldorating axons. As neat differentiaion progresses
the mantle Iger broadens initialy in the \entral half of the
neuml tube (the basal pi@) and then daeally in the alar plte.
DII3 is expressed in the spinal abralong its dosoventral
extent (Hg. 7A) until 15.5 dpc Wen tanscipts ae no longr
detected This loss of gpression is pgempted ® reduced
expression 814.5 dpc (d& not shwn). In oder to darify
the poliferative staus of theDII3-expressing cells, RN in
situ hybridisation was perbrmed in conjunction with BiU
labelling. This shaved tha DII3-expressing cells & postmi
totic since thg do not incoporate BdU (Fig. 7B). In eneal,
the rudei tha had incoporated BdU lie adjacent to the
lumen, vhile those thiaexpressDII3 lie lateral to this (Fg.
7C). Since the cells thaxpressDII3 are postmitotic we
detemined whether thg had statled teminal differentidion.
Islet-1is a LIM homeobg gene &pressed § motor neuons
soon after the have left the cell gcle and ly dorsal ipsila-
eral intemeuons (Eicson et al., 1992). An antibgdtha
detects islet-1 and islet-2 (alsoepent in motor neons;
Tsudida et al., 1994) as used in doué labelling expeli-
ments and shws thd virtually all cells tha expressDII3 are
devoid of the islet-1/2 mtein (Hg. 7E), although cogres

The relationship of DII3 expression with that of  DIl1

It has been demonsted in the bick (Henique et al., 1995;
Myat et al., 1996) and &hare confrmed in the mouse (t&a
not shevn) tha C-Delta-% andDllI1-expressing cells of the
spinal cod ar also postmitoticTherefore, in the mouseDII1
and DII3 may be epressed in the same cells. RNn situ
hybridisaion shavs thd the distibution of DII3 andDII1 tran
sciipts differs within the spinal car (Hg. 8A,B), sut tha
Dll1-expressing cells a& localised to the enticular zone
while DII3-expressing cells lie merlaerally. Doude RNA in
situ hybridisation confrms this and shas \ery little overap
in gene apression (k. 8C). In thee small piches, some
overap of expression is obsged and this naonally core-
sponds with the »pression ofDII3 extending tevards the
lumen and ‘imading’ theDII1 domain. While a moe or less
contiruous im of DII3-expressing cells xtends dosoven
trally, the expression oDII1 is discontimous and eraes two
gaps adjacent to the lumen thare devoid of Delta gene
expression. Tiese gps inDII1 expression coincide with the
expression of Serate-1, another Note ligand (d&éa not
shawvn). In the hindhain, similar domains of coincident and
separate expression gist for DII3 andDII1 (Fig. 8D,E). Fur
themore, whole-mount RM in situ hybridisation demon
strates tha DII3 is only expressed in a subset of thegions
of the hindbain containingDIl1 transcipts. Thus & 8.5 dp¢
only DII1 appeas to be gpressed in pahes in the leeral
midbrain and in thedrebrain while bothDII3 andDII1 are ce
localised in the deal midbein (Hg. 8F). By 9.5 dpcDII3

sion was detected in occasional cells adjacent to the basetpression is obsged in the frebrain kut unlike DII1, in a

plate (Fg. 7F). Taken tagether these da shav tha DII3 gene
expression occly after newepithelial cells hae ceased jor
lif erating but geneally before teminal differentiaion.

very defned pach of cells in the entral telencghalon (Fg.
8G). In adlition & this stae, DII3 transcipts gpear to outline
rhombomee 4 and mdethe \entral aspect of rhombomer2.
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Fig. 7. Localisdion of DII3 transcipts, BrdU-labelled cells and islet-
1/2 piotein in the spinal cdr Cryosections (12-14m) of 9.5 to 12.5
dpc spinal cat subjected to RN in situ hybridisation and antibog
detection of BdU and islet-1/2. (A) At 9.5 dp®II3 transcipts ae
localised to the basal sade of the gnticular ne and the dsal
root ganglia and a¥ ebsent fom the pof and fbor plaes. An actie
region of neupgenesis buts the gpanding basal pta and hez a
broader band of &mscipts accurnlation is evident (arow). (B) DII3
transcipt (red) and BdU-labelled cells (geen) &11.5 dpc BrdU-
labelled cells eside within the @ntiicular zone while DII3 transcipts
accunulate moe laerally. This is the case along most of its
dorsovential extent (b c). In the enticular 2ne a legion opposite
the basal pl@ (bo d) exists where cells &pressingDII3 and cells
labelled with BdU ae scétered betveen the basal (b) and lumenal
() surfaces. (C,D) Higher ngmificaion of bakes c and d
respectiely. One smallegion opposite the basal péashaevs DII3-
expressing cells intspesed with those thdave incoporated BidU
(D). (E) DII3 transcipt (red) and islet-1/2 jptein (geen) 411 dpc
DII3 transcipts ae localised to theaniicular zone while islet-1/2-
positive cells (subset of diérentided motor newons) ae localised to
the mantle ane and the dsel oot ganglia. Note the tild up of
islet-1/2-positve neuons in the basal pia (bp) compagd to the alar
plate (al). In the entral pat of the spinal cat, opposite the basal
plate, islet-1/2positive cells ag found within the enticular ne

