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demonstrates a direct or indirect regulation by hand2. Therefore,
Ap-2� seems to act, together with Gata2/3, downstream of hand2 in
the control of noradrenergic development.

Effects of hand2 on generic neuronal
differentiation
With the exception of tfap2a, the transcription factors involved in
the control of autonomic neuron specification display pleiotropic
roles, i.e. the elimination of Ascl1, Phox2b and Gata-2/3 resulted in
the simultaneous impairment of noradrenergic and generic neuronal
genes (Guillemot et al., 1993; Hirsch et al., 1998; Pattyn et al., 1999;
Tsarovina et al., 2004; Holzschuh et al., 2003). Under these
conditions, the resulting immature neuronal cells subsequently died
by apoptosis (Pattyn et al., 1999; Tsarovina et al., 2004). To address
this issue for hand2, the expression of the generic neuronal gene
elav3l (HuC) was studied in the hands off mutant. Interestingly,
elav3l (HuC) expression was not impaired in the hands off
mutant up to 4 dpf, and even transiently increased at 3 dpf (Fig.
6A-G). Similar observations were made using whole-mount
immunostaining for Hu protein expression (data not shown). The
comparison of elavl3 and th/dbh expression in 4 dpf embryos
(compare Fig. 3B,D with Fig. 6F) demonstrates the lack of elavl3 in

the chromaffin cell cluster. More importantly, the massive decrease
in th and dbh, by contrast to the maintained elavl3 expression,
supports the notion of a selective function of hand2 in the
development of the noradrenergic neurotransmitter phenotype.

Hand2 is not required for central noradrenergic
neurons
The essential role of Hand2 in the control of noradrenergic
differentiation in sympathetic neurons raised the question of whether
Hand2 would also be required for the generation of central
noradrenergic neurons. Although in previous expression studies
Hand2 expression was not detected in the locus coeruleus (Goridis
and Rohrer, 2002), the possibility remained that Hand2 levels below
the detection level of the in situ hybridization technique might be
sufficient to maintain noradrenergic differentiation. The present
study, showing that th and dbh expression in the locus coeruleus is
unchanged and develops to normal size in hand2-deficient zebrafish
(Fig. 7), excludes this possibility. These results indicate that the
molecular control of noradrenergic differentiation differs between
the PNS and the CNS, although the initial set of regulatory factors
is identical, i.e. BMPs as extrinsic signals and Ascl1/Phox2 as
downstream transcription factors.
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Fig. 5. phox2a, gata2 and tfap2a expression
in cervical sympathetic ganglia of wild type
and hands off mutants. Whole-mount in situ
hybridizations viewed from dorsal. (A,D,G,J)
phox2a-labeled sympathetic ganglia (dashed
circle) and enteric neurons (white arrowheads).
Control and hands off embryos show the same
expression of phox2a at 2 dpf (A,D) and 3 dpf
(G,J). gata2 expression is strongly reduced in
hands off embryos (E,K) compared with wild-
type embryos (B,H). tfap2a expression is
massively reduced in hands off embryos (F,L)
compared with wild type (C,I). (M) Area of
phox2a-expressing cells at 2 and 3 dpf in hands
off mutants compared with wild type. (Number
of embryos analysed: seven wild type, three
mutant for 2 dpf; ten wild type, five mutant for 3
dpf.) (N) Area of gata2-expressing cells at 2 and
3 dpf in hands off mutants compared with wild
type. (Number of embryos analysed: six wild
type, five mutant for 2 dpf; 12 wild type, nine
mutant for 3 dpf.) (O) Area of tfap2a-expressing
cells at 2 and 3 dpf in hands off mutants
compared with wild type. (Number of embryos
analysed: five wild type, 14 mutant for 2 dpf; 15
wild type, four mutant for 3 dpf.) Data are
presented as mean ± s.e.m.; n.s. not significantly
different (**P<0.01, ***P<0.001). Phox2a
staining of epibranchial placodes is indicated by
asterisks.



D
E
V
E
LO

P
M
E
N
T

DISCUSSION
The bHLH transcription factor Hand2 belongs to the network of
regulatory factors implicated in the specification and differentiation
of sympathetic neurons. Using the zebrafish hand2 mutant hands off,
we now demonstrate an essential in vivo function of hand2 in the
expression of dbh and th in sympathetic neurons. Gata2 and tfap2a
expression is also strongly impaired in the hands off mutant. This
suggests that Gata2 and Ap-2� may mediate, at least in part, the
effects of Hand2 on noradrenergic differentiation.

