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Summary

Distinct classes of serotonergic (5-HT) neurons develop necessary and sufficient to activate the transcription
along the ventral midline of the vertebrate hindbrain. Here, factors Lmx1b and Petl, and to induce 5-HT neurons
we identify a Sonic hedgehog (Shh)-regulated cascade of within rl. In contrast to Gata2, Gata3 is not required for
transcription factors that acts to generate a specific subset the specification of rostral 5-HT neurons and appears
of 5-HT neurons. This transcriptional cascade is sufficient unable to substitute for the loss ofGata2 Our findings
for the induction of rostral 5-HT neurons within reveal that the identity of closely related 5-HT subclasses
rhombomere 1 (r1), which project to the forebrain, but not  occurs through distinct responses of adjacent rostrocaudal
for the induction of caudal 5-HT neurons, which largely  progenitor domains to broad ventral inducers.

terminate in the spinal cord. Within the rostral hindbrain,

the Shh-activated homeodomain proteins Nkx2.2 and Supplemental data available online

Nkx6.1 cooperate to induce the closely related zinc-finger

transcription factors Gata2 and Gata3. Gata2 in turn is  Key words: Gata, Serotonergic neurons, Sonic hedgehog

Introduction express subtype specific determinants that direct the

During development distinct classes of neurons are specified%ﬁerent'at'on of distinct neuronal cell fates (Briscoe and

; i icson, 2001).
stereotypic positions along the dorsoventral and rostrocaud f ! . . .
axes of the neural tube. This process is controlled in part b _Vertebrate serotonergic (5-HT) neurons constitute multiple

: ; : - o iverse populations along the rostrocaudal axis of the
signaling proteins secreted from regional organizing cente . . . S o .
such as the floor plate and mid-hindbrain boundary (MHB)ndbrain that differ in the timing and positioning of their

induction, in their requirements for inductive factors, and

Neural progenitors respond to different concentrations anlq‘l their innervation targets and function (Aitken and Tork,

combinations of these extracellular factors by expressing foss: Hynes and Rosenthal, 1999). The earliest 5-HT
variety of transcription factors that ultimately determine the}:llj X ! y

Il fate. | nalv. th ll-intrinsic sianali th th eurons to arise develop adjacent to the MHB at the ventral
cell 1ate. Increasingly, the cef-intrinsic signaling pathways thakigine  in  rhombomere 1 (r1), and send ascending

underlie the specification of unique neuronal subtypes arojecti ; : :
. . i jections that modulate the function of multiple forebrain
being elucidated (Edlund and Jessell, 1999; Jessell, 2001). regions (Hynes and Rosenthal, 1999). Subsequent 5-HT

The coordinated specification of multiple neuronal cell type opulations develop in more caudal positions, with many
is best understood in the ventral spinal cord. Sonic hedgeh nding descending projections to modulate spinal sensory
(Shh), secreted from the notochord and floor plate, forms g,q motoneurons (Hynes and Rosenthal, 1999). A number of
gradient within the ventral neural tube that results in thgzqyctive signals have been implicated in the development of
concentration dependent expression of homeodomain (HB).HT neurons, including Shh secreted from the floor plate, a
proteins by neural progenitors. These HD proteins arggf activity present in the hindbrain, and, for rostral
subdivided into two groups, termed class | and II. Class | HRyopulations, Fgf8 secreted from the MHB (Ye et al., 1998).
proteins are constitutively expressed by neural progenitor celiSene ablation experiments further reveal that the HD
and are repressed by Shh, whereas class Il HD proteins requif@nscription factor Nkx2.2, the ETS transcription factor Pet1,
Shh for expression (Briscoe et al., 2000; Jessell, 2001). Thighd the LIM-HD transcription factor Lmx1b are all involved
mechanism establishes a HD code that, through mutuid the genesis of 5-HT neurons, with the loss of each resulting
repression of adjacent class | and Il HD proteins, defines fivia a loss of 5-HT neurons early in development (Briscoe et
distinct ventral progenitor domains designated from ventral tal., 1999; Hendricks et al., 2003; Ding et al., 2003; Cheng et
dorsal as p3, pMN, p2, p1 and p0 (Briscoe et al., 2000; Mulal., 2003).
et al., 2001). Downstream of the HD code, neural progenitors Gata transcription factors, of which there are six in
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vertebrates, are characterized by conservetyie zinc-finger  Morpholinos

