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Summary

Sympathetic neurons are specified during their of transcription factors. Loss-of-function experiments
development from neural crest precursors by a network resulted in a strong reduction in the size of the sympathetic
of crossregulatory transcription factors, which includes chain and in decreased Th expression. Ectopic expression
Mashl, Phox2b, Hand2 and Phox2a. Here, we have studied of Gata2 in chick neural crest precursors elicited the
the function of Gata2 and Gata3 zinc-finger transcription  generation of neurons with a non-autonomic, Th-negative
factors in autonomic neuron development. In the chick, phenotype. This implies a function for Gata factors in
Gata2but not Gata3is expressed in developing sympathetic autonomic neuron differentiation, which, however, depends
precursor cells. Gata2 expression starts after Mashl, on co-regulators present in the sympathetic lineage. The
Phox2h Hand2 and Phox2aexpression, but before the onset present data establish Gata2 and Gata3 in the chick
of the noradrenergic marker genesTh and Dbh, and is and mouse, respectively, as essential members of the
maintained throughout development.Gata2 expression is  transcription factor network controlling sympathetic
affected in the chick embryo by Bmp gain- and loss-of- neuron development.

function experiments, and by overexpression oPhox2h

Phox2a Hand2 and Mashl Together with the lack of

Gata2/3expression inPhox2bknockout mice, these results  Key words: Autonomic, Ciliary, Cholinergic, Noradrenergic, Hand2
characterize Gata2as member of the Bmp-induced cluster (dhand), Bmp, Phox2b, Gata2, Gata3, Chick, Mouse

Introduction sufficient to elicit noradrenergic neuron development from

Neural stem cells in the developing and adult nervous systeffgura! crest precursor cells, they also function together in the
have the potential to give rise to the different types ofeneration of cholinergic autonomic neurons and several other

glial cells and to a large variety of distinct neuronal€uron subtypes. Thus, to generate noradrenergic neurons,
subtypes. Considerable progress has been made in the IN§Shland Phox2genes must be enforced by the action of
few years in the identification of the molecular signals an@dditional autonomic and noradrenergic regulators expressed
mechanisms that control neuronal and glial specificatiof this lineage. The basic helix-loop-helix (bHLH)
and differentiation. In particular, the generation oftranscription factor Hand2 (previously known as dHand) has
autonomic neurons from neural crest stem cells was showgcently been identified as a noradrenergic co-determinant, due
to be induced by an extrinsic signal (Bmps), which elicits thé0 its ability to elicit noradrenergic differentiatior] in neural
expression of a network of transcription factors that, in turn¢rest (Howard et al., 2000) and parasympathetic precursors
control autonomic neuron differentiation (Goridis and(Muller and Rohrer, 2002), and due to its expression in
Rohrer, 2002). This network includes Mash1 (Ascll — Mouséoradrenergic sympathetic but not in parasympathetic ciliary
Genome Informatics), the mammalian homologue of théeurons (Muller and Rohrer, 2002). The effects on the
Drosophila achaete scute gene complex, and the paire@xpression of the noradrenergic marker gene dopafine-
homeodomain transcription factors Phox2b, possibly actinfydroxylase (Dbh) can be explained by a direct interaction
in concert with their coexpressed paralogue Phox2a. Phox#ith Phox2a to stimulate transcription from the Dbh promotor
proteins bind to the promotor of the subtype-specifidXu et al., 2003; Rychlik et al., 2003). Finally, members of the
noradrenergic marker genes tyrosine hydroxylad3é) ( Gata family of transcription factors have been implicated in the
and dopaming3-hydroxylase Dbh) and activate their control of noradrenergic differentiation (Groves et al., 1995;
transcription. Lim et al., 2000).

AlthoughMashlandPhox2bwere shown to be essentialand The Gata transcription factors are key regulators of
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hematopoiesis (Pevny et al., 1991; Tsai et al., 1989; Maerldaterials and methods
et al., 1996; Murphy and Reiner, 2002), cardiovascular angyyression pattern of ~Gata transcription factors

urogenital development (Zhou et al., 1998; Molkentin et al. hick embryos were staged according to Hamburger and Hamilton

1997) e}nd nervous system development (Pandolfi et al., 199 951). Embryos between embryonic day (E) 3 (stage 18) and E20
Nardelli et al., 1999; Pata et al., 1999; Dasen et al., 1999; vaage 45) were fixed in 4% paraformaldehyde in 0.1 M sodium

Doorninck et al., 1999; Craven et al., 2004; Karis et al., 2001phosphate buffer overnight. The fixative was replaced by 15% sucrose
In hematopoiesis and developing heart and liver, Gata 0.1 M sodium phosphate buffer overnight. Cryosections qfm2
transcription factors mediate the effects of Bmps (Maeno et aljere analysed for expression Bhox2h Hand2 Phox2a Gata2
1996; Schultheiss et al., 1997; Rossi et al., 2001). Recef@ta3 Th and Dbh by in-situ hybridisation. At least three embryos
evidence suggests that Gata factors maintain Bmp expressitire analysed for each stage.

during cardiac precursor maturation (Peterkin et al., 200q
Klinedinst and Bodmer, 2003). Gata factors are characterizq .picx embryos

by tt.\;vo me f(ljnger dorgalrtﬁ that rr;edtI%te binding to agA'\.II_AThe implantation technique used is described in detail by Schneider
mott centred  aroun ] e nucleoude seguence Aét al. (Schneider et al., 1999). Agarose beads (Affi-Gel blue beads;
(Yamamoto et al., 1990; Ko and Engel, 1993; Whyatt et algjoraq, Hercules, CA) were incubated for at least 1 hour in a small

1993). The Gata family is composed of six vertebrate familyolume of loading buffer containing either 1 mg/ml noggin or bovine
members that are expressed in distinct spatiotemporal patterggrum albumin (BSA). Two beads were implanted into the trunk
However, of all family members, only Gata2 and Gata3 areegion of 2-day-old chick embryos, placed at the last somite and 2-3
present in the nervous system, where their expression overlagsnites more rostral. The eggs were further incubated until stage 19,
extensively (Kornhauser et al., 1994; Nardelli et al., 1999; Pafé#ed, embedded and sectioned. Cryosections pfri@ere collected,
etal., 1999). The analysis of mice deficient@ata2or Gata3 including from the implantation area, and analysed for expression of
revealed that Gata2 controls Gata3 expression in many, but gg?"loa”d Gata2 by in-situ hybridisation. The area &ox10and

Fplantation of agarose beads loaded with noggin or BSA

; ; ; . ata2expression was quantified morphometrically and the areas were
all expression domains (Nardelli et aI.,. 1999; Pqta etal, 199 ressed imm?/section. The results are given as the mean area per
In the pentral nervous system, Gata2_|s essential and suﬁuegﬁgtionts_e.m_ of at least six embryos analysed.
for spinal cord interneuron generation (Zhou et al., 2000;

Karunaratne et al., 2002), for the induction of ventralExpression of transgenes in vivo using retroviral

gonadotrope and thyrotrope fates in the pituitary (Dasen et atgplication-competent avian sarcoma (RCAS) vectors