Hand2 has no effect on the initial stages of sympathetic neuron
development, including the expression of the proneural gene ascl1
and the pan-autonomic regulatory genes phox2b and phox2a, nor on
generic neuronal differentiation as assessed by the expression of
elavl3. Therefore, hand2 seems to be required selectively for initial
noradrenergic but not pan-neuronal differentiation.

Hand2 has been considered an important member of the
transcriptional network controlling sympathetic neuron development
due to its ability to induce the generation of noradrenergic/

catecholaminergic neurons in gain-of-function experiments
(Howard et al., 1999; Howard et al., 2000). Overexpression is an
important tool to identify candidate target genes, but in the
sympathetic lineage different effects were observed upon
transcription factor overexpression compared with in vivo loss-of-
function approaches. Gata2/3, for instance, is essential for Th
expression during normal development of sympathetic neurons
but has virtually no effect on Th expression in overexpression
experiments (Tsarovina et al., 2004). A further complication is the
induction of upstream genes by the forced ectopic expression of
transcription factors (Stanke et al., 1999; Stanke et al., 2004). Thus,
it is essential to confirm the functions of candidate target genes
identified from overexpression experiments using loss-of-function
approaches.

The role of Hand transcription factors in the development of
catecholaminergic cells has been addressed in quail neural crest
cultures, using antisense oligonucleotides directed against Hand2
and Hand1 (Howard et al., 1999). Inhibitory effects were observed
only with the combined interference of both Hand1 and Hand2. As
Hand2, but not Hand1, seems to be involved in sympathetic neuron
generation in vivo (Howard et al., 2000), it was unclear to what
extent the neural crest cultures reflect the in vivo situation. To
address the physiological function of Hand2 during in vivo
development of sympathetic ganglia, Hand2-deficient mice were not
informative due to the early death of mouse embryos between
embryonic day 9.5 and 10.5, caused by impaired heart development
(Yamagishi et al., 1999).

Zebrafish mutations in the hands off locus display similar
malformations as observed for Hand2–/– mouse embryos (Yelon et
al., 2000; Yamagishi et al., 1999). The dramatic reduction in
ventricular precursors is even more severe in hands off zebrafish than
that observed in Hand2 knockout mice, possibly because of the lack
of compensatory activity of a second Hand gene in this organism.
However, by contrast to the mouse, the zebrafish embryos survive
sufficiently long to permit the analysis of the development of
cervical sympathetic ganglia, which differentiate several days before
trunk sympathetic neurons (An et al., 2002). Cervical sympathetic
neurons are detected in 2 dpf embryos by the expression of phox2b,
phox2a, ascl1, hand2, gata2, tfap2a, th, dbh and elavl3 (HuC)
between somites 1 to 4. The location of cells varies from individual
to individual but generally becomes organized in two major cell
groups with increasing age.
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Fig. 6. elavl3 (HuC) expression in cervical sympathetic ganglia of
wild type and hands off mutants. elavl3 whole-mount in situ
hybridizations viewed from dorsal. elavl3-labeled sympathetic ganglia
(dashed circle) and enteric ganglia (white arrowhead) are indicated.
Expression of elavl3 in control and hands off embryos at 2 dpf (A,B), 3
dpf (C,D) and 4 dpf (E,F). (G) Area of elavl3-expressing cells at 2, 3 and
4 dpf in hands off mutants compared with wild type. (Number of
embryos analysed: 13 wild type, six mutant for 2 dpf; 36 wild type, 13
mutant for 3 dpf; nine wild type, seven mutant for 4 dpf). Data are
presented as mean ± s.e.m.; n.s. not significantly different;
***P<0.001; asterisks label elavl3 (HuC) staining of epibranchial
placodes.

Fig. 7. th and dbh expression in the locus coeruleus of wild type
and hands off mutants. th and dbh whole-mount in situ
hybridizations viewed from dorsal. th (A,B) and dbh (C,D) expression in
the locus coeruleus is not different between wild type (A,C) and hands
off mutants (B,D). Two and 3 dpf embryos are shown for th and dbh,
respectively. The locus coeruleus is indicated by arrowheads.
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The massive loss of th and dbh expression in cervical sympathetic
ganglia of hands off zebrafish embryos demonstrates an essential
role for hand2 in sympathetic neuron development. hand2 is
essential for th/dbh expression, not only in sympathetic ganglia but
also in cells with the characteristics of chromaffin cells that become
apparent in 4 dpf embryos (An et al., 2002). As the number of ascl1-,
phox2b- and phox2a-expressing sympathetic precursor cells is
initially not affected, a function of Hand2 in the control of th and dbh
expression is the most probable mechanism of action, and indirect
effects on cell migration can be excluded. A direct action is
supported by the interaction and synergistic function of Phox2a and
Hand2 at the Dbh promotor (Xu et al., 2003; Rychlik et al., 2003).
Although evidence for the function of Hand2 at the Th promotor is
still lacking, it is tempting to speculate that Hand2 and Phox2a act
together to induce both Dbh and Th in this lineage. However, the
results on the transactivation of the Th promotor by Phox2a are
controversial [cf. Zellmer et al. (Zellmer et al., 1995) and Yang et al.
(Yang et al., 1998)] and there is also evidence for differential
regulation of Th and Dbh expression in developing sympathetic
ganglia (Tsarovina et al., 2004).

The loss of th and dbh expression in the hands off mutant was
significantly reduced by the injection of wild-type hand2 mRNA.
This result is in line with the previously shown rescue of the hands
off myocardial phenotype (Yelon et al., 2000) and confirms that the
defects in the hands off (hans6) mutant are due to a deficiency of
hand2. Overexpression of hand2 in wild-type embryos by injection
of hand2 mRNA did not notably affect the formation of sympathetic
ganglia, nor cause the generation of ectopic noradrenergic neurons.
By contrast, Hand2 overexpression in the chick embryo using
RCAS-retroviral vectors resulted in ectopic neurons in the peripheral
nerve (Howard et al., 2000). In avian and rodent peripheral ganglia
and nerves, significant numbers of pluripotent neural crest stem cells
have been identified (e.g. Le Lièvre et al., 1980; Duff et al., 1991;
Bixby et al., 2002) (Binder, Tsarovina and H.R., unpublished). The
lack of ectopic cells in zebrafish may be due to differences in the
timing or expression levels of hand2 mRNA or due to lower
numbers/absence of neural crest stem cells in the developing
zebrafish PNS. Although it is known that some pre-migratory neural
crest cells in zebrafish are multipotent (Raible and Eisen, 1994), it
is not currently known whether zebrafish neural crest cells at any
embryonic stage possess stem cell properties.

We have found that the expression of gata2 and tfap2a requires
hand2 function and gata2/3 and tfap2a have previously been shown
to be essential for sympathetic neuron development (Lim et al.,
2000; Tsarovina et al., 2004; Holzschuh et al., 2003). The
mechanism of action for Gata2/3 is unclear, although a context-
dependent function has been suggested based on the different effects
of gain- and loss-of-function approaches (Tsarovina et al., 2004). By
contrast, specific AP-2�-binding sites have been identified in the
upstream regions of Dbh and Th genes in different species (Greco et
al., 1995; Kim et al., 1998; Kim et al., 2001). Ap-2� transactivates
Th and Dbh promotor activities in non-catecholaminergic cells (Kim
et al., 2001). The genetic link between hand2 and tfap2a revealed in
the hands off mutant, together with the similar sympathetic neuron
phenotype of hands off and mont blanc mutants (Holzschuh et al.,
2003), suggests the possibility that Ap-2� functions downstream of
hand2 and may, at least in part, mediate hand2 effects on th and dbh
expression.

The analysis of the hands off mutant confirmed the proposed
epigenetic relationship between hand2 and gata2 but not for hand2
and phox2a. Our data suggest that the initial phox2a expression is
not controlled by hand2. The previously suggested scheme with

hand2 upstream of phox2a was essentially based on the difference
between the onset of expression of these genes, deduced from in situ
hybridization analysis. The discrepant conclusions can be explained
by a comparatively low sensitivity of the phox2a in situ
hybridization probe, preventing the detection of phox2a expression
at early developmental stages. The decreased phox2a expression in
4 dpf hands off embryos may reflect a hand2 requirement for
continued phox2a expression or a decrease in cell numbers. To
address the question of whether sympathetic neuron number was
reduced in 4 dpf mutant embryos, the expression of the generic
neuronal marker elav3l (HuC) was studied.

The question of to what extent generic neuronal markers would be
affected in the hands off mutant was also of interest, as Hand2
overexpression in chick neural crest cells results in the expression of
both noradrenergic and generic neuronal genes (Howard et al., 2000).
The analysis of the hands off mutants revealed that neuronal
differentiation, i.e. elavl3 expression, was not impaired up to 4 dpf.
The reason for the transiently increased area of elavl3-expressing
cells in 3 dpf hands off embryos is unclear but may be due to effects
of hand2 on the timing of neuronal differentiation or a transient
inhibitory effect. By contrast to the maintenance or even increase of
generic neuronal differentiation in hands off embryos, th and dbh
expression is strongly reduced already at 2 dpf in the absence of
hand2. This selective loss of noradrenergic properties is very similar
to the phenotype of the tfap2a zebrafish mutation mont blanc in the
CSG (Holzschuh et al., 2003). It supports the notion that hand2,
acting through tfap2a, may selectively control the expression of
subtype-specific noradrenergic genes in the sympathoadrenal lineage.

To what extent is the function of Hand2 maintained in other
lineages of the nervous system? hand2 is expressed in neurons of all
parts of the peripheral autonomic nervous system, in cells of the
sympathoadrenal lineage, i.e. sympathetic neurons and adrenal
chromaffin cells, parasympathetic ganglia (Dai et al., 2004) (F.M.
and H.R., unpublished) and enteric neurons (Wu and Howard, 2002;
Dai et al., 2004). As there is a variable extent of noradrenergic
differentiation in parasympathetic ganglia during development,
Hand2 expression and Th/Dbh expression may also correlate in
parasympathetic ganglia, as observed for the chick sphenopalatine
ganglion (Tsarovina et al., 2004) (F.M. and H.R., unpublished).
Whether Hand2 is involved in the expression of (transient)
adrenergic properties of rodent enteric neurons (Howard and
Cserjesi, 1996; Wu and Howard, 2002) is presently unclear. This
question could not be addressed in the present study because we did
not detect th and dbh expression in phox2b+/phox2a+/hand2+

zebrafish enteric neurons. The th/dbh expressing group of cells in
close vicinity of the CSG are considered to be chromaffin cells rather
than enteric neurons (An et al., 2002; Holzschuh et al., 2001). It will
be interesting to address the role of hand2 in the enteric nervous
system using the hands off mutant in future studies.

Central noradrenergic neurons of the locus coeruleus have been
shown to depend on similar inducers to those in the PNS. The
development of locus coeruleus neurons is dependent on the
transcription factors Ascl1, Phox2a and Phox2b (Morin et al., 1997;
Hirsch et al., 1998; Pattyn et al., 2000b). The normal development
of the locus coeruleus in hands off mutants now demonstrates that
downstream of phox2b noradrenergic differentiation is differentially
regulated in PNS and CNS. This has also been shown for Gata2/3,
which is required in the PNS but not in the locus coeruleus for Th
and Dbh expression (Tsarovina et al., 2004).

Besides the nervous system, Hand2 is involved in the
development of heart, branchial arches and limbs (Srivastava, 1999;
Firulli, 2003). Although only a limited number of target genes are
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known so far, it is of interest that in several cases a maintenance
function has been proposed. In hands off mutant embryos, the T-box
transcription factor tbx5 is initiated in the developing heart and fins,
but its expression is not maintained (Yelon et al., 2000). Another
putative Hand downstream target in the heart is Irx4, which is
initiated in Hand2-deficient mice but not maintained during
development (Bruneau et al., 2000). In sympathetic neurons, a
maintenance function of hand2 is now suggested for gata2 and
phox2a, as their expression is more strongly affected with increasing
age of the embryos. Also the presence of a small number of th/dbh-
positive cells in hands off mutants may indicate that noradrenergic
differentiation is initiated in newly born neurons but not maintained
in the absence of hand2. An alternative possibility would be that
hand2 is expressed and/or required for th/dbh expression in most but
not all CSG cells. However, a definitive decision between an
induction or/and maintenance function would require a conditional
knockout of hand2 in differentiated sympathetic neurons.

A further common finding is that the function of Hand2 does not
require DNA binding, i.e. Hand2 participates in a transcriptional
complex, where the interaction with the promotor is mediated by the
binding partner(s) of Hand2 rather than by Hand2 itself (McFadden
et al., 2002; Xu et al., 2003; Rychlik et al., 2003). It is not clear
whether the co-activation function of Hand2 is linked to the
maintenance role, but it is tempting to speculate along this line. An
additional characteristic observed in several lineages is the
interaction of Hand2 with members of the Gata family of Zn-finger
transcription factors. In the heart there is evidence suggesting a
common action of Hand2 and Gata4 in the transcriptional control of
a number of cardiac specific marker genes (Dai et al., 2002).

In conclusion, we demonstrate that hand2 is essential for the
expression of noradrenergic marker genes th and dbh in zebrafish
cervical sympathetic ganglia. The dramatic loss of dbh and th
expression at early developmental stages is compatible with the
notion, derived from previous work in the chick (Howard et al.,
1999; Howard et al., 2000; Müller and Rohrer, 2002), that hand2 is
involved in the induction and/or maintenance of noradrenergic
characteristics. The effect of the hand2 loss of function on subtype-
specific rather than generic neuronal genes correlates with the
phenotype of the tfap2a mutant (Holzschuh et al., 2003) and
implicates Hand2 and Tfap2a (Ap-2�) as selective regulators of the
noradrenergic sympathetic neuronal phenotype.
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