(F) Higher manificaion of bak in E shavs thd, within this egion, a
few cells gpear to cogressDII3 andislet-1/2(arows). Scale bar
65m (A); 200im (B); 30im (C,D); 150um (E); 35im (F).

Both DII3 and DII1 transcipts ae éundant in paaxial
mesodem but doulde RNA in situ hybridisation revealed dif
ferences in their ggems of &pression. Vithin the pesomitic

mesodem, the leels of DII1 transcipts ae not constant
resulting in tvo regions where epression is eldively higher
In contiast, DII3 transcipts were moe uniformly distibuted
along the pesomitic mesoden but extended mae rostally
thanDII1 and this ostral limit appeaed to corespond to the
anteior of the somite justtmout to brm (Hg. 8H). Duing
formaion of a somitea boad band oDII3 expression vas
evident anteiorly while DII1 was esticted to a postéor
domain. In the mosecenty formed somitethese bands eve
refined to gve a thinner sipe of DII1 expression & the
posteror and a compable anteior stiipe of DII3 (Fig. 81,J).
The anteor stipe of DII3 expression vas ony evident in the
most ecenty formed somite WerasDII1 expression in the
posteror pesisted in maure somites.

DISCUSSION

Identifi cation of a diver gent ver tebrate homologue
of Delta

The mouseelta homolagyue DII3, which we identifed from
a subtactve cDNA screen, is signifiantly divergent from
Drosophila Deltaand its other homotpues (kg. 3A). In the
DSL region, the spacing of ysteine esidues, \ich is
conseved in all otherDelta homola@ues, is oyt patly
conseved inDII3. Since the DSL isequired for the binding
of Delta to Nott (Fehon et al., 1990), thiswdirgence sugests
that DII3 may preferentially actvate a diferent Notd receptor
to Dll1/Delta-1. The identifcaion of a otamase sigrare
indicaes tha DII3 has the potential to bendgbeins (Fscher
and Stmid, 1990), sugesting aditional potein inteactions.

Ectopic epression ofX-Delta-1 or a constitutiely actve
form of X-Notdh-1 inhibits pimary neuon formation in
XenopugChitnis et al., 1995). Despite theveiigence ofDII3,
it is also caable of inhibiting pimary neungenesis (kg. 4).
This stongly sugyests thaaDII3 can bind and aatéte Notd-
1 or another Nott recetor and thezfore is a tue functional
homolague ofDrosophila Delta

Potential functions of
development

The epiblast, primitive streak and tail bud

One function of the Delta/Ndic signalling pthway is to
contol the elease of indidual cells fom an initial popula
tion where cells ag equvalent. A puttive stem cell poputaon
resides within the jmitive steak and its descendant, the tail
bud, in the mouse @m and Bedington, 1987; Lason et al.,
1991; Wison and Bedington, 1996; Wson and Bedington,
unpubished) which contibutes to the supplof mesodem
required for axial elongtion. SinceDII3, DII1 andNotct-1 are
all expressed in the pmitive steak and tail bd (Fgs 5C,
6A,F) (Bettenhausen et al., 199%akco del Amo et al., 1992;
Reaume et al., 1992), thenay influence the balance beten
the stem cell pool and thete & which progery for differen
tiation ale supplied One might pedict tha loss-of-function
mutéaions in membes of the Delta/Note signalling pehway
would cause a deease in the s&of the stem cell populan
and hence axisuncdions. Havever, sut a phenotype has not
been obseed for eitheNotch-1, DIl1 or RBP-Xk(a component
of the Nott signal tansduction péaway) null mutant embyos
(Swiatek et al., 1994; Conlon et al., 1995;abe de Anglis et