1999) and for the generation of serotonergic neurons in rostrakrtilized virus-free chicken eggs were obtained from Charles River
hindbrain (Craven et al., 2004¥§ata3 was shown to be (Sulzfeld, Germany) and incubated for 2 days. Cell aggregates of
involved in the development of serotonergic neurons in th®F1 fibroblasts infected with RCASBP(B)-Hand2 (Howard et al.,
caudal raphe nuclei (van Doorninck et al., 1999; Pattyn et aR000), RCASBP(B)-Phox2b (Stanke et al., 1999), RCASBP(B)-CNS-
2004), in ear formation (Karis et al., 2001; Lawoko-Kerali etGata2, RCASBP(B)-CNS-dnGata2, RCASBP(B)-CNS-engrailed and
al., 2002), and in the expression of the noradrenergic mark&CASBP(B)-CNS-VP16-Gata2 were implanted on the right site of

. - : the embryos at brachial levels between the neural tube and the last
gggce))STh andDbhin the peripheral nervous system (Lim et al"somite formed (Reissman et al., 1996). The eggs were further

) . . . - . incubated until E8. Embryos were killed by decapitation. The trunk
Since in the sympathetic ganglia Gata3deficient mice 559 cervical region of the embryos were fixed in 4%

abrogation ofTh and Dbh expression, but normal generic paraformaldehyde in 0.1 M sodium phosphate buffer overnight, kept
neuronal differentiation, has been reported (Lim et al., 2000)n 15% sucrose in 0.1 M sodium phosphate buffer overnight,
Gata3 was considered to selectively control neuron subtypsnbedded in Tissue Tek (Sakura Finetek Europ BV, Zoeterwoude,
differentiation and to represent a noradrenergic co-determinafite Netherlands) and sectioned. Cryosections ofui2 were
for Phox2a/b and Mashl. Although tt@ata3 knockouts collected and analysed for expression of reverse trancrifiRasert,

demonstrated the importance of this factor, its position in thgc910and Gata2 (RCASBP(B)-Hand2 and RCASBP(B)-Phoxzb
transcriptional network specifying sympathetic neurons wallfections)RT, Th ScglONF16Q Phox2bandCash1(RCASBP(B)-
not clear. Here, we have analysed the action of Gat NS-Gata? infections) ar@T, Th, Dbh, Scg10Q NFlGOandP_honb

N S . . CASBP(B)-CNS-dnGata2-, RCAS-BP(B)-CNS-engrailed and
transcription factors in autonomic neuron development in thg caspp(B)-CNS-VP16-Gata2 infections) by in-situ hybridisation.
chick and re-investigated the sympathetic neuron phenotype gy the quantitative analysis, between 5 and 13 embryos were
Gata3-deficient mouse embryos. We demonstrateGhtd2  analysed for each of the genes investigated.

but notGata3is expressed in the avian autonomic nervous

system. Gata2 expression in the chick starts after the Mouse breeding, genotyping and rescue

expression ofCashl Phox2h Phox2a and Hand2 and is  The generation and genotyping Bhox2bmutant mice and>ata3
induced by overexpression of these transcription factors. Bmpautant mice have been reported (Pattyn et al., 1999; Pandolfi et al.,
dependent expression characterizes Gata2 as an additioA895; Lim et al., 2000). Homozygo@ata3mutants, which normally
member of the transcriptional network acting in thedie at mid-gestation, were rescued beyond E10 with noradrenergic
sympathetic lineage downstream of Bmps. The elimination gtgonists as described for Phox2b mutants (Pattyn et al., 2000).
Gata3'in the mouse and the' knockdown of Gapaz in the Chiﬁh-situ hybridisation on sections

resuilt in a stron_g decrease in both sympathetl_c ganglion Sl&§bn-radioactive in-situ hybridisation on cryosections and preparation
and Th expression. These results, together_ with the effect Bt digoxigenin- or fluoresceine-labelled probes for chRk Th,
Gata2 overexpression demonstrate a function for Gata2/3 Hb910 NF16Q Gata2 Gata3 Phox2h Phox2a Hand2 Cashland

the type-specific, as well as generic, differentiation ofsox10were carried out as described previously (Emsberger et al.,
noradrenergic neurons, acting in the context of other autonomi®97; Stanke et al., 1999)G&ta2 and Gata3 plasmids were

co-determinants. generously provided by M. Zenke). For double in-situ hybridisations
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Fast Red (Roche Diagnostics, Mannheim, Germany) was used fRCAS-BP(B)-CNS-dnGata2

staining the first probe. Sections were photographed and the antibogyoR technology was used to inserBarHI site and arXba site
was stripped off by washing twice for 10 minutes with 1 ml 0.1 Mfianking the two zinc finger domains of ggGata2 (ggGafd£187°,
glycine pH 1.8. After equilibration in MABT for 1 hour, the second equivalent to hsGata%136%) (Yamamoto et al., 1990; Yang et al.,
colour reaction with Nitroblue TetrazoliugbromoA-chloro-3- 1994). Primer: sense!-8TG GGA TCC TCA GAA GGC AGA
indolyl phosphate (NBT/BCIP) was carried out. GAG TGT GTG AA-3; anisense:'STTCTCT AGA TTC GTT TTT
In-situ hybridisation using moudgbh, Gata2(gift of J. Nardell), CAT GGT CAG AGG CC-3 (sense primer: boldBanHI site;
Gata3 (glft of D. Engel), Hand2 (glft of Y.-S. Dai), Mash1l (glft antisense primer: bolKba Site)
of F. Guillemot), Ret Sox10 (gift of K. Kulbrodt) and Th TheBanHI-Xba digested PCR fragment was ligated into the pIEP
antisense  riboprobes,  immunohistochemistry using Phox2aector (pIEP vector was generously provided by C. Goridis) after
Phox2b, B-galactosidase (Cappel) antisera or Tujl monoclonakliminating the originaBanHI-Xba fragment (Phox2a DNA binding
antibody (Covance), and combined in-situ hybridisation withsijte). The original pIEP vector contains the engrailed effector domain
immunohistochemistry were performed as previously describe¢tom Drosophila melanogastdAA-AA2%) (Han and Manley, 1993)
(Tiveron et al., 1996). Double-immunofluorescence experiments usingpstream from the Phox2a homeodomain, that is flankecBiayrll
Phox2a and Tujl antibodies were analysed on a Leica microscopgite and arXba site. The pIEP vector also contains two myc-tags

Pictures were superimposed in Photoshop. downstream from th&bal site. PCR technology was then used to

) ) insert a Kozak sequence linked t€kal site and &Spe site flanking
Morphometric analysis the dNnGATA2 coding region. The PCR product was cloned into the
Chick Clal andNotl site of the RCAS-BP(B)-CNS vector. Primer: sense: 5

The area ofTh, Dbh, Phox2h NF160 and Scgl0Oexpression was ACA ATC GAT GCC GCC AAT G GC CCT GGA GGATCG CTG

quantified morphometrically using the Metamorph Imaging SystentA-3; antisense: 'STCT ACT AGT TCA CAG GTC CTC CTC
(version 4.6, Universal Imaging Corporation) on all sections infecte@CT GAT CAG-3. (sense primer: boldClal site; underlined, Kozak
by the virus, as indicated by expression of RT mRNA. Areas weréequence; bold+underlined, start) (antisense primer: Spidlsite;
expressed ipm?/section. The results are given as the mean area p&old+underlined, stop)

sections.e.m. of at least five embryos analysed. Studelets was RCAS-BP(B)-CNS-VP16-Gata2

used for statistical analysis. \ ’ )

The engrailed domain of RCAS-BP(B)-CNS-dnGata2 was substituted
Mouse stellate ganglion by the VP16 domain (Af8-Gly>41 + spacer of 6 AA) (VP16 vector
The surface of the stellate ganglion — stained with Phox2b antibodyf@s generously provided by C. Goridis).
— has been calculated on saggital sections of E13.5 embryos using ) ) ) .
Leica Qfluoro Program. Measurements of control ganglia wer(}el"JEAS BP(B)_ CNS engral_led
considered as 100%. For each genotype, four sections were countedf zinc finger domain of RCAS-BP(B)-CNS-dnGata2 was
on four chains corresponding to two embryos. substituted by the spacer Ala-Gly-Gly.

Semiquantitative RT-PCR analysis
%otal RNA from chick sympathetic ganglia was isolated by using an

Mouse thoracic chain

The number of Phox2b-positive cells were counted on saggit [ . >
sections at E13.5 at the thoracic level on a segment spanning thrab €2y Kit (Qiagen). Relative levels Gata2and Gata3expression

vertebrae, at the same level in the control and the mutants. For eallfre determined by RT-PCR. Primer pairs were designed for

: ; ; plification of specific cDNA fragments.
?ngtétr{]pber,yfozgr sections were counted on four chains correspondlng?@Gatazprimers: sense” BAA CTA CAT GGA ACC AGC GC-3

antisense:'5AGG CTG CTG CTG TAG TCA TG-3Gata3primers:
TUNEL analysis sense: 5CTC CGT ATT ACG GCA ACT CC-3 antisense:'sGCT
ﬁ;CA GAC AGC CTT CTC TT-3

TUNEL-positive cells were detected using the apoptag detectio cDNA from total RNA was synthesised with oligo(dT) primers and

kit (Appligene) following the manufacturer’s instructions. The
B T 10 e 510" e Technologes) at 4 for 1 our. cONA cerved fom 20-30 1

. > . . . : A was used as template for PCR amplification in gl5@action
Sox10n-situ hybridisation signal on adjacent sections, and cells Were | ime containing 4 PCR buffer, 0.2 mM dNTPs and QuM each
counted within that area. For each genotype, six sections we

re. : : ;
. . primer. Hot start was performed by adding 1.5 units of AmpliTag. The
analysed on four chains corresponding to two embryos. temperature profile consisted of 25-36 cycles@¥%or 15 seconds,

; ; 65°C for 30 seconds and 72 for 30 seconds) and a final 5 minutes
Construction of plasmid transgenes extension at 7Z. To achieve accurate quantification, l@liquots
RCAS-BP(B)-CNS-Gata2 ] ) were collected during the PCR run at various cycle numbers. PCR
PCR technology was used to insert a Kozak sequence linke@léb a products were separated by electrophoresis on 1% agarose gel and
site and aNotl site flanking the coding sequence of ggGataZstained with Ethidiumbromide. Their fluorescence intensities were

(Yamamoto et al., 1990). Primer: senseAGT ATC GAT GAC  measured by using the Gel Doc 2000 (Bio Rad Laboratories). In
CAC CAT G GA GGT GGC CAC GGA TCA GC-3antisense:  g|| experiments, amplification of glyceraldehyde-3-phosphate

5-GAT CGA GCG GCC GC T TA T CCC ATG GCT GTA ACC  dehydrogenaseGAPDH) cDNA fragments was run in parallel to
AT-3'. (sense primer: boldClal site; underlined, Kozak sequence; normalize different cDNA samples (Friedel et al., 1997).
bold+underlined, Start) (antisense primer: boltlot site;
bold+underlined, Stop)

The PCR product was then cloned directly into the pCRII-TOPd:QeSUHS
vector (Invitrogen). After restriction analysing and sequencing, th : : :
insert was cloned into th&lal and Notl sites of the avian retroviral %Xpressmn of fozta_Z and Gata3 in the chick and
vector RCAS-BP(B)-CNS. The RCAS-BP(B)-CNS is a modificationMOUS€ Sympathetic lineage
of the RCAS-BP(B) vector (Hughes and Kosik, 1984), inserting dn the vertebrate peripheral nervous syst&ata3expression
uniqueNotl and Spe site directly behind CI41029) has been analysed only in the mouse embryo (George et al.,

Moloney murine leukaemia virus reverse transcriptase (Superscript I;
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1994), whereas data @ata2expression are available only for axial level, Gata2 expression in primary sympathetic ganglia
autonomic neurons in the trunk of chick embryos (Groves atas first detected in 33/34-somite embryos, i.e. &terx2h
al., 1995). The present in-situ hybridisation analysiGafa2 = Hand2 and Phox2a but before the onset &fh expression,
and Gata3 expression in the chick embryo demonstrated thaivhich began in 35-somite embryos (Fig. 2). In addition to
in sympathetic ganglia analysed between E3 (stage 18) asgimpathetic ganglion primordiGata2is also expressed in the
E20 (stage 45)Gata2but notGata3was detectable (Fig. 1). ventral part of the dorsal aorta. The results, summarized in
This result was confirmed by semiquantitative RT-PCR, whicfTable 1, show thabata2is expressed before the noradrenergic
showed about 1000-fold lower levels @ata3 mRNA  marker genes, which is a prerequisite for the proposed function
compared withGata2 mRNA in E7 sympathetic ganglia (the in noradrenergic differentiation.
mean of two experiments). By contraSiata2 and Gata3are o ) .
coexpressed in the spinal cord (Fig. 1), as described previousgata2 expression is dependent on Bmp signalling
(Kornhauser et al., 1994; Nardelli et al., 1999; Pata et alRrevious studies demonstrated that the expressidtash?,
1999). This finding suggests that, in the chiGlgta2 rather  Phox2a Phox2b(Schneider et al., 1999) ahthnd2(Howard
than Gata3may be involved in noradrenergic differentiation. et al., 2000) is dependent on Bmps that are expressed in the
By contrast, in the mouse embryo, Gata2 and Gata3 adorsal aorta, close to the developing sympathetic ganglia. To
expressed at equivalent levels in sympathetic ganglia (Fig. Snvestigate whethgBata2expression would be controlled also

. by Bmps or other, unknown signals, the Bmp antagonist noggin
Gataz is expressed after the onset of ~ Phox2a, was applied in vivo in the area where the sympathetic ganglia
Phox2b and HandZ2 expression form. UsingSox10as a general marker for neural crest and
We analysed the developmental expression of Gata factors éarly neural crest derivatives, only a small reduction in the
the sympathetic lineage of the chick embryo in relation to othatumber of sympathetic precursors, located dorsolaterally from
developmental marker genes as a first indication of thethe dorsal aorta, was apparent (Fig. 3). By cont@ata2
epistatic relationship. Chick embryos (stage 18-19) werexpression was strongly reduced or absent. The effect of
sectioned in the brachial region and analysed by in-sitthe noggin treatment was restricted to the primordia of the
hybridisation on consecutive sections. Embryos were groupesympathetic ganglia and did not affégéata2 expression in
according to the number of somites. In 32-somite embryoshe spinal cord or ventral aorta. Quantification by the
Gata2 was not yet detected, whereas Phox2b was strongly

expressed and Hand2 expression just started (Fig. 2). At thifable 1. Expression oPhox2h Hand2, Phox2a Gata2 Th
and Dbh gene transcripts in the chick embryo

| Gata2 I Gata3 | Hamburger/Hamilton stage 18/19
A B Somites 29-30 31-32 33-34 35-36 36-37
Probe
ﬁ Y ’ \ ' "\;" ’ \ ‘-\_? Phox2b +, 4+, + +, 4+, + +, +, 4, + +, +, +
d @ da Hand?2 - - -+, +, + +, 4, +, +, + +, +, + +, +, +
6 9 Phox2a - - - B +, 4, 4+ + +, +, + +, +, +
Gata2 - = - - = = - — 4+ +, +, + +, +, +
Fig.1. Expression oGata2andGata3in chick sympathetic ganglia.  Th - - o oo = + o+ +
Frozen sections at the brachial level of E6 chick embryos were Dbh - == N -+, + +, o+, +
analysed for the expression®ata2andGata3by in-situ
hybridisation. Sympathetic ganglia display a strong hybridisation All sections examined correspond to the wing bud region. Data from one
signal forGata2(black arrowheads), where@ata3expression was ~ embryo are listed inone row. _ _ ,
not detected (white arrowheads). In the spinal cord Gath2and +, sections with positive cells in primary sympathetic ganglia; —, sections
Gata3are expressed (black arrows). da, dorsal aorta. devoid of positive cells in primary sympathetic ganglia.
| _Phox2b || dHand || Phox2a || Gataz |[ TH |
. ==
P e A B *.# C : D E
L A - : 5. o Fig. 2. The onset ofsata2expression in
g Y Y Y Y v Y \/ ’-,:f \/ \,_,-*' sympathetic ganglia in relation to the expression of
x g F g BSR40 W i v A Phox2h Hand2 Phox2aandTh. Frozen sections
0 : from the brachial region of stage 18/19 chick
e g = m embryos, staged according to the number of somites,
] e ?F G ©VH . = J were analysed for the expressiorPtiox2h Hand2
= % 7 9 Phox2a Gata2andTh. Gata2expression was first
E v Y v ' ' " Y Y v v \ observed in 34-somite embryos, after the onset of
<| % da B4 ' da » da ¥ s da o da expression oPhox2lh Hand2andPhox2a but
e R e’ beforeTh, which was first observed in 35-somite
= 1 3 = 109 = : embryos. Black and white arrowheads indicate the
_§ Y\"-G‘- K L “‘ M "N O presence or absence, respectively, of gene
£ Y Y Y \ 4 Y YY Y expression in primary sympathetic gangata2
7 "‘ 3 : Y " e expression was additionally detected in the ventral
0 da \4 | da'# # da % T da @ s 4o . part of the dorsal aorta (da) (I) and in the spinal cord

(D,I,N). The results are summarised in Table 1.
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| Sox10 || Gata2 | [ TH I Gata2 |
&5 Al g
2 @ * £
@ da da 2'
1 a Q
| ba Ak TP\ P =
'Sy ~ ol ek, F =
g o =
c| da S da o
-
O
2000 E E
oo m esa Fig. 4. Gatazis induced in peripheral nerve precursors by ectopic
] B roggin expression of Phox2b and BMP24. Chick embryos were infected at
“é E2 with RCAS-Phox2b and RCAS-BMP4 and analysed at E8 for the
- 1200 presence of ectopic neurons in the brachial nerve. In response to
'«é Phox2b and BMP24 neurons were generated that express
T w0 noradrenergic propertie¥h (A,C) andGata2(B,D). These cells also
s coexpress neuronal characteristics (Stanke et al., 1999; Howard et al.,
2000).
400
was observed, strongly suggesting t@ata2 is induced by
& N N Phox2b Similarly, Gata2 and Th expression were induced in
o oy response toMashl and Hand2 (not shown), although the
number of ectopically induced cells was lower compared with
Fig. 3. Gata2expression in sympathetic ganglion primordia is Phox2bh Since frequent reciprocal crossregulations in the

blocked by the Hand2 inhibitor noggin. Chick embryos were treated sympathetic lineage make it difficult to rigorously establish
with BSA (A,B) or noggin (C,D) at stage 14 and analysed at stage 1@pjstatic relationships by overexpression experiments (Stanke
for thf:‘ expression CSIOXlO(A’ﬁ) "z‘j”dG?taZ(Bv(Dd) ')“ Zymp?]theé'c et al., 1999, 2004; Howard et al., 200Ggata2/3expression
ganglion primordia close to the dorsal aorta (da). Arrowheads point <" estigated in Phox2b knockout mice. The absence of
to primary sympathetic ganglia. (Bpx10andGata2 expression is Gata2 and (gata3 expression in E10.5 sym éthetic anglion
quantified by determining the areaS¥x10 andGata2expressing e dia (Fig. & p frmod .I Yy ptmt 2/% tg

cells. The meanzs.e.m. of at least three embryos is shown. primordia (Fig. 5) confirmed our conclusion azl/sacts
** significantly different from BSA controlsR<0.01) (Student's downstream ofPhox2b in the network of Bmp-induced
t-test). transcription factors.

Essential role of GataZ2 in chick sympathetic neuron

morphometric analysis 080x10 and Gata2positive cells 9eneration

revealed a strong, 80% reduction@ata2 expression and a The strong effects of the Gata3 knockout on noradrenergic
non-significant reduction (24%) Box10expression. Since the gene expression in the mouse (Lim et al., 2000) raised the
number of Sox10positive cells is reduced only to a small question whether elimination of Gata2, which in the chick

extent, the effect oGata2must reflect the action of Bmps on sympathetic lineage appears to be functionally equivalent to
Gata2expression rather that on the survivaGzta2positive =~ mouse Gata3, would also impair the development of the
cells. In agreement with these loss-of-function experimentg)oradrenergic phenotype. To interfere with the action of

strong Gata2 expression was also detected in the Bmp-induceadogenous Gata2, a repressive form of Gata2, in which the

ectopic neurons in peripheral nerve (Fig. 4C,D). engrailed repressor domain is fused to Gata2 zinc finger
domains, was expressed in sympathetic neuron precursor cells.

Epistatic relationship between  Gata2, Phox2b and Previous studies have demonstrated that the engrailed repressor

Hand2 does not function by titrating promoter binding sites but rather

As Gata2is expressed after the Bmp-induced fac®Rmex2ly  interferes with transcription initiation (Han and Manley, 1993;
Hand2 and Phox2a it seemed very likely that the effect of Jaynes and O’Farrell, 1991). Indeed, a similar engrailed-Gata2
Bmps is indirect, mediated by these transcription factors. T@sion protein has very recently been constructed and was
address the epistatic relationship betw&aa2andPhox2b  shown to act as dominant-negative Gata2 (dnGata2) (Craven et
and other Bmp downstream transcriptional regulators, botal., 2004). DnGata2 was expressed unilaterally using RCAS
gain- and loss-of-function approaches were followed. Previougtroviral vectors, so that the sympathetic ganglia of the
studies demonstrated tHaltox2bandHand2expression in the contralateral side could be used as internal control. As
brachial nerve results in the generation of ectopit aind  additional controls, ganglia were infected with RCAS vectors
Dbh* noradrenergic neurons (Stanke et al., 1999; Howard &xpressing only the engrailed repressor domain or a VP16-
al., 2000). Using this experimental paradigm, we investigatefata2 variant, where the transactivating N-terminal region of
whetherGata2would be expressed under these conditions. Offata2 is replaced by the VP16 activation domain. The
consecutive sections Bhox2hinfected brachial nerve (Fig. 4) expression of dnGata2 in sympathetic neuron precursors
a very similar pattern of cells expressifig(A) andGata2(B) ~ resulted in a strong (50%) reductionTdfexpression (Fig. 6),
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and smaller effects or8cgl0 (Stmn2 — Mouse Genome of apoptotic, TUNEL-positive cells observed at this stage (Fig.
Informatics) (35%),Dbh (41%) andPhox2b(31%) (Fig. §.  8). At E13.5, the oldest stage analysed, only rudiments of the
The expression of neurofilament (NF 160) was also stronglgtellate ganglion and the superior cervical ganglion (SCG) (not
reduced (not shown). All reductions were highly significant

(P<0.01) with respect to the control sidh expression was A

also significantly reduced compared wifhox2b (P<0.05; 1 9 B
n=11) and Scg10 (P<0.05; n=11), whereas Dbh was not -~
significantly more reduced than Phox2b and SCG10. Contr g E
infections with the engrailed RCAS virus or RCAS-VP16- ,,fm 2,
GATA2 affected neithefTh nor ScglOexpression (Fig. 6), 2 z T
excluding the possibility that dnGata2 would act in an H z
unspecific manner by titrating transcription factors unrelated t f T 3
endogenous Gata2. In conclusion, these results demonstrat 2 ° 8°
dual effect of Gata2 knockdown: a reduction in sympatheti + 3
ganglion size, reflected by a smaller area of Phox2b- ar 5 3
SCG10-expressing cells, and an additional effect on T § 2 g
expression in the remaining cells. These effects suggest a mc ° S
general role in sympathetic neuron development than reporte R RS
for murine Gata3 (Lim et al., 2000). ojé&z &C’Z,Q,@i&& gb&z&,cf’@@i &
Y 5 oK ¥ N R
Gata3 knockout mice display strong defects in Qo@% &€ if &
sympathetic neuron development
To resolve the different results obtained by interfering witt C D
Gata2 and Gata3 in the chick and mouse, respectively, ti
development of the sympathetic lineage was re-investigated
Gata3’~ mice. In the Gata3 knockout, sympathetic ganglior 41 1
primordia of normal size are present at E10.5 (Fig. 7), a < T
demonstrated by the expression of transcriptional control gen E o b
(Mashl, Phox2h Phox2a Hand2?, noradrenergic markers g 10 2 10|
(Dbh, Th), the GFL receptor signalling subuniRd) and § * 15
generic neuronal markersTyjl). The only differences to 3 §
control ganglia were a lack ofsata? expression and 2 ¢ 3 6
substantially lower Th expression levels, whereas Dbh s 3
expression was intact (Fig. 7). By contrast, E11.5 sympathet & g
ganglia were reduced in size in Gata3-deficient animals (Fi 5, 5,
8). This can be explained by a strong increase in the numb 5 5
0 0
(‘Q/ (9/
[ Phox2b +/- |[ Phox2b --- | & N
— : = ¥ ¥
= A B Q_O &
‘;‘g’ ﬁ' ; 4 [ control
(U] I infected
= e . Fig. 6. The expression of a dominant-negative variant of Bata
- = 9 7 D results in a reduction dfh, Scg10Q Dbh andPhox2bexpression.
© % k' Chick embryos were infe_cted unilaterally at E2 with either RCAS-
(‘g ‘ S dnGata2 or RCAS-engrailed and RCAS-VP16-Gata2 as controls and
analysed at E8 for the expressionTbf(A), Scgl10(B), Dbh (C) and
— e Phox2b(D) in infected sympathetic ganglia. The area$tef
. E g ' _F Scgl10, Dbh- or Phox2bexpressing cells were quantified on alternate
= | R D "N sections, both on the infected and the contralateral uninfected side.
2| £ 2k 2 For the RCAS-engrailed and RCAS-VP16-Gata2 controls, only data
"t g of the infected ganglia are shown for simplicity; the data of the
L] 7 uninfected side are identical. The data represent the meanzts.e.m. of

at least nine embryos. (A) * significantly different from engrailed-
Fig. 5.Lack of Gata2andGata3expression ifPhox2lb’-mice. The infected side, VP16-Gata2-infected side dnata2uninfected

expression oGata2andGata3was studied in E13.5 Phox262/+ side P<0.001,P<0.005,P<0.005, respectively). (B) * significantly

and Phox2kcz/lacZmouse embryos. In the Phox2b knockGata2 different from engrailed-infected side, VP16-Gata2-infected side and
(B) andGata3(D) were not detectable, by contrast to the dnGata2uninfected sideR<0,005,P<0,01,P<0.01, respectively).
heterozygotes (A,C). Sympathetic ganglion precursors could be  (C) * significantly different from dnGata2-uninfected si&&.005).
detected at the dorsal aorta in both Phé&2QJE) and Phox2t~ (F) (D) * significantly different from dnGata2-uninfected sid(.01)

embryos by LacZ staining. (all Student's-tests).



shown) were detectable in Gata3embryos by analysing

Phox2b expression (Fig. 8). At more caudal levels, the effec

on ganglion size was less dramatic, but the thoracic chain w:
still reduced by 60% in size. In the remaining cells in the
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Fig. 7.Gene-expression pattern in E10.5 sympathetic ganglia of
Gata3~mice. The expression of Phox2b (A,B), Mash1 (C,D),
Phox2a/TuJ1 (E,F), Hand2 (G,H), Ret (1,J) and Dbh (K,L) is not
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Fig. 8.Reduction in ganglion size and Th expression and increased
apoptosis in sympathetic ganglia®ata3-—mice.

(A,B) Immunostaining folll-tubulin combined with in-situ
hybridisation forSox10reveal a reduced ganglion size in mutant

(B) compared with control (A) embryos at E11.5. (C,D) Cell death
analysis by TUNEL staining showing an increased number of
apoptotic cells. (E) Quantificatio®€0,01;n=4). (F-O) Reduction

in sympathetic ganglion size and Th expression in E13.5
sympathetic ganglia @ata3’- mice. InGata3’~mice the
sympathetic stellate ganglion (G) is strongly reduced in size
compared with wild type (F), as revealed by immunostaining for
Phox2b antibody. The reduction, quantified in (H) is by about 88%
(P<0.001;n=4). Also at thoracic levels (I,J,L,M) a strong reduction
in ganglion size is evident on Phox2b immunostains (1,J), quantified

affected in Gata3-deficient mice. By contrast, the ganglia are devoidin (K) at around 60%R<0.01;n=4). While Dbh expression was

of Gata2 expression (O,P) and display a significant reduction in Th
expression levels (M,N).

somewhat reduced (L,MT,h expression was almost undetectable in
the mutants (N,O).
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ganglion rudiments, Th expression was practically abolishedon-autonomic neurons in response to Gata2 in the peripheral
and Dbh expression was now reduced. In conclusion, we founerve implies that the action of Gata2 depends on the cellular
a much more global phenotype in the Gata®ouse embryos context, i.e. that the effect on Th expression, revealed by the
than previously reported (Lim et al., 2000), which is also moréoss-of-function approaches, seems to be dependent on co-
in agreement with the effect of dnGata2 in chick sympatheticegulators present in the sympathetic neuron lineage but not in

ganglia. peripheral nerve precursor cells.

Gata2 overexpression reveals a preferential action Gata2 expression in parasympathetic ganglia and

on generic neuron differentiation rather than on the locus coeruleus

noradrenergic differentiation in peripheral nerve The importance of Gata2/3 in sympathetic neuron
precursor cells development raised the issue whetBeata2/3would play a

The loss-of-function approaches revealed an essential role similar role in other autonomic ganglia and/or in central
Gata2/3 in sympathetic neuron development but did natoradrenergic neurons. The parasympathetic chick ciliary
reveal the mechanism of action. The loss of sympathetiganglion was found to completely lackata2 and Gata3
ganglion cells in Gata2/3-deficient ganglia may be explainedxpression at all stages analysed by in-situ hybridisation
by a selective control of cell survival by Gata2/3 or by effectbetween stage 20 (E3) and stage 35 (E8) (Fig. 10). The
on differentiation that indirectly lead to apoptotic cell deathresult from the in-situ hybridisation was confirmed by
To begin to address these issues, the action of Gata2 wssmiquantitative RT-PCR, which revealed in E5 ciliary ganglia
studied in gain-of-function experiments. Using the chickl000-fold and 200-fold lower levels dbata2 and Gata3
embryo as a model to overexpress transcriptional contrahRNA, respectively, compared witata2 mRNA in E7
genes in neural crest precursor cells (Stanke et al., 1999ympathetic ganglia. Low-level signals fGata2 and Gata3
Howard et al., 2000; Stanke et al., 2004), we observed thay RT-PCR can be explained I3ata expression in cells of
Gatazinduced the generation of ectopic neurons in peripherdahe retro-orbital mesenchyme, contaminating to some extent
nerve precursors (Fig. 9). These neurons expressed NF18®& ganglion preparation. Also the chick parasympathetic
(Nef3 — Mouse Genome Informatics) in addition to SCG1Gsphenopalatine ganglion was devoidaata2expression (Fig.
(not shown). Interestingly, the great majority of these ectopi@0). However,Gata2 was detectable in the submandibular
neurons were devoid of the autonomic markeéhex2aand  ganglion (Fig. 10), and strorf@ata2 expression was present
Phox2b Only a small subpopulation of tHgcglGpositive in trunk parasympathetic ganglia, i.e. cardiac ganglia (Fig. 10)
cells displayed properties of noradrenergic neurBhex2hy  and the Remak ganglion (Groves et al., 1995). From all chick
Th, Dbh (not shown) andCash1(Fig. 9). Cashlexpression ganglia investigatedzata3was detected only in the cardiac
was very low, which is expected from its transient expressioganglia (not shown). In the mouse, the sphenopalatine, otic and
during normal development. Double in-situ hybridisation forsubmandibular ganglia were devoid Ghta3 expression at
Scgl0and Th demonstrated the very small proportion of theE13.5, with low, but detectable expression in cardiac ganglia
Scgl0positive cells that coexpressé@d. In addition toTh* (not shown). Interestingly, low-lev@h expression was present
neurons, there was also a small numbeTlof cells devoid in the chick parasympathetic sphenopalatine, submandibular,
of neuronal properties. Infection of peripheral nerves wittcardiac (Fig. 10) and the Remak ganglion (Cantino et al., 1982;
control RCAS virus [engrailed-RCAS-(BP)B] was unable toSuzuki et al., 1994), whereas in the ciliary ganglion only very
induce ectopic neurons (not shown), as expected frofew Th-positive cells remained (Muller and Rohrer, 2002) (Fig.
previous control RCAS infections (Reissmannn et al., 199610). Dbh expression paralleled’h expression, both with
Stanke at al., 1999). respect to ganglion type and expression levels (not shown). The
These data suggest a role for Gata2 and Gata3 in tlxpression of a variable subset of noradrenergic traits in
neuronal differentiation of sympathetic precursor cells in theholinergic parasympathetic neurons has been described
chick and mouse, respectively. The preferential generation @ireviously in several species (Grzanna and Coyle, 1978;
Landis et al., 1987; Leblanc and Landis, 1989; Baluk
and Gabella, 1990; Hardebo et al., 1992).

| scc1o | scGio || Phox2b || TH || cash1 | As Gata2/3are essential for the initiation and/or
] ooy N \ N\ maintenance ofTh and Dbh in noradrenergic
T !DRG A %’@Q\B N c ey D N3 - sympathetic neurons it was of interest whether central
& sgmp‘ NG, B \ i S |V 8 LY noradrenergic neurons also dependGeta2/3 for
h bn SOy \ N \ SN their differentiation. The major noradrenergic centre
= : & \\ \ W ) VI, of the central nervous system, the locus coeruleus,
| 9 : \ \ lacked Gata2 and Gata3 expression in mouse (Fig.

SCG10 SCG10/TH

—] | = I Vg % | Fig. 9. Gata2expression in peripheral nerve precursors results in the generation of neurons that
o~ LS * Wt "“\G display mostly a non-autonomic phenotype. Chick embryos were infected by RCAS-Gata2 at
% & N W v E2 and analysed at E8 for the expression of ectopic neurons in the brachial nerve. Whereas a
O “ i ‘ large number 08cgl0positive cells was detected (A, overview; B, enlargement of the region of
(%) : by »”. the nerve), only few cells expressing autonomic marker gen&h@@2h E, Cash) or
?_t) & X \ 5 = noradrenergic markers (IDh) were present. This is confirmed by double in-situ hybridisations
o \\ Y - 3 '4_ . for ScglQ(red, F) andrh (blue, G). Please note the low number of cells that coexBreeskd
L . andTh (arrow) and ofTh*, Scg16 cells (arrowheads).
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Fig. 10.Expression oGata2andThin chick parasympathetic

ganglia. Ciliary (A-C), sphenopalatine (D-F), submandibular (G-I)
and cardiac (J-L) ganglia were analysed for the expression of
Phox2h Gata2andTh. WhereasGata2is not detectable in the

cranial ciliary and sphenopalatine gangliGata2is expressed at

very low levels in submandibular ganglia, and strong expression is
evident in cardiac ganglia. Low-levEh expression is detectable in

the sphenopalatine ganglion, submandibular and cardiac ganglia an
in a small number of cells in the ciliary ganglion (Muller and Rohrer,
2002), but not in the section shown in C. Expression was analysed (
parallel sections.

11) and chick embryos (not shown) aBdta3knockout mice
had an intact locus coeruleus (Fig. 11). These results, togetr
with the findings in parasympathetic ganglia, demonstrate thi
there is no strict correlation betwe&ata2/3expression and
noradrenergic differentiation.

Discussion

Here, we demonstrate that Gata transcription factors, Gat:
in chick and Gata3 in mouse, are members of the netwol
of transcription factors controlling the development of
noradrenergic sympathetic neurons from neural cres
precursorsGata2is expressed in a Bmp-dependent manner
immediately before the onset of noradrenergic differentiation
but afterMashl Phox2h Hand2 and Phox2a The Phox2b
dependent expression @ata2 and Gata3 evident in the
Phox2b knockout, suggests a similar timing of expression i
the mouse. Loss-of-function experiments demonstrate tr
importance ofGata3in the mouse an@ata2in the chick for
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E 10.5

expression of generic and subtype-specific neuronal traits. The
action of Gata2/Gata3depends, however, on the cellular
context, as the vast majority Gata2induced ectopic neurons
in the peripheral nerve display a non-autonomic, non-
noradrenergic phenotype, whereas in sympathetic nelifons
expression and the maintenance (but not the onsdDbbf
expression are dependent®ata2/Gata3 Thus, the effects on
ThandDbh may depend on additional co-regulators present in
the sympathetic lineage.

Gata factors in relation to other Bmp-induced
transcriptional determinants of the sympathetic

The members of the Gata family of zinc finger transcription

| factors have selective effects on various aspects of tissue and
organ development. Of the six family members, d&bta2
andGata3are expressed in the vertebrate nervous system and
= were shown to control the development and differentiation of
specific neuronal subpopulations (Yamamoto et al., 1990; Ko
and Engel, 1993; Whyatt et al., 1993; Zhou et al., 2000;
Karunaratne et al., 2002; Dasen et al., 1999; van Doorninck et
al., 1999; Craven et al., 2004; Lim et al., 2000; Karis et al.,
2001). In generalGata2 and Gata3 are coexpressed in the
central nervous system ar@hata3 is downstream ofsata2
(Nardelli et al., 1999; Pata et al., 1999). The expression of these
factors in the peripheral nervous system is much less clear, as

[ Phox2a || Gata2 || Gata3 |
A B C

1%_& =

E 13.5

il
| DBH |
Gata3+-
" é‘F .G

Fig. 11.Gata2 and Gata3 do not control the central noradrenergic
phenotype. (A-C) The anlage of locus coeruleus (LC) visible in the
dorsal metencephalon by anti-Phox2a immunohistochemistry (A)

sympathetic neuron development and for the onset of Teypresses neith@ata2(B) norGata3(C) at E10.5. (D-G) At E13.5
expressionGata2 overexpression in the chick embryo elicits the anlage of the LC, visible by in-situ hybridisation Birh (F)

the generation of ectopic neurons from neural crest precursexpresses neith@ata2nor Gata3(arrowhead in D and E,

cells, which implicates a function dBata2/Gata3in the

respectively) and is intact @ata3mutants (G).
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data are often available for only one factor in a single speciatescription of these mutants (Lim et al., 2000). In the cells of
and tissue (Groves et al., 1995; Nardelli et al., 1999; Georgle rudimentary sympathetic ganglia the expression of Th is
et al., 1994). We demonstrate here fBata3is not expressed almost abolished and that of Dbh diminished.
in chick sympathetic ganglia, where@ata? is detectable In Gata3’~embryos, expression Bhox2h MashlandDbh
throughout development. The onset3#ta2expression in the were initially normal, while Th expression was already
chick was found to occur after the sequential expression @&ubstantially reduced and that @ata2 virtually absent. The
Mashl, Phox2h Hand2andPhox2a lack of Gata2 expression is surprising, &ata2 has been
The timing of Gata2 expression and its proposed role in shown to be upstream &ata3in several systems. However,
noradrenergic differentiation raised the question whethereciprocal crossregulations betwe&ata2 and Gata3 have
Gata2 expression is dependent on Bmps, which have beesso been observed in the spinal cord (Karunaratne et al., 2002)
shown to control the expression bfashl Phox2a/band and hindbrain (Craven et al., 2004). The strong reducti@ih in
Hand2 in sympathetic neuron precursors at the dorsal aortexpression at E10.5 suggests a role fgata3 in the
(Schneider et al., 1999; Howard et al., 2000) and which contr@stablishment of high-lev&@hexpression. Already at E11.5 the
Gata factor expression in other developmental contexts (Maemsympathetic ganglion size is reduced and, in parallel, the
et al., 1996; Schultheiss et al., 1997; Rossi et al., 2001; Patiemimber of apoptotic cells is strongly increased. The continued
and McGhee, 2002). Alternativel@ata2expression might be cell death is thought to result in the rudimentary sympathetic
induced by additional, independent signals. The present daganglia observed at E13.5.
firmly establish thaGata2expression is prevented by the Bmp  These findings raise the question of h@ata2/3functions
inhibitor noggin and is expressed in Bmp-induced ectopiin sympathetic precursor cells and why the cells die in the
neurons. Thus, Gata2 represents an additional member of thbsence oata2/3 Gata2/3 factors could specifically control
group of transcription factors induced by Bmps. The epistatisympathetic neuron survival (but not differentiation) or,
relationship betweeiGata2 and the other factors has beenalternatively, control sympathetic neuron differentiation in a
addressed by overexpressionRifox2h Hand2 and Mashl  more general way. In the latter case, immature cells would be
The induction ofGata2expression by each of these factors isgenerated in Gata3 ganglia that subsequently die since they
in agreement with the timing of expression and suggests thate deficient in many properties, including survival signalling.
Gata2 may be directly or indirectly controlled by these We favour the latter possibility, since in gain-of-function
transcription factors. The notion th&ata2 is expressed experiments Gata2 acts as a differentiation factor rather than
downstream ofPhox2bis confirmed by the lack dBata2/3 as a survival factor inducing the production of neurons in
expression in th@hox2bknockout mice and, conversely, the peripheral nerves, devoid of neurons during normal
initial presence of cells expressiRgox2h Phox2aandHand2  development.