domains and are widely but distinctly expressed (Patient anthe sequence of morpholino-modified antisense oligonucleotide with
McGhee, 2002). Diverse developmental functions have bedissamine (Gene Tools, LLC) targeted against a splice junction of

ascribed to the Gata proteins, including cell fate specificatiorchick Nkx6.1 was SATCGAGCCTTGATCTGCCGGAGGG-3 A

a role best characterized in the hematopoietic system (Patignerpholino with the sequence inverted was used as a control. The
and McGhee, 2002). Gata2 and Gata3 are expressed in larg8Rfice junction was identified by comparison with the mouse Nkx6.1

overlapping domains in the central nervous system (CNS nomic sequence, and the intron was amplified by PCR of chick

. . . : ; -genomic DNA with primers based on the chick cDNA Nkx6.1
where relatively little is known about their function (Nardelli sequence (5primer sequence, £CGCCCTGGAGGGACGCCCG-

etal.,, 1999). Expression data and evidence from gene targetiag"; 4 2 primer sequence, BSAAAATCTGCTGCCCGGAGA-
suggest an involvement in neurogenesis, neuronal migratiqg(’tGTG_g). ’

and axon projection (Pandolfi et al., 1995; Nardelli et al., 1999;
Pata et al.,, 1999; Karis et al., 2001); however, a role iin ovo electroporation
specifying neuronal subtypes within the context of neural tub&hick embryos were unilaterally electroporated at HH stage 8-10, as
patterning is only beginning to be understood (Zhou et algreviously described (Hynes et al., 2000). DNA at 3-6 mg/ml or
2000; Karunaratne et al., 2002). Furthermore, the level ghorpholinos at1 mM were microinjected into the central canal of the
redundancy between Gata2 and Gata3 during CN&euraltube, and platinum electrodes flanking the neural tube delivered
development remains unclear. 6 square pulses pf 28V with a duration of 40 ms and an interpulse
Using both gain- and loss-of-function experiments in ChiCIznterval of 45 milliseconds. Chicks were harvested 2-4 days later.
and mouse e.m.bryos, we d'e.scribe a spe'cifi'c and essential relglant culture
for Gata2 within a Shh-initiated tran_scrlptlonal cas_cade fo"rhe ventral mid- and hindbrains of E8 embryos fraBata2
the development of 5-HT neurons in rl of the hindbrainpeterozygous matings were dissected and cultured in collagen as
Furthermore, we ascertain the interaction between Gata2 af@scribed (Hynes et al., 1995; Ye et al., 1998). Explants were cultured
the transcription factors Nkx2.2, Nkx6.1, Gata3, Lmx1lb andor 5 days prior to fixation with 4% paraformaldehyde, and then
Petl to translate the Shh signal to a rostral 5-HT cell fateprocessed for immunofluorescence or in situ hybridization as
Specifically, we find that the Shh-activated HD proteinsdescribed below. Yolk sac tissue was collected for subsequent
Nkx2.2 and high levels of Nkx6.1 act in combination to induceg€notyping.
expression of Gata2 in ventral rl. In turn, Gata2 is sufficien{_‘
to actlv_ate the transcription factors Gata3, Lmx1b and Pet munofluorescence on sections and wholemounts was performed as
and to induce 5-HT neurons at the expense of other_neuro_ scribed (Hynes et al., 1995; Hynes et al., 2000), using rabbit anti-
subtypes along the dorsoventral axis of the rostral hindbraig, 4 (Serotec), rat anti-5-HT (Chemicon), mouse anti-3C2
Conversely, whereas the early development of rostral 5-H{pevelopmental Studies Hybridoma Bank, University of lowa),
neurons is unaltered Bata3null mice, Gata2null mice fail  mouse anti-isletl (Developmental Studies Hybridoma Bank,
to specify 5-HT progenitors or support 5-HT developmentUniversity of lowa), mouse anti-Gata2 (Santa Cruz Biotech), mouse
even in the presence of Gata3. Thus a combinatorianti-Gata3 (Santa Cruz Biotech), mouse anti-Nkx2.2 (Developmental
transcriptional cascade, in which individual Gata familyStudies Hybridoma Bank, University of lowa) and rabbit anti-Nkx6.1
members play distinct roles, translates the broad inducti\/e]en_se“ et al., 1996). Single and double in situ hybridization were
signal of Shh into the development of a specific subpopulatioffTied out as described (Ye et al., 1998).
of 5-HT neurons.

situ hybridization and immunofluorescence

Results
Materials and methods 5-HT neurons first develop in rhombomere 1 (rl) of the
hindbrain adjacent to the ventral midline at embryonic day 11
DNA constructs (E11) in mouse and E4 in chick (Aitken and Tork, 1988; Okado

cDNAs for electroporation were cloned into either pCIE, a transiengt g 1992). Expression of Gata2, Gata3, Lmx1b and Petl

expression vector with a chigkactin promoter and GFP expressed o cade the appearance of 5-HT positive neurons (Nardelli et
from an internal ribosomal entry site (IRES), or repllcatlon-competer:;%g

retrovirus RCASBP (A) and (B) vectors (Hughes et al., 1987; Morgal .,Oé999'£_BeII1et a'll'.h 199G9,tHe:1dr|cks_ ett al., f]_ggt)g, Ding etf.al.t,
and Fekete, 1996). Fuil-length cDNAs for chick Gata2 and Gata3, arP03) (Fig. 1). The Gata transcription factors are firs
constitutively active human smoothened, Smo-M2, were describegPressed in rl around Hamburger and Hamilton stage 17-18
previously (Yamamoto et al., 1990; Hynes et al., 2000). MouséHH17-18 or E2.5-2.75) in the chick embryo (Fig. 1A). Gata2
Nkx2.2 and Nkx6.1 were a gift from T. M. Jessell, rat Petl was a gifexpression precedes that of Gata3, but once expressed each
from E. S. Deneris, and chick Lmx1b was a gift from C. Tabin. Full-Gata protein can positively regulate expression of the other
length mouse Dbx2 and Dbx1, and chick Dbx2, were cloned by RTtKarunaratne et al., 2002) (data not shown), and by HH24
PCR from total hindbrain RNA into pCR II-TOPO, sequence Verifiedexpression of both Gata2 and Gata3 in rl is prominent and
and then cloned into RCASBP. In situ probes for chick Nkx2.2 anggcalizes to the ventral Nkx2.2-positive p3 domain (Fig. 1D).
Nkx6.1 were a gift from J. L. R. Rubenstein. In situ probes for chic mx1b expression is detected at HH18-19 within the floor

Petl, Evx2, Chx10 and Lim1 were cloned by RT-PCR into pCR II- } .
TOPO (Invitrogen). The dominant-negative Gata2 construct DN-Gf)Iate and MHB, but by HH20-22 a second Lmx1b expression

was generated by PCR amplification of the repressor domain 4egron a}djacent to the floor plate in rl becomes evident (l_:Ig.
DrosophilaEngrailed, amino acids 1-298 (a gift from D. S. Kessler),1C), Which by HH24 co-localizes with Gata2 and Nkx2.2 (Fig.
placed in-frame upstream of a PCR amplified N-terminal deletion ol F and data not shown). Petl is localized specifically to 5-HT
Gata2 amino acids 1-246, leaving the zinc-finger DNA bindingneurons in rodents (Hendricks et al., 1999; Pfaar et al., 2002).
domain intact. Similarly in chick, Petl expression is restricted to the ventral
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GATA3 Pet-1
A B ‘ C
LN |
7 .
MHB ﬂ f
4 1
5-HTpr = g I
HH18-19 HH20-21 HH21-22
D » E F Fig. 1.Endogenous expression of Gata, Petl and Lmx1b.
. I\’;IB w Whole-mount in situ hybridization of chick hindbrain
showing expression of (A) Gata3 at HH18-19, (B) Petl at
e A A ) f : - HH20-21, (C) Lmx1b at HH21-22, (D) Gata3 (blue),
(;: MHB y \, .J (E) Petl (blue), and (F) Lmx1b (blue) with Nkx2.2 (red)
L 4 4] rl at HH24. The midbrain (MB), mid-hindbrain boundary
é S-HTpr - 41 (MHB, arrow), and the 5-HT progenitors (5-Htpr,
arrowhead) are marked; the boundary between
rhombomerel (rl) and r2 is indicated by a horizontal
HH24 HH24 HH24 black line.

midline in rl of the hindbrain starting at HH20-21 (Fig. 1B),combination, into the hindbrain. However, under no
with expression prominent by HH24 within the Nkx2.2 circumstance did we observe ectopic 5-HT neurons (data not

expression domain (Fig. 1E). shown), indicating that although Petl and Lmx1b are necessary
. ) o for the development of 5-HT neurons (Hendricks et al., 2003;

Gata2 plays an essential role in the specification of Ding et al., 2003; Cheng et al., 2003) they are not sufficient.

rostral 5-HT neurons The sufficiency of the Gata transcription factors to induce 5-

To examine the role of the Gata transcription factors in thélT neurons along the dorsoventral axis of r1 prompted us to
development of 5-HT neurons, we misexpressed either Gat&amine in parallel the fate of more dorsally localized neuronal
or Gata3 in the chick neural tube using in ovo electroporatiorpopulations. As described above, molecularly distinct neural
Strikingly, either Gata protein is sufficient to induce ectopic 5subtypes arise along the dorsoventral axis of the spinal cord
HT neurons throughout rl of the hindbrain (Fig. 2A-C). The(Briscoe and Ericson, 2001), and some of these populations are
induction of 5-HT neurons by the Gata factors requires thalso present in the rostral hindbrain (Fig. 3B,C and data not
presence of both the zinc-finger DNA-binding domain and thahown). We found that misexpression of Gata2 severely
N-terminal activation domain (Yang et al., 1994) (data noteduces the numbers of Chx10-positive V2 interneurons that
shown), and substituting the activation domain with that oflevelop adjacent to the p3 domain in the rostral hindbrain (Fig.
VP16 mimics the activity of wild-type Gata protein (data not3B). Similarly, Lim1-positive neurons that occupy the p2, pl
shown). First detectable at HH25, slightly after endogenouand pO domains, and Evx2-positive VO interneurons are all
rostral 5-HT neurons, ectopic neurons extend well-developediecreased or eliminated in response to exogenous Gata2 (Fig.
processes and morphologically resemble their endogeno3€ and data not shown). Furthermore, Gata2 does not alter cell
counterparts (Fig. 2D). Furthermore they are generated cefate by affecting homeodomain (HD) protein expression, as the
autonomously, as only cells misexpressing Gata become 5-Hlass | HD proteins Dbx2 and Pax7 are not repressed, and the
positive (Fig. 2E-G). Spatially ectopic 5-HT neurons developlass Il HD proteins Nkx2.2 and Nkx6.1 are not activated in
along the entire dorsoventral axis, expanding from endogenoussponse to ectopic Gata2 (Fig. 3D,E and data not shown).
neurons bordering the ventral midline to near the dorsal rodfhus Gata2 is sufficient to re-specify neural progenitors along
plate (Fig. 2C). Induction, however, is limited along thethe dorsoventral axis of rl1 to a 5-HT cell fate downstream of
anteroposterior axis to rl of the hindbrain, where the earlieshe HD code.
developing 5-HT neurons reside, and no ectopic 5-HT neurons To examine the requirement of Gata2 and Gata3 in
are generated in the forebrain, the midbrain, or caudal to r1 gpecifying endogenous 5-HT neurons, we analyzed the
the hindbrain (Fig. 2A,B and data not shown). Even at HH3@evelopment of these neurons in knock-out mice. Mice
(E6.5), well after the development of endogenous caudal 5-HAomozygous for a targeted deletionGata3die between E11
populations in r2-7, Gata?2 is insufficient to generate ectopic Jand E12 with massive internal bleeding, gross abnormalities in
HT neurons within these rhombomeres (data not shown). the nervous system and disruption of fetal hematopoiesis
Prior to the detection of 5-HT neurotransmitter, Gata2 an@Pandolfi et al., 1995). Despite thi§ata3 null embryos
Gata3 induce expression of one another (data not shown), psssess similar numbers of 5-HT positive neurons in rl at E11
well as Lmx1b and Petl (Ding et al., 2003). Ectopic expressioas their heterozygous littermates (Fig. 4A,B), indicating that
of these transcription factors is found throughout r1, but not iGGata3 is not required for the proper specification of these 5-
r2-7 on the electroporated side of the neural tube (Fig. 3A andT neurons.Gata2 null mice die in utero between E9.5 and
data not shown). To determine whether Lmx1b and/or Petl akl0.5 from pan-hematopoietic failure (Tsai et al., 1994). As 5-
sufficient to specify 5-HT neurons independently of the Gat&lT immunoreactivity is not yet detectable at E10.5, we
factors, we electroporated each factor individually, or inexamined the expression of the early 5-HT neuron specific
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transcription factor Petl (Hendricks et al., 1999)Ghlta2’*  expression of Petl, even though Nkx2.2, and thus p3, neural
embryos, Petl is present bordering the ventral midline of therogenitors are present (Nardelli et al., 1999) (Fig. 4D, left).
rostral hindbrain (Fig. 4C). By contra@ata2’-embryos lack  Furthermore, expression of Gata3 is still found throughout
much of the hindbrain, including r1, as previously reported
[(Pata et al., 1999) but contrary to the findings of Nardelli et
al. (Nardelli et al.,, 1999)] (Fig. 4D, right), and partially
overlaps with Nkx2.2 (Fig. 4D, bottom right), suggesting that
both hindbrain 5-HT and interneuron progenitors initiate
expression of Gata3 in the absenc&ata2

To examine 5-HT neuron development in the absence of
Gata2 directly, explant cultures of E8 ventral midbrain and
hindbrain were analyzed at the equivalent of E13. In explants
from wild-type andGata2’* embryos, 5-HT positive neurons
are consistently detected along with tyrosine hydroxylase-
positive dopaminergic neurons and Isl1-positive motoneurons
(Fig. 4E,G). However, 5-HT neurons are completely absent in
explants fromGata2’- embryos, although the development of
dopaminergic neurons and motoneurons is unaffected (Fig.
4F,H). Furthermore, 5-HT neurons fail to develop despite the
continued expression of Gata3 in the explants (Fig. 4H),
although expression by 5-HT progenitors versus interneuron
populations could not be confirmed. Thus Gata3 appears
unable to substitute for the loss®ata2 and Gata2, although
only sufficient in rl, is required for the correct specification of
all 5-HT populations.

en.5-HT

Shh induces 5-HT neurons in rl through Gata2

The morphogen Shh patterns the neural tube along the
dorsoventral axis and is required for the development of 5-HT
neurons (Ye et al., 1998; Hynes et al., 2000), suggesting that
Gata2 may function as its downstream mediator. To investigate
this, we used a constitutively active form of the Shh co-receptor

(A,B) Whole-mount immunofluorescence of chick hindbrain 4 days smogthened (Smo-M2) that mimics Shh signaling (Xie e_t al.,
after electroporation of Gata2, with antibodies against 5-HT (red, 1998; Hynes et al., 2000). Similar to Gata2, electroporation of
A,B) and 3C2, a viral envelope marker (B, green). Endogenous 5-HM0-M2 in the hindbrain results in the cell-autonomous
neurons (en.) versus ectopic 5-HT neurons (ect.) are bracketed (A).generation of 5-HT neurons throughout rl at HH24 (Fig. 5A-
An arrowhead indicates the lack of 5-HT neurons in the midbrain D). Importantly, the induction of ectopic 5-HT neurons by
(MB) despite the presence of exogenous Gata2 (B, green). The ~ Smo-M2 is preceded by approximately 12-15 hours by the
midbrain (MB) and mid-hindbrain boundary (MHB, arrow) are activation of both Gata2 and Gata3 (Fig. 5E and data not
marked. (C) Immunofluorescence for 5-HT on thin (10449 shown), followed by the activation of Lmx1b and Petl (Fig. 5F
sections through rl of the hindbrain. The dorsal roof plate (rp) and 5nd data not shown). The induction of Gata2 occurs along the
ventral floor plate (fp) are marked; endogenous 5-HT neurons (en. gniire dorsoventral axis of rl (Fig. 5G), and only cells that
5-HT) versus ectopic 5-HT neurons (ect. 5-HT), and express Smo-M2 ectopically express Gata2 (Fig. 5H).

unelectroporated side (control side) are marked by brackets. -
(D-G) Higher magnification of ectopic 5-HT positive neurons (red: Furthermore only cells that ectopically express Gata2 become

D,E,G) from C, showing cell bodies and processes (D, arrows) and 9-HT positive (Fig. 5I), indicating that Gata2 is correctly
co-localization (E-G, arrows) with 3C2 (F,G, green). Scale bars: