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SUMMARY

The generation of noradrenergic sympathetic neurons is Unlike sympathetic neurons, ciliary neurons do not express
controlled by BMPs and the downstream transcription dHand, noradrenergic gene expression is eventually lost but
factors Mash1, Phox2b, Phox2a and dHand. We examined can be maintained by ectopic dHand expression. Together,
the role of these signals in developing cholinergic these results demonstrate a common BMP dependence of
parasympathetic neurons. The expression ofMashl  sympathetic neurons and parasympathetic ciliary neurons
(Cash), Phox2band Phox2ain the chick ciliary ganglion  and implicate dHand in the maintenance of noradrenergic
is followed by the sequential expression of panneuronal, gene expression in the autonomic nervous system.
noradrenergic and cholinergic marker genes. BMPs are

expressed at the site where ciliary ganglia form and are Key words: Ciliary, Cholinergic, Noradrenergic, dHand, BMPS5,
essential and sufficient for ciliary neuron development. BMP7, Autonomic nervous system

INTRODUCTION Howard et al., 2000). These transcription factors in turn control
the further differentiation of sympathetic neuron precursor
The developing peripheral nervous system is an instructiveells (Guillemot et al., 1993; Lo et al., 1998; Lo et al., 1999;
model to study the generation of different neuron types fromiirsch et al., 1998; Morin et al., 1997; Pattyn et al., 1999;
pluripotent neural crest precursor cells (Christiansen et alStanke et al., 1999; Howard et al., 2000). Essential functions
2000; Anderson, 2001). The analysis of sympathetic neuroof Phox2band Mashl for sympathetic neuron development
development has revealed essential signals and mechanish@e been demonstrated in knockout studies, where a lack of
involved in the control of neuron fate and differentiationneuronal and noradrenergic differentiation was observed
(Francis and Landis, 1999; Ernsberger and Rohrer, 1999Guillemot et al., 1993; Hirsch et al., 1998; Pattyn et al., 1999).
Ernsberger and Rohrer, 1999). Sympathetic neuron generatitm complementary overexpression experiments Phox2b,
is initiated by signals from the midline structures when neuraPhox2a and dHand induced the generation of sympathetic
crest precursor cells aggregate to form sympathetic gangliareurons from neural crest precursor cells both in vitro and in
primordia. Major components of these signals are BMP familyivo (Stanke et al., 1999; Lo et al., 1999; Howard et al., 1999;
members, which are essential and sufficient to induce thidoward et al., 2000). As Phox2a and Phox2b directly bind to
generation of sympathetic neurons from neural crest cells ithe promoter of the DBH and TH genes and activate their
vitro and in vivo (Varley et al., 1995; Reissmann et al., 1996transcription (Zellmer et al., 1995; Kim et al., 1998; Swanson
Shah et al., 1996; Shah and Anderson, 1997; Schneider et &it,al., 1997; Lo et al., 1999; Seo et al., 2002), these studies
1999). BMP2/4 and 7 are produced by the dorsal aorta befoseiggested a molecular mechanism that could explain
and during sympathetic neuron development (Reissmann et atgradrenergic phenotype specification and differentiation.
1996; Shah et al., 1996). Inhibition of BMP function by thePhox2a is also thought to represent a link between
BMP antagonist noggin abolished the expression ohoradrenergic and generic neuronal differentiation (Lo et al.,
characteristic noradrenergic marker getyessine hydroxylase 1998). In addition, there is in vitro evidence that suggests an
(TH), dopamineB-hydroxylase(DBH) and of pan-neuronal interaction of BMP-Phox2 signaling with other signal
marker genesSCG10and neurofilament(Schneider et al., transduction pathways in noradrenergic differentiation, in
1999). BMPs act directly on neural crest precursor cells angarticular with pathways involving cAMP, protein kinase A or
induce the expression of a group of transcriptional regulator$/APK signaling (Lo et al., 1999; Swanson et al., 1997,
including the proneural gendashl(referred to aashlin Swanson et al., 2000; Wu and Howard, 2001).
the chick), the paired homeodomain protelPisox2a and While progress has been made in uncovering the signals and
Phox2band the bHLH factodHand (also known asdand? mechanisms involved in the development of noradrenergic
(Reissmann et al., 1996; Shah et al., 1996; Howard et al., 1999/mpathetic neurons, less is known about the strategies by
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which cholinergic parasympathetic neurons are generatedependence of sympathetic and parasympathetic ciliary neuron
Whereas sympathetic ganglia form near the neural tubégevelopment on BMPs. Second, dHand is probably involved
parasympathetic ganglia are generated close to their periphenal the maintenance of noradrenergic gene expression in
target organs by neural crest cells that migrate for longesympathetic neurons. Third, the specification of sympathetic
distances. In the mature state, parasympathetic neurons provated parasympathetic ciliary neurons involves unknown signals,
a functionally cholinergic innervation to their peripheralleading to differential gene expression in their neural crest
targets, although there is evidence for expression of sonmmecursor cells, which determine the pattern of transcription
adrenergic characteristics during development (Teitelmafactors induced by BMPs and their subsequent differentiation.
et al.,, 1985; lacovitti et al., 1985; Landis et al., 1987).

Interestingly, Mashl, Phox2a and Phox2b are not onl

expressed in parasympathetic ganglia but are also essential WTERlALS AND METHODS

parasympathetic ganglion development, as revealed by the ) , , ) ,

severe effects in knockout mice (Guillemot and Joyner, 1993amplantation of virus-producing chicken embryo fibroblast

Guillemot et al., 1993; Morin et al., 1997 Tiveron et al., 1996/l into chick embryos _

Hirsch et al., 1998; Pattyn et al., 1999). For the infection of embryos with RCAS vectors, DF-1 or CEF cells

- . . - were transfected with the RCAS-cDNAs. Cell aggregates made of
These findings brought into question, whether the express@ﬁﬁfected dHand-RCAS(B) cells (Howard et al., 2000) or BMP4-

of these genes and parasympath(.atllc gangl!on development # AS(B) CEF-cells were implanted on the right side of the embryo
also dependent on BMPs. In addition, the issue was raised ©f,4al to the developing anlage of the eye at the level of the
how the same group of transcription factors is able to specifyiesencephalon at stage 11. The eggs were further incubated and the
different neuronal fates, i.e. noradrenergic neurons i@mbryos were staged and killed by decapitation at day 8 (dHand)
sympathetic and cholinergic neurons in parasympathetior day 4.5 (BMP4). The heads were fixed overnight in 4%
ganglia. One possibility would be that different neuronal fateparaformaldehyde in 0.1 M phosphate buffer (pH 7.3), kept in 15%
are generated by different thresholds of the same transcriptié/v) sucrose overnight, embedded in Tissue Tek (Sakura Finetek
factor(s). In the neural tube, the identities of neuronafurope BV, Zoeterwoudg Netherlands) and sectioned. Consecutive 14
progenitors are assigned by the graded action of inductiyd" cryostat cross sections were separately collected from a large
signals that are secreted by ventral and dorsal signaling Cen“rg%lon of the eye around the optic nerve, including the implantation

. - a, and were analyzed for expressiorewvérse transcriptasgRT),
(Jessell, 2000; Anderson, 2001). BMPs produced in the ro%honb TH, DBH andcholine acetyl transferaséChAT). In general,

plate and dorsal neural tube specify different types of dors@le surrounding mesenchyme was strongly infected, whereas the
interneurons in a concentration-dependent manner (Lee aggnglion displayed incomplete infection.

Jessell, 1999). The signaling of BMP family members in

embryonic tissues can result in increased levels of downstreafiection of noggin-expressing CHO cells, CHO control

transcription factors that specify different cell fates at differen€€lls and of virus-concentrate into chick embryos

thresholds (Gurdon et al., 1998; Gurdon et al., 1999; Shimizjoggin-expressing CHO cells or CHO control cells were collected by
and Gurdon, 1999). Thus, different levels of BMPs andentrifugation and resuspended in fDPBS. RCAS viral stock
downstream transcription factors may produce noradrenergRieparation was carried out as described previously (Vogel-Hopker
sympathetic or cholinergic parasympathetic neurons. There f8'd Rohrer, 2002). Cell suspensions were injected into the

; . . -~ mesenchyme caudal to the developing anlage of the eye of stage 11
indeed recent evidence, in vitro, that BMPs affect the dec:'S'c’@mbryos, using fine glass capillaries attached to an aspirator tube

of PNS progenitors to acquire a sensory or autonomic neurQ8igma A-51779). The eggs were further incubated, staged
phenotype and induce cholinergic or noradrenergic genes [Bamburger and Hamilton, 1951) and killed by decapitation. The
autonomic precursors in a concentration-dependent mannegads were fixed, sectioned, and the sections were analyzed for
(White et al., 2001; Lo et al., 2002). An alternative possibilityexpression 0S0x10, SCG10, Phox2b, VAChiid Cashilby in situ
would be that different environmental signals influence thdybridisation. At least three embryos were analysed for each marker.
neural crest precursor cells in such a way that the same netwchrk

of transcription factors results in different readouts, dependin Situ hybr'q'zaF'on_Of sections _ o
on the cellular context. onradioactive in situ hybridization and preparation of digoxigenin-

- . - r fluorescein-labeled probes for chiékT, TH, DBH, Phox2a
This study examines the role of BMPs and transcription hox2b ChAT, vesicular acetylcholine transporte/AChT), chick

contrql genes for t_he develppment of parasympathetic C'I'arMigh-aﬁinity choline transporterQHT1), Cashl SCG10 NF16Q
ganglion neurons in the chick embryo. We report that BMPSy10were carried out as described previously (Emsberger et al.,
are locally expressed at the site of ciliary ganglion formationgg7; Stanke et al., 1999). As a probe for clG#T1 a 1134 bp

and are required for the development of this ganglionfragment corresponding to bases 426-1559 of the human sequence
Overexpression of BMPs results in the generation of additionalas used. ThEHT1fragment was cloned from E9 chick CG-cDNA,
ciliary ganglion neurons, but does not alter the transmitteusing degenerated PCR primers based on homologous sequences from
phenotype. During normal ciliary ganglion deve|opmentnema_t0dé_:HO-land ratCHTL The resulting _cDNAfragment ShQWS.
Cash1 Phox2bandPhox2aare expressed with a similar timing 80% |d§nt|ty to human sequence at nucleotlde_ level and 85% identity
as in sympathetic ganglia. In addition, noradrenergic geneé¥ protelln level (EMEL/G.Q“B"?‘“WDDBJ accession number AJ11267).
are expressed before cholinergic marker genes but aéEDoube in situ hybridization was carried out using DIG- or

b v d lated. The t ent . orescein-labeled probes fofAChT and TH. The first colour
subsequently downregulated. 1The transient expression ction with Fast Red was stopped by washing in PBS. Photos were

noradrenergic marker genes may be due to the absence (Qfen and the antibody was stripped off by washing two times for 10
dHand expression in ciliary ganglia, since ectopic dHandminutes with 1 ml 0.1 M glycine pH 1.8. After an additional wash for
expression maintains noradrenergic differentiation. Our finding hour in MABT the second colour reaction with NBT/BCIP was

lead to the following conclusions: first, there is a commortarried out.
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Morphometric analysis To see whether the development of ciliary neurons is also
The number offH-positive cells was counted on all sections infecteddependent on BMPs, the BMP antagonist noggin was applied
by the virus indicated by expression RT mRNA. On alternate in the vicinity of the developing ciliary ganglion. Cell
sections the area Bhox2bor ChATmRNA expression was quantified suspensions of noggin-producing CHO cells or CHO control
morphometrically, using the Metamorph Imaging System (Versiorzells were applied at stage 10/11 unilaterally into the
4.6, Universal Ir.naging.Corporation). The numbeTIe!f_positive cells  craniofacial mesenchyme, close to the optic stalk. The
were coudnted '””’fn';““o” to the area Riiox2bpositive cells and  jpjantation of control cells did not affect ciliary ganglion
EXpressed as cels/mm development (not shown). In contrast, we observed in a large

To visualize the effect of BMP treatment on ciliary ganglion ti f in-treated b 5 out of 6 let
development, digital images of Phox2b-stained serial sections we%Opor ion of noggin-treated embryos (5 out of 6) a complete

aligned and the resulting stacks were used for a 3D-reconstructioffCK, unilaterally, of differentiated ciliary ganglion cells, when
using Metamorph Imaging System Software. the embryos were analysed for the expression of the generic

neuronal markerSCG10Q the autonomic marker€ashl
Phox2band the cholinergic mark&AChTat stage 24/25 (Fig.

RESULTS 3A-D). However, a large aggregate of cells expressing the
neural crest markefox10could be observed in the region,
Developmental onset of pan-neuronal and subset- where the ciliary ganglion would form (Fig. 3E,F). In most
specific gene expression in the chick ciliary cases also eye development was severely affected on the
ganglion noggin-treated side, resulting in lacking or rudimentary retinae

The development of sympathetic neurons is characterized Igffig. 3A-H). To address the possibility that the impaired ciliary
the initial expression of BMP-induced transcription factorsganglion development might be caused indirectly by the
followed by the expression of specific noradrenergic genes arabsence of the eye, we analysed ciliary ganglion development
of generic neuronal genes. The present analysis of chick ciliagfter ablation of the optic cup. The gene expression pattern of
ganglion development revealed a remarkably similar geneiliary ganglia was completely unaffected by the lack of eye
expression profile. The initial expression of characteristi@blation up to stage 24/25CG10 Phox2bsee Fig. 3G,H;
marker genes was observed in ganglion primordia that forrl@ash-1and VAChT, not shown). This agrees with previous
around the oculomotor nerve at stage 18. Ciliary neurostudies demonstrating that ciliary neuron survival was not
development is initiated by the expression of the proneuralependent on the peripheral targets up to embryonic day 8
geneCash] followed byPhox2bandPhox2a After the onset (Landmesser and Pilar, 1974; Lee et al., 2001).

of Phox2bexpression, the noradrenergic ged®&H and TH . ] o ]

(not shown) and the panneuronal geB&G10 NF160 (not  Ectopic cholinergic ciliary ganglion neurons are

shown) are expressed in subpopulatiorBhaix2positive cells  induced by BMP4

(Fig. 1A; stage 19/20). In contrast, the bHLH transcriptionTo gain further insight into the role of BMPs in ciliary ganglion
factorsdHandandeHandwere not detected (Fig. 1A and data development, BMP4 was ectopically expressed in the ciliary
not shown). Cholinergic differentiation was analysed usingganglion and its environment, using the avian retroviral vector
three different marker gengShAT, VAChTandCHT1(Okuda RCAS (B) (Reissmann et al., 1996; Howard et al., 2000). The
et al., 2000; Misawa et al., 2001; Lips et al., 2002). For all threenilateral implantation of virus-producing chick embryo
cholinergic genes the onset of expression was after the initifibroblast cells (CEFs) into stage 10/11 chick embryos resulted
TH/DBH expression (Fig. 1A; stage 19/20 vs stage 24/25in the infection and BMP4 production of ciliary ganglion and
ChATnot shown)TH andDBH were, however, expressed only surrounding mesenchymal cells. BMP4 overexpression resulted
transiently, resulting in ciliary ganglia that are composedn a considerable enlargement of the ciliary ganglion (Fig. 4A).
almost exclusively by cholinergic neurons at E8 (Fig. 1A; stag&sing 3D reconstructions of Phox2b-stained serial sections we
24/25 vs stage 32/33; very few DBH-expressing neurons a@bserved, in BMP-treated embryos, ectopic neurons in the
detectable at stage 32/3BH not shown). The absence of oculomotor nerve and in postganglionic ciliary nerves. The
dHand and the virtually complete downregulationTéf and  enlarged ganglia were composed of neurons with the same
DBH expression thus represent major differences betweerharacteristics as observed during normal development, i.e.

ciliary and sympathetic neuron differentiation. many apparent cholinergic neurons that were positivE iéfT

. o ) (Fig. 4A). To investigate whether BMP overexpression would
BMPs in parasympathetic ciliary ganglion stimulate adrenergic differentiation in parasympathetic ciliary
development ganglia, the number afH-positive cells/section (Fig. 4C) and

As BMPs control the expression @ashlandPhox2a/Phox2b the areas ofChAT-positive andPhox2bpositive cells/section

in sympathetic ganglia (Reissmann et al., 1996; Shah et a{Fig. 4B) were determined in control and BMP4-treated
1996; Schneider et al., 1999), we investigated whether BMRambryos.Phox2lh ChATand TH increased to a similar extent
are expressed in the vicinity of the forming ciliary ganglion.(Fig. 4B,C). Thus, whe@hATandTH expression is examined
The analysis 0BMP4, 5 and7 expression in the retro-orbital in relation to the area of Phox2b expression, i.e. the total area
region demonstrateBMP7 expression (Fig. 2) in the region of ciliary ganglion neurons, neither the proportionGHAT
where the ciliary ganglion forms. Weak, but significantexpressing cells (Fig. 4D) nor ©H-positive cells (Fig. 4E) was
mesenchymaBMP5 expression, but nBMP4 expression was changed in response to the BMP4 treatment.

detected (not shown). Thus, at the onseZaghlandPhox2b

expression at stage 18, boBMP7 and BMP5 could be The control of noradrenergic differentiation in the

detected, which is compatible with the notion that BMPgParasympathetic ciliary ganglion

control the expression of these transcriptional regulators. ~ While mature parasympathetic neurons display a cholinergic



5710 FE Mdller and H. Rohrer

neurotransmitter phenotype, during development a transiedemonstration of ciliary ganglion neurons that co-expiéss
expression of noradrenergic genes was observed, apparerdlyd the cholinergic marker geAChT(Fig. 5) is in agreement
controlled in part by the same transcription factors that lead twith the notion that cells with noradrenergic gene expression
maintained noradrenergic gene expression in sympathetacquire a cholinergic phenotype. Owing to the trandiersnd
ganglia. What causes the decreas&hfandDBH expression DBH expression and the graded increase in the expression of
in parasympathetic ganglia? Two explanations are obvious, tleholinergic marker genes, the relatively low proportion of
loss of TH/DBH-positive noradrenergic neurons or a switchdouble-positive cells is in line with the expectations. With
in the neurotransmitter phenotype from noradrenergic toespect to noradrenergic differentiation, these data thus
cholinergic. Although ciliary ganglion cell number apparentlydemonstrate a decreaseTdi and DBH as a major difference
does not change during this period (Landmesser and Pildyetween ciliary and sympathetic neurons. This may either be
1974), recent evidence suggests that considerable cell dealhe to the selective repression/loss Té#/DBH expression
does occur and is compensated by the differentiation of neuram parasympathetic ganglia or the selective maintenance of
precursor cells present in the ganglia (Lee et al., 2001). Theoradrenergic gene expression in sympathetic neurons.

A
st 19/20 HH | st 24/25 HH || st 32/33 HH
Cash1 SCG10, Cash1 Cash1
2 Q4
[ . ' 1
Phox2b DBH DBH DBH
£ -
Phox2a ,  VAChT VAChT, VAChZ, €555
S k St
| "fif:,._‘ ¥ abdd
dHand CHT1 dHand CHT1
Lo _ | s ‘.
B Fig. 1. Expression of different marker genes during ciliary

ganglion development. (A) Expression of pan-neuronal
CashT PhoxZb DBH (SCG10, noradrenergic@BH) and cholinergicAChT,
’ ’ ' CHT2) marker genes and of autonomic transcription factors
Cashl Phox2a Phox2banddHandis shown at the stages
indicated. Please note that only some of the
SCG10Phox2d2b-positive cells are noradrenergic as revealed
_ by expression dDBH at all stages. The same is true for the
cholinergic marker¥AChTor CHT1at stages 19/20 and
24/25. Whereas noradrenergic genes are expressed transiently
(with the exception of very few cells that still express DBH at

Cash1 stage 32/33), the proportion of cho!inergic cells is strongly
: increased, so that at stage 32/33 virtually all neurons are
Phox2b, Phox2a cholinergic. Scale bars: 1Q6n. (B) Expression of Cashi,

SCG10 Phox2b and DBH in the ciliary ganglion at stage 18. Whereas
Cashl is clearly detectable, Phox2b expression has just begun,
and DBH expression cannot be detected at this stage.

VAChT, CHT1 _ Arrowheads point to ciliary ganglion primordia (consecutive
e B = P —f- + —— sections). (C) Schematic diagram summarizing the
fsfel7isioo 21 24z 2 51 34 S5 36 Hsmge developmental expression pattern of the genes analysed in A.

st 18 HH

DBH
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[ st18/19 | Noggin implantation
Eye SCG10 | Cash
N A B \
X #cc ﬁcs =
L & () CG,
o . < ® 7 ’
‘s TG
—|Eve | L T6 e
F g ™
o CG ! -) : -
> | Phox2b | VAChT |
“ C D
u MR
Fig. 2. Expression oBMP7 at the site of ciliary ganglion formation. Cee
In the environment dPhox2bpositive ciliary ganglion cells (CG, CG <7
upper panelBMP7 expression is detected in the retro-orbital . TG
mesenchyme (lower panel) by in situ hybridisation (stage 18/19). d
Stronger expression &MP7can be seen in Rathke's Pouch (RP) TG TG TG
and in the retina. The location of the eye is indicated. Scale bar:
100um. | SCG10 I Sox10 |
E ~/ N A\F
dHand expression in 9|I|ary ganglia maintains fJ_, o~ g
noradrenergic properties F B Lo r
Differential control of noradrenergic gene expression implies C/c— " ® |
signals that are selectivelly expressed in .ci_liary an( ce 'k - B GG
sympathetic ganglia, respectively. Of the transcription factor < v y
that have been shown to be directly or indirectly involved ir -
the control of noradrenergic gene expression, diflgndis N
selectively expressed in sympathetic ganglia (Fig. 1A | Eye ablation |
(Howard et al., 1999; Howard et al., 2000), wher€ashl
Phox2aandPhox2bare pan-autonomic genes. In sympathetic | SCG10 | Phox2b |
ganglia,dHandis detectable throughout development and thu: G ? e H
could play a role in the regulation @H and DBH at later - g
stages. Thus, the absence diiand expression in ciliary & ) %0 ®
ganglia could explain the transient nature of noradrenergi f c _ *
gene expression. e - ~ i P
To test this proposed role, dHand was ectopically expresse - CG cG

R, . ; . ; CG CG
in ciliary ganglia using retroviral vectors. Interestingly, a
strong increase in the numberTdfl-expressing (Fig. 6A) and ’#\
DBH-expressing cells (not shown) was observed in E¢
embryos in response to dHand expression (Fig. 6A,B). Fc

quantification, the number ofTH-positive cells was ciliary ganglion. After unilateral implantation of noggin-expressing
determined in relation to the ganglion ar®a¢x2bpositive)  cHo cells in E2 chick embryos the ciliary ganglion, as shown by
in sections of dHand-RCAS-infected and uninfectedexpression 08CG10(A), Cashl(B), Phox2b(C) andVAChT(D), is
contralateral ganglia. The increase in the proportioitdf  apsent at stage 24/25 (white arrowheads, A-D). In parallel, the
positive cells ranged between 1.4- and 12-fold, with a meadevelopment of the eye is strongly reduced (A-F left side; compare
increase of 2.6-fold (Fig. 6B), reflecting the variation in ciliarywith normal right side)Sox16positive neural crest cells aggregate at
ganglion infection by dHand-RCAS. In contrast to thethe position of the ciliary ganglion (black arrowhead, F), but remain
Surrounding mesenchyme’ the Ci”ary gang”on was onhundifferentiated$QGlGnegativg) on the noggin-tre_atec_i side (Whlte
partially infected, which may be explained by the inability toarrowhead, E). Unilateral ablation of the optic vesicle in E2 chick

infect early postmitotic ciliary neurons. The increased numbeﬁg“rg{)é?z f;'jrom%eé’;?ttfaagrgf‘é‘;’/g)é’”gfa”;k(gs"{grg?ist)e gﬁgfek:;not
OI( ;I'H-?Xﬁrtia'ssm% ngf \I/r\:i thr?ﬁpor?st? ntc;ﬁ_;(:t%%j%%nl_? affect ciliary ganglion formation as demonstratedSi§G10and
éxpression Is compatible the notio ' a Phox2bexpression in the CG (G,H). TIS®«G10positive structure
expression are d_ownregulated_ n _Clhary ganglia bec_aus_e Ofanace_nt to the CG in (G) is an enlarged oculomotor branch of the
lack of dHandwhich would maintainfH/DBH expression in  trigeminal ganglion, frequently observed in eye-ablated embryos.

sympathetic ganglia. Scale bar: 1 mm.

Fig. 3. The BMP inhibitor noggin prevents the development of the
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Fig. 5. Ciliary neurons transiently co-express cholinergic and

noradrenergic marker genes. Double in situ hybridizatioWA€hT

(red) andTH (black) at stage 24 shows the presence of cells that co-

expres8VAChTandTH (white arrowheads) or only expregdChT

(red arrowhead) oFH (black arrowhead). ThéAChTsignal in

double-stained cells (white arrowheads) is low but significantly

o] 0 above background, as illustrated by comparison with cells devoid of
Phox2b ChAT TH VAChTexpression (black arrowhead). Scale bam@b

mean area/Section (x10 mm )
r
*
mean number of TH cells/Section
(=21

(W)

E DISCUSSION
] O control

I mENP4 The present analysis of chick cholinergic ciliary neuron

04 1 800 development revealed gene expression patterns and control
1 mechanisms that are closely related to that of sympathetic
neurons. BMPs were found to be essential and sufficient for
ciliary neuron development and BMP downstream signaling
400 1 involving the transcription factors Cashl, Phox2a and Phox2b,
1 as shown previously for sympathetic ganglia. However, chick
sympathetic and ciliary neurons differ with respect to the
developmental expression of the noradrenergic marker genes
- L TH andDBH. Our results suggest that this difference is due to
ChAT/ TH/ the selective expression of the transcription factor dHand in
sympathetic neurons, maintaining TH/DBH expression in this
Phox2b Phox2b lineage (Fig. 7). Thus, the generation of different neuronal
Fig. 4. BMP4 overexpression results in enlarged ciliary ganglia. subtypes, noradrenergic sympathetic and cholinergic

2

(cells/mm )

0,2 1

Ratio ChAT/Phox2b area

0

Embryos, infected at E2 with mBMP4-RCAS display enlarged parasympathetic neurons, in response to a BMP signal is
ciliary ganglia at stage 24/25 as detected by expressiBhmi2b explained by the differential expression of transcriptional
andChAT(A). (B) Quantification of the area &hox2bandChAT- control elements, including dHand. This scenario would

positive cells revealed a strong increase in comparison to the Contrthncate fate_determining differences between Sympathetlc

side Phox2h P=0.008;ChAT, P=0.039; Studentstest). Also the and parasympathetic ciliary precursor cells at the time they
number ofTH-positive cells (C) was significantly increased respond to BMPs (Fig. 7)

(P=0.002). However, the ratio between cholinergic markers and " .
Phox2b(D) or noradrenergic markers aRtiox2b(E) showed no Ciliary neurons are derlyed from ne_ural crest at the
significant difference between mBMP4 implanted and control side Mesencephalic/metencephalic border region (Hammond and

(P=0.051 andP=0.155, respectively), indicating that BMP4 increases YNtema, 1958; Noden, 1975; Narayanan and Narayanan,
ciliary neuron development but does not affect the phenotype. Scalel978). These cells migrate rostrally towards the optic vesicle
bar: 250um. and form the ciliary ganglion primordium behind the eye, close



to the optic nerve. The ganglion was first detectable as ¢
aggregate ofash-1positive cells at stage 18 that was wrappec
around the oculomotor nerve. The onseéRlbbx2bandPhox2a

expression was observed shortly afterwards, followed b
panneuronal and noradrenergic gene expression. Cholinerg
marker gene expression starts after the ganglion has be
generated, i.e. after the expressionGafshl Phox2&db and

TH/DBH. A previous study identified ciliary neuron precursors
during migration, using an antibody against a ciliary neuron
specific cell surface antigen (Barald, 1988). As there wa
evidence to suggest that the antigen may be involved in higl
affinity choline transport (Barald, 1988), the present analysi
also includes the choline transporter. Our data demonstrai
however, thaCHT1 (Okuda et al., 2000; Misawa et al., 2001;
Lips et al., 2002) is first expressed together V@thAT and

VAChHT after the formation of ciliary ganglion primordia and
after a number of other neuronal genes have started the
expression. Although our results do not exclude an earlie

A

[ Phox2b | TH J

= T ¥
©

= Ly .!_ o
T Tl
o "\’;
© (e / (
s

= Sy
8 h‘? / /

{ TA l{
] ij // —_—
B
O control
h * D dHand
800 1 -I-

m;‘ i .

E .

T:J 400 1

0 |
TH/
Phox2b

Fig. 6. The number of noradrenergic cells in ciliary ganglia is
strongly increased by ectopic expression of dHand. (A) Embryos
infected at E2 with dHand-RCAS display an increased number of
TH-positive cells at E8. Phox2b and TH stainings were done on
alternate sections. (B) The quantificationTéf-positive cells per
ciliary ganglion areaRhox2bpositive) revealed a strong increase
compared to control$£9; P=0.009). Scale bar: 1Qdm.
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Fig. 7. Schematic diagram summarizing the role of BMPs in the
development of noradrenergic sympathetic and parasympathetic
ciliary neurons. BMPs are sufficient and essential for the
development of both noradrenergic sympathetic (Varley et al., 1995;
Reissmann et al., 1996; Shah et al., 1996; Schneider et al., 1999) and
parasympathetic ciliary neurons (the present study). The differential
expression of the BMP-downstream transcription factor dHand
suggests that sympathetic and ciliary neuron precursors display
differences that determine BMP downstream signaling and in turn
neuron identity (illustrated by the different shading of sympathetic
and parasympathetic precursor cells). dHand is implicated in the
maintenance of noradrenergic differentiation (TH, DBH) in
sympathetic neurons.

specification of ciliary neurons, they excludelT1as an early
indicator for migrating ciliary neuron precursors.

As sympathetic neuron generation is controlled by BMPs
that are expressed in the dorsal aorta, in close vicinity to the
forming primary sympathetic ganglia (Reissmann et al., 1996;
Shah et al., 1996), we asked whether BMPs are also involved
in ciliary ganglion developmenBMP5andBMP7were found
to be expressed in Rathke's pouch and in the mesenchyme
around the ciliary ganglion anlage at stage 18, albeit at low
levels. Whereas the expression in Rathke’'s pouch seems to be
too far away to represent a significant source of BMPs for the
ciliary neuron precursors, mesenchymal BMP7 (Luo et al.,
1995; Dudley et al., 1995) is most likely involved in ciliary
neuron development. However, the possibility should also be
considered that ciliary ganglion precursors may encounter
BMPs during their migration.

Are BMPs important for ciliary neuron development? The
interference with the function of BMPs by the application of
the BMP-inhibitor noggin (Zimmerman et al., 1996; Schneider
et al., 1999; Vogel-Hoépker and Rohrer, 2002) resulted in the
complete lack of differentiated ciliary neurons, strongly
suggesting that ciliary neuron development requires BMPs.
The presence of aggregates of Sox10-positive cells at the site
of the ciliary ganglion demonstrates that neural crest migration
and aggregation are not affected by noggin. Noggin-treatment
also affected the development of the eye, whereas control
embryos, receiving control CHO cells, had normal sized eyes
and the ciliary ganglion was present. To investigate whether the
effects on ciliary neurons are an indirect result of the missing



5714 FE Mdller and H. Rohrer

eye, the optic vesicle was unilaterally extirpated at E2co-expressTH and VAChT at stage 24 suggests that ciliary
Although the eye was virtually completely missing on theneurons transiently express noradrenergic genes before they
operated side, there was no difference with respect to the siaequire a cholinergic transmitter phenotype. The low number
and gene expression pattern of the ciliary ganglion, as expectetl cells that are clearly double-labeled is expected if
from previous studies (Landmesser and Pilar, 1974; Lee et ahpradrenergic and cholinergic gene expression overlap only
2001). Thus, both ciliary neuron development and theluring a short time period. Although we cannot exclude that
development of the eye depend on BMPs. Indeed, in the BMRlie disappearance of noradrenergic cells is partly due to the
knockout mice, eye development is severely affected (Luo eelective death of these cells (Lee et al., 2001), this possibility
al., 1995; Dudley et al., 1995). The fate of the ciliary gangliorseems to be unlikely in view of the cells being in a transitory
has not been analysed in these mice. Since noggin interfergimge from a noradrenergic to cholinergic phenotype and the
with the action of several BMP family members, the identityincreased TH and DBH expression in response to dHand.
of the BMP(s) that are essential for ciliary ganglion The selective downregulation ©H andDBH expression in
development remains unclear. In view of the redundantiliary as compared to sympathetic ganglia may either be due
expression of BMPs and the stronger phenotype of tht the presence ofeH/DBH repressor in ciliary ganglia or due
BMP5/BMP7 double knockout mice as compared to singleéo the lack of arlH/DBH maintenance signal. Here, we show
knockout mice (Solloway and Robertson, 1999), it is possibléhat the bHLH transcription factor dHand could be such a
that both BMP5 and BMP7 are involved in ciliary neuronmaintenance factordHand is expressed in sympathetic
development. The proposed role of BMPs in ciliary neuromeurons under the control of BMPs, downstreaniPlobx2b
development is strongly supported by BMP overexpressiofHoward et al., 2000). Forced expression of dHand in trunk
experiments. Forced expression of BMP4 produced enlargettural crest precursors elicits the generation of noradrenergic
ciliary ganglia through the generation of ectopic neurons frommeurons both in vitro and in vivo (Howard et al., 1999; Howard
neural crest precursor cells. These cells were generated in tiieal., 2000). The increased numbeifTéf- and DBH-positive
oculomotor nerve and postganglionic ciliary nerve. Ascells in dHand-expressing ciliary ganglia now suggests that
expected from previous BMP overexpression experiments idHand is also involved in maintaining noradrenergic
sympathetic ganglia and peripheral nerves (Reissmann et aifferentiation. The effects of forced dHand expression in
1996; Howard et al., 2000) these cells also expreBhes2b  neural crest cells are compatible with the notion that dHand
Interestingly, the neurons generated in response to BMRepresents a late BMP effector, that is able to act independently
displayed a cholinergic rather than a noradrenergic phenotypef the upstream factors Cashl1, Phox2b, Phox2a. This is in line
as did the neurons in the ciliary ganglion. This is in contrast twith the observation that dHand is able to transactivate DBH
the situation in the trunk, where BMPs produce enlargedeporter constructs (M. Howard, personal communication).
noradrenergic sympathetic ganglia and ectopic noradrenergitowever, dHand overexpression elicits the expression of both
neurons in peripheral nerves (Reissmann et al., 1996; HowaRhox2aandPhox2bgenes (Howard et al., 2000) and thus, may
et al., 2000; Ernsberger et al., 2000). act in combination with Phox2 transcription factors. Both
This result raised the question of why noradrenergic gengossibilities are compatible with a role for dHand in the
expression is regulated differentially in ciliary neurons andnaintenance ofH andDBH expression, a role that still needs
nerves as compared to sympathetic neurons and trurik be confirmed by loss-of-function experiments. Thtand
precursor cells. In view of the similar expression pattern oknockout mice die, however, too early to investigate a role for
MashlandPhox2genes in sympathetic and parasympatheticddHand as a maintenance signal of DBH and TH expression
ganglia and thd&lashl-andPhox2dependent development of (Yamagishi et al., 1999).
cranial parasympathetic ganglia (Hirsch et al., 1998; Morin et The differential expression alHand has also important
al., 1997; Pattyn et al., 1999) it seems very likely that Mashimplications for the understanding of sympathetic and
and Phox2 genes are also involved in the initial onsd@ttbf parasympathetic ciliary neuron development and the role of
and DBH expression in the ciliary ganglion. Although BMPs in this process. What is the role of BMPs in the
noradrenergic gene expression in the mouse ciliary gangliageneration of different autonomic neuronal subtypes? In the
has not been analysed MashlandPhox2knockouts,DBH  spinal cord, different types of dorsal neurons are specified by
expression is controlled biashl in the parasympathetic different levels of BMPs (Lee and Jessell, 1999) and our recent
sphenopalatine ganglion (Hirsch et al.,, 1998). In additionwork on noradrenergic neuron development in the hindbrain
ciliary ganglion development dependsiMash1(Hirsch et al., demonstrated that the generation of noradrenergic locus
1998) and likely also orPhox2 genes, as other cranial coeruleus neurons depends directly or indirectly on the BMP-
parasympathetic ganglia are missing inBtex2aandPhoxb  mediated dorsal patterning of rhombomere 1 (Mogel-Hopker
knockouts (Morin et al., 1997; Pattyn et al., 1999). Howeverand Rohrer, 2002). AEhATIs induced at lower BMP levels
whereasTH andDBH are rapidly induced in aRhox2positive  than TH in cultured peripheral nerve precursor cells it was
sympathetic neuron precursor§H/DBH-positive cells in  proposed that parasympathetic versus sympathetic neuron
ciliary ganglia represent at all stages only a subpopulation @feneration may be specified by different BMP levels in vivo
Phox2expressing cells. This could be explained by a lowefWhite et al., 2001). The present demonstration that
sensitivity of parasympathetic precursor cells to BMPsparasympathetic ciliary ganglion cells initially also display a
requiring higher concentrations folfH expression, as noradrenergic phenotype is difficult to accommodate with this
compared to the expression of cholinergic markersM&k€hT  idea. One could argue that TH/DBH would be expressed in
(White et al., 2001). The observation that BMP overexpressioautonomic neurons as long as there is a high-level BMP
does not increase the proportion of TH/DBH-expressing cellexpression in the vicinity of autonomic ganglia. Indeed, BMP7
argues, however, against this notion. The presence of cells thatd BMP5 expression in the retro-orbital mesenchyme
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decreases between stage 18 and stage 20 (F. Millafter transplantation of these cells into a different environment
unpublished observation), whereas BMP4 expression in tha vivo. Interestingly, not only neural crest precursors from the
dorsal aorta is maintained up to E9 (U. Ernsberger, personeiliary ganglion, but also ciliary neurons are able to acquire a
communication). Thus, there is a correlation between BMoradrenergic phenotype upon transplantation and migration
expression and TH/DBH expression in autonomic ganglianto the trunk (Coulombe and Bronner-Fraser, 1986). The
However, strong evidence against a BMP-level-dependeiiinding that noradrenergic differentiation of immature ciliary
specification of cholinergic parasympathetic and noradrenergiteurons does not occur upon implantation into the head
sympathetic neurons is the observation that BMRmesenchyme of young embryos (Sechrist et al., 1998) supports
overexpression in the ciliary ganglion did not increaseour conclusion that signals from the head mesenchyme
TH/DBH expression, whereaBH/DBH expression has been environment prevents full noradrenergic differentiation.
shown to be induced in neural crest precursors in trunk What is the reason for a low number of neurons maintaining
peripheral nerve (Ernsberger et al., 2000). This result couldH andDBH in the ciliary ganglion in the absencediiand?
also be explained by assuming that BMP overexpression ifihe compensation by the closely related faceiand
ciliary compared with sympathetic ganglia and nerves nevdfSrivastava et al., 1995; Hollenberg et al., 1995; Howard et al.,
reached the high BMP levels required to eli€i/DBH 1999) is excluded amHandexpression was not detected in the
expression, because of differential expression of BMRiliary ganglion (data not shown). We propose ttgiand
inhibitors. However, there are several factors that do ndunction may be required only during a relatively early
substantiate this explanation. (i) Assuming tAd@d/DBH  developmental period and that its function can be replaced later
expression requires high BMP concentrations, the presenceloy other signaling pathways. For dopaminergic neurons in
TH/DBH-positive cells would imply that high BMP levels are cranial sensory ganglia, in particular in the petrosal ganglion,
present and can be reached in the ciliary ganglion environmethere is evidence for an early, transieftl expression,
(i) The generation of ectopic neurons by BMP overexpressiofollowed later by a second, sustain€d expression, elicited
demonstrates that significant increases in BMP levels welgy signals from the target (Katz and Erb, 1990) and/or
reached in vivo in both cases. (iii) The lack dffand maintained by electrical activity (Brosenitsch and Katz, 2001).
expression inTH/DBH ciliary neurons generated in responseA similar scenario would account for early and late expression
to BMPs argues for a difference between ciliary andf TH and DBH in mammalian parasympathetic ganglia
sympathetic neuron precursors. In conclusion, the prese(itirsch et al., 1998; Landis et al., 1987; Leblanc and Landis,
results are more compatible with the notion of difference4989). In view of the very low number dH/DBH-positive
between autonomic precursor cells in the head region wheeells that remain in chick ciliary ganglia, this issue was not
the ciliary ganglion forms and autonomic precursor cells iraddressed in our study.
sympathetic ganglia and trunk peripheral nerve. It will be Whereas the present study revealed mechanisms involved in
interesting to investigate to what extent the present findings cdéine control of noradrenergic differentiation in the ciliary
be generalized to cranial and trunk parasympathetic gangliaparasympathetic ganglion versus sympathetic ganglia, the
What may cause a difference between sympathetic arektrinsic signals and the transcription factors controlling the
ciliary precursors? These differences may reflect differengarly, target-independent expression of cholinergic marker
anteroposterior positional values (Jessell and Lumsden, 1998cnes are not known (Ernsberger and Rohrer, 1999) and it
Rubinstein and Shimamura, 1998) since ciliary andemains a matter of speculation whether similar factors are
sympathetic precursors are derived from different axial levelswolved in sympathetic and parasympathetic ganglia.
(Le Douarin and Kalcheim, 1999), or local signals in theCandidate cholinergic differentiation factors are ligands for the
environment of the forming ganglia. Heterotopic neuralc-ret receptor, since c-ret is selectively expressed in cholinergic
crest transplantation experiments demonstrated that tteympathetic neurons (Ernsberger et al., 2000) and ciliary
developmental capacities of the neural crest cells ameeurons (Hashino et al., 2001) and since c-ret ligands are able
qualitatively equivalent at all axial levels (Le Dourin et al.,to induce cholinergic marker genes in vitro (Brodski et al.,
1975; Le Douarin and Kalcheim, 1999), which strongly2002). Neuropoietic cytokines acting through gp130/I3FR
suggest that local signals specify the fate of neural crest cellsceptors are involved in the expression of VIP but not of ChAT
following their migration. The finding that autonomic and VAChT in chick sympathetic neuron development in vivo
precursor cells are present in the ciliary ganglion at E4.5 an@Geissen et al., 1998; Duong et al., 2002).
later that can differentiate to noradrenergic neurons upon In conclusion, our results provide evidence that BMPs are
heterotopic transplantation (Le Douarin et al., 1978; Dupinessential for the generation of both parasympathetic and
1984) seems to contradict our inability to elicit noradrenergicympathetic neurons and suggest that BMPs act on neural crest
differentiation by BMP4 overexpression. It should, howeverprecursor cells that display specific location-dependent
be noted that the potential of these cells is repressed duridifferences that in turn determine the response to BMP
normal development, apparently by local signals, and isignaling and eventually the autonomic neuron subtype. The
revealed and realized only after ganglia disassemble durirtganscription factordHand is not only an indicator for this
backtransplantation (Le Douarin et al., 1978; Dupin, 1984difference but may be responsible for the differential
Schweizer et al., 1983). Thus, we propose that the loc&xpression of the noradrenergic marker gétéendDBH in
environmental, signals that define parasympathetic neur@sympathetic and parasympathetic ciliary neurons.
identity in the ciliary ganglion primordium e.g. the repression
of dHand expression, cannot be overcome by increased \we thank M. Howard. P. Henion, A. Vogel-Hoepker, C.V. Duong
expression of BMPs and downstream signaling in vivo, in th@and M. Stanke for comments on the manuscript. We gratefully
ciliary ganglion environment. This may be possible in vitro oracknowledge the excellent technical assistance by S. Richter. This
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