DII3 during mouse



Fig. 8. Colocalisdion of DII3 andDII1 in neunectodem A
and paaxial mesoden detemined ty doube RNA in
situ hybridisation. (A) Trans\erse cyosection (13m) of
12.5 dpc spinal cdt DII3 is expressed in theentiicular
zone hut distibution of expression is notven
throughout. Expession is highest ¢he basal suace and
this is seen along its deventral extent. Expession is
also obsered extending mediolgerally within the
ventlicular one this is most@dent opposite the alar
plate (line) and in naower domains gntrally
(arowheads). Tanscipts ae excluded flom the pof and
floor plaes. (B) Tans\erse cyosection (13m) of a 12.5
dpc spinal cat. DII1 is expressed in theenticular 2one
extending mediolterally along its dosoventral extent.
Two gaps in this &pression domainxést (arowheads).
Transcipts ae excluded flom the pof and foor plaes.
(C) Transwerse cyosection (14m) of 10.5 dpc spinal
cord. DII3 transcipts ae localised to the basal sack of
the \enticular ne (bown) while DII1 transcipts (Hue)
are detected within theanticular zone medial tdII3.
Regions ae evident where DII3 andDII1 transcipts have
co-localised (aowheads). (D) Tans\erse cyosection
(12 m) of 12.5 dpc hindlain. DII3 (blue) andDII1
(brown) ale expressed in theenticular ne in domains
spreading medial to teral. Distinct domains»st where
DIl is expressed adjacent to the lumen (I) &it8
adjacent to the basal sack (b) (arow) and werapping
domains of Delta gne &pression gist (black
arowhead). her is a gp adjacent to the lumenhsre
DII1 is not expressed (Wwite arowhead). (E) Similar to
boxed egion of D; expression domains iden#i as in D
(F) Antetior view of 10-somite emliyo. DII3 (brown) and
DII1 (blue) transcipts colocalise to the dsal iegion of
the pesumptve midbain (arow). DII1 transcipts alone
are detected terally in the pesumptve midbain and in
the forebrain (arowhead). (G) Interal Iaeral view of the
head egion of a 9.5 dpc emio. The headegion was
dissected in haltheDII3 riboprobe tybridised to the left
half and theDII1 probe tybridised to theight half DIl1
transcipts ae localised to mch of the brebrain while
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DII3 transcipts ae resticted to a smallegion in the \entral forebrain (arow). DII3 transcipts outline a ectangular domain opposite the
second keindhial arch (*), the \entral side of theectangle is thicer and &ove this opposite therfit biandial aich a similar &pression domain
exists (arowhead). (H) Leeral view of presomitic mesoden from 8-somite emliyio (posteior to right). DII3 (brown) andDII1 (blue) ae both
expressed in the psomitic mesoder. DII3 is expressed in a domairt the anteior of the pesomitic mesodern. Posteror to thisDII3 andDII1
are coexpressed with dierent relative levels of expression ceaing 4 domains (m&ed with lines). (I) Dosal caudal vier of 10-somite emiyo
(same as Fposteior to right). DII3 (brown) andDII1 (blue) transcipts ae colocalised within the psomitic mesoden but not the somites.
DII3 transcipts ae localised to the anfer bounday of the brming somite (lack arowhead) and the nascent somit&¢k arowhead*).DII1
transcipts ae localised to the poster somite boundaes (Hack arow). (J) Laeral view of caudal parof 9 dpc embyo split along the midline
(fine \ertical lines align somites, poster to right). The embyo was dissected in haltheDII3 riboprobe tybridised to the top half and thl1
probe lybridised to the bottom halblI3 is expressed in a lmad band of cellstahe anteior of the brming somite (sharthick black line), this
expression isefined to adint narow band athe anteor of the nascent somitelélak arowhead).DII1 is expressed in a load band
presumaly a the posteor of the brming somite (vite line), this domain nesws to the postésr bounday of the somites (hite arowhead).
The elaive differences in gpression oDII3 andDII1 obsewved in the pesomitic mesoden in H ae not @ident in J as the coliwnetric
reaction vas etended to best visualise the somigpression. Scale baB00um (A,B); 110un (C); 100un (D); 40pm (E); 200un (F); 800um

(G); 250im (H); 200im (1);1604m (J).

al., 1977; Oka et al., 1995)ytthis filure to disupt castula-
tion could be due to compettigen by other imily membes.
Although speculve, the unibrm expression, albeit @par
ently low, of DII3 in pre- and edy gastulation epiblast my
help to maintain plupotengy of this tissue

Somitogenesis

Seggmentdion of paexial mesoden proceeds in aastocau
dal sequence with the wh/ geneeted epithelial somite

forming & the antdor of the pesomitic (unsgmented)
mesodem. A pefodicity is gpaent in the pesomitic
mesodem in the brm of somitomees; whirls of mesenlayme
thought to pesaye the brmation of epithelial somites (Meier
1979; Tam et al., 1982). fle distibution of DII3 andDII1 tran
sciipts in the pesomitic mesoden dealy indicaes tha this
tissue has »plicit antefor-posteior polaity (Fig. 8H).
Rotaion of the pesomitic mesoden through 180 in the tick
results in the aginal sequence of somitermaion being
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maintained so thathey nov form in a caudal-toastrmal
sequence (Mems and Sandprl977), aguing tha this
expression pofile reflects a stale ‘prepatem’ within the pe-
somitic mesoden. However, if the cells ae disaygregated
prior to gafting into a host, then a moal stocaudal
sequencessults (Menks and Sandpt969; Stan and kKeynes,
1986). It is possile tha the Delta gnes plg a ole hee by
maintaining cell-cell inteactions equired for stéle anteior-
posteror polaity.

Ultimately the poduction of a somiteequires the érmation
of a bounday and the fial transition fom mesenigyme to

compatment, Nott is actvated by Delta which is expressed
on the sutdice of entrl cells. Thus, &the pospectve somite
bounday, DII3 may activate Notdr on one side and DII1 ma
activate Notd on the otherSerate-1 may also plg a wle
since in the mousegit is expressed in a thin sge of cells cor
responding to the site of somite boundfmarmation (Mitsiadis
et al.,, 1997). Hwoever, it remains to beasohed whether the
activation of Notdh by different ligands (DII3 and DII1)
produces a dferential signal or Wwether Noth is actvated by
different ligands simpt because the lands ag diferentially
expressed due to jar pateming constaints. It mg be elevant

epithelium necessitas an incease in cellular adhesion (see tha duiing Drosphila wing development, Notch-expressing

Keynes and Ster; 1988).DII3 andDII1 (Bettenenhausen et al.,

1995) ae pressed in the psomitic mesoden and duing the
birth of nascent somites. Despite thiedap of expression in
the paaxial mesoden, DII1 null mutant embyos displg a
somite phenotype (ldbe de Anglis et al., 1997). hAis
suggests thaDII3 cannot compensa for the dsence oDIlI1
and thaDII1 andDII3 do hare different functions dung somi
togenesis. Mutant angdis shavs thd DII1 is required for the
formaion of epithelial somites and in edtlisshing their
anteror-posteior polaity. Notch signalling is also implidad
in somit@enesis since ull mutations for both Notch-1 and
RBP-X exhibit a somite phenotype (Swek et al., 1994,
Conlon et al., 1995; Oka et al., 1995). In castrtoDIl1
mutants,Notch-1 andRBP-Xmutants brm epithelial somites,
but these ar iregular in siz and shpe Despite this negu-
larity, thee is &idence tha antefor-posteior and dosal-
ventral patem is estalished

DII3 andDII1 are expressed in hascent somites adhas in
the somite thiais in the pocess of drming. In the nascent
somite DII3 is expressed tathe antepr bounday while DIl1
is expressed &the postdor bounday. Given the &pression of
DII3 andDII1 on either side of the nascent somite boupdar
is possilte tha one of their oles mg be to einforce sgmen
tation by homotypic potein inteaction. InDrosophilg Delta
can bind to itself as &ll as to Notb (Fehon et al., 1990) and
therefore one could ensage an adhese function wherby the
two mutually exclusive Delta molecules se to maintain
nascent somite ingeity. This also assumes thalll and DII3
do not bind to one anothewhich is suppaed ty the fact tha
they are consideably divergent. That like and unlile somite
halves &ist is demonstted ly grafting expeiiments in the
chick, which shav tha when the antéor (A) of one somite
and the postér (P) of another somite adjoin the igtity of
the somite is maintaine®ut when two like hahes (A and A
or P and P) laut then cell mixing occerand the boundgris
lost (Sten and Keynes, 1987). In atition, it is also possib
tha DII3 andDlII1 are involved in the érmdion of the somite
bounday itself. As the somitedrms, a boad band oDII3
expression is @dent in the antéor half. Thus the antéor
bounday of the somite in the press of drming (which
expressedlI3) abuts the postésr aspect of the somite thlaas
just formed (which expressedII1). Perhgs formaion of the
somite boundar is analgous to the eshlishment of the
dorsoventral bounday during Drosophilawing deselopment
(see Book et al., 1996). Notc is required to set up the
dorsoventral wing bounday but actvation of Notd requires
two different ligands &pressed in mtually exclusive com
patments. In the enttal compamment, Nott is actvated by
Serate expressed on the sate of dosal cells. In the deal

cells in a @ven compament hae different esponses to Delta
and Serate (Dohety et al.,, 1996). herefore, duing wing
development inDrosophila,appropriate signalling via Notie
does apear to be gendent on actétion by two different
ligands. A similar sensifity to different ligands my exist in
mouse somitgenesis although it is also podsiltha different
Notch receptors mg be actvated on either side of the somite
bounday.

Neurogenesis

DII3 andDII1 are extensiely expressed dung neubgenesis
in both oredapping and distinct domainsoFexample in the
midbrain ovedapping gene e&pression occwy dosally with
exclusive DII1 expression gtending moe laerally (Fig. 8F).
Likewise DII1 is expressed ttoughout nuch of the brebrain
while DII3 is resticted to a smallental pach (Hg. 8G). Oer-
lapping &pression is edent in the dmal oot ganglia and
much of the CNS xtending fom the midbain to the caudal
spinal cod. In the CNS$ the cells theexpressDII1 and DII3
are postmitotic cells (i|§. 7B,C,D). These gnes a& havever
not coapressedas doule RNA in situ hybridisation reveals
almost nutually exclusive domains of gne &pression (k9.
8C-E). TheDII1-expressing cells lie within theanticular zone
while cells apressing DII3 reside moe laerally but ae
negative for islet-1/2 potein, a ery eaty matker of motor
neuon differentigion. Therefore the DII3-expressing cells
appear to epresent a poputeon on the erge of diferentia-
ing.

The diferent domains oDII1 and DII3 expression could
represent tw distinct postmitotic poputeons destined dr
different neuonal fates. Havever, while it is dear tha different
neuonal cell types emge from different dosoventral levels
of the CNS thee is no gidence obr distinct mediolteral
neuonal populéions (see anade and dssell, 1996).
Therefore, it is moe likely tha the diferent mediolteral
expression pofiles of DII1 andDII3 represent sequentiakege
expression andaveal an aditional layer of compleity in the
sequence ofwents leading to the liir of a neuon. Tha the
occasional cell can crpressDII3 and islet-1/2 (k. 7E,F)
suppots this typothesis since capression oDII1 and islet-
1/2 was not obsered (dda not shavn).

In Drosophilg distinct basic helix-loop-helix (bHLH)
proteins contibute to the speci&tion of different neuons
(Jaman et al., 1993; ®h and Doe 1996). In enebrates,
non-ovedapping dosoventral domains ofeuiogenin, Mash-1
andMath-1 (Ma et al., 1996; Lo et al., 1991; Akava et al.,
1995) gne apression gist within the \enticular zone of the
spinal cod (see @nae and dssell, 1996). flese gnes
probably act @ the head of the neagenic pateming program



and lie upsteam of other bHLH gnes suge asNeuoD (Lee et
al., 1995; Ma et al., 1996). In a comgae fashion, the -
gression fom DII1 to DII3 may represent incgasing commit
ment to teminal differentidgion. If neuonal dversificaion
involves the sequential aedtion of bHLH pioteins, a contl
medanism is equired to elease cells &m one bHLH-
expressing st to the net. This is wher laeral inhibition via
Delta/Nott signalling mg again have a ple. The utilisdion
of more than one Delta land in a stexotyped sp@otempoal
sequenceas cells lege the pogenitor pool and pproat
differentiaion, mey allow for finer contol of neupnal suppy.
Therefore the pogression fom DII1 to DII3 expression mg
reflect a stpwise incease in commitment to tainal differ
entigion of distinct newnal types diung the eldively
prolonged pocess of ertebrate neuogensis.
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