in the absence dbata3l The ectopic expression &fhox2a Phox2band Hand2 in

_ - _ neural crest precursor cells elicits the generation of
Generic and subtype-specific role of Gata factors in noradrenergic neurons (Stanke et al., 1999; Howard et al.,
the sympathetic lineage 2000). This is explained by the strong crossregulations among

A major problem in the control of neurogenesis is how andhese factors, resulting in the induction of the complete
when the expression of neuron subtype-specific properties aneétwork by each individual factor. Thus, it was expected that
generic neuronal characteristics are coordinated. FdBata2 may be able to induce the corresponding set of co-
sympathetic neuron development this issue is still unclear. Thegulators required for noradrenergic and generic neuronal
loss ofMashlandPhox2bdoes affect both noradrenergic and differentiation. The present results do not support this
pan-neuronal gene expression (Guillemot et al., 1993; Hirsghossibility and reveal for Gata2 a potential to control generic
et al.,, 1998; Pattyn et al., 1999) and in gain-of-functiomeuronal differentiation. This indicates that the function of
experiments no selective effects were observedPfiox2a  Gata2 is dependent on the interaction with co-regulators,
Phox2bandHand2 (Stanke et al., 1999; Howard et al., 2000).resulting in the induction of noradrenergic genes in the context
Under certain in-vitro conditiondylashlwas able to induce of Mashl, Phox2a/b and Hand2 in sympathetic precursors,
properties of autonomic neurons, but not noradrenergiwhile non-autonomic neurons are generated in peripheral nerve
differentiation (Lo et al., 1998). Also in vivoMashl precursors. Whereas overexpressionPtiox2a and Hand2
overexpression in peripheral nerve precursors results in theduce upstream members of the transcriptional network
preferential generation of non-adrenergic neurons, suggestimgvolved in sympathetic neuron differentiati@@ata? perhaps

a major role oMashlin the control of generic neuronal traits as the most downstream factor, has only a very weak
(Stanke et al., 2004). The previous analysi&afa3deficient  crossregulating activity with respect tBhox2a Hand2
mice suggested thaGata3 may selectively control the Phox2bandCashl

noradrenergic phenotype in this lineage (Lim et al., 2000). To What is the reason for the generation of a small population
define the role ofGata2 in chick sympathetic neurons, a of noradrenergic, autonomic neurons and of sdimpositive
dominant-negative variant of Gata2 was expressed ipells devoid ofScgl0in Gatazinfected nerves? The most
developing sympathetic ganglia. Th&ata2 knockdown likely explanation is that peripheral nerve precursors represent
resulted in reduced Th expression and in a smaller size af mixture of cells at different stages of commitment and
sympathetic ganglia, identified blhox2b and Scgl0 In  differentiation. Only in a minor fraction of the cells Gata2 may
agreement with this action of dnGATA2 on ganglion size, webe able to inducBhox2aand additional upstream transcription
found a virtually complete loss of the superior cervical andactors that would elicit, together witBata2 noradrenergic
stellate ganglia and the strong atrophy of thoracic sympatheticeuron development. It should be noted that peripheral nerve
chain ganglia inGata3’~ mice, not reported in the first precursors are biased towards autonomic neuron differentiation
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(White et al., 2001)Th-positive,Scgl0negative cells might be 269, SPP 1109), Fonds der Chemischen Industrie and EU grant

explained by the very lowCashl expression inGata2  QLG3-2000-0072 to H.R. and a grant from the French Ministry of

overexpression experiments. Research (ACI 2002) to J.-F.B. The work of J.v.d.W is supported by
the Dutch Organization for Scientific Research (NWO).

Gata function and the noradrenergic phenotype

In the autonomic nervous system, Mashl and Phox f

transcription factors are essential for the generation ererences

both sympathetic and parasympathetic ganglion neurons, i.Baluk, P. and Gabella, G.(1990). Some parasympathetic neurons in the

functionally noradrenergic and cholinergic phenotypes (for the 9guinea-pig heart express aspects of the catecholaminergic phenotype in vivo.
" Cell Tissue Re®61, 275-285.

most pa_rt). Thgrefore, .add't'onal regulators hfive to b@antino, D., Barasa, A. and Guglielmone, R(1982). Catecholamine-

hypothesized which modify Phox2 and Mash1l action and are containing neurons in Remak’s ganglion: a developmental and tissue culture

selectively expressed in noradrenergic or cholinergic neurons.study.J. Neurocytal11, 763-778.

There is evidence that the bHLH transcription factor Hand2 i§raven, S. E, Lim, K-C., Ye, W., Engel, J. D., de Sauvage, F. and

L ; ; . osenthal, A.(2004). Gata2 specifies serotonergic neurons downstream of
such a factor: it is expressed selectively in sympathetic neurorysSROniC hedgehodDevelopment 31 1165-1173.

and capable, upon ectopic expression, of inducing adrenerdig; v. s., Cserjesi, P., Markham, B. E. and Molkentin, J. D(2002). The
differentiation in neural crest precursors and to maintain the transcription factors Gata4 and dHAND physically interact to synergistically
normally transienfTh expression of parasympathetic ciliary activate cardiac gene expression through a p300-dependent meckianism.
neurons (Miiller and Rohrer, 2002). The present observatiorbsB'o" Chem277, 24390-24398. . .

. . . asen, J. S., O’'Connell, S. M., Flynn, S. E., Treier, M., Gleiberman, A. S.,
|dent|fy_another such factor in the form of Gata2/3, also .absentSZeto' D. P., Hooshmand, F., Aggarwal, A. K. and Rosenfeld, M. G.
from ciliary and sphenopalatine parasympathetic ganglia, and(1999). Reciprocal interactions of Pitl and Gata2 mediate signaling
which, in combination with Hand2 (and possibly in direct gradient-induced determination of pituitary cell typ@sll 97, 587-598.
interaction with it (Dai et al., 2002)) may contribute to the=Treas, (& LIS, 2L T L2 O ahd the necropeptide VIP in
continued .eXpre.SSIO.n dth and Dbh in Sympathetlc neurons. chick sympathetic neurons: evidence for different regulatory events in
However, investigation on a larger scale shows Gwta2/3 cholinergic differentiationMech. Dev68, 115-126.

function is not associated with noradrenergic properties per Seiedel, R. H., Schnuerch, H., Stubbusch, J. and Barde, Y.-A1997).
Although Gata2 expression in the parasympathetic cardiac, Identification of genes differentially expresse by nerve growth factor- and
submandibular and Remak’s ganglion (Groves et al., 1995) Egg;cgri’gg;”5'3'depe”dem sensory neuréniec. Natl. Acad. SCUSA94,
correlates with the presence of noradrene_rgic gene gxpressi%rgey K. M.. Leonard, M. W., Roth, M. E., Lieuw, K. H., Kioussis, D.,
Gata2 and Gata3 are not expressed in the chick and Grosveld, F. and Engel, J. D(1994). Embryonic expression and cloning
mouse sphenopalatine ganglion, also containing considerableof the murine Gata3 genBevelopmeni 20, 2673-2686.

numbers of neurons expressing Th and/or Dbh (Fig. 10)_ fgoridis, C. and Rohrer, H. (2002). Specification of catecholaminergic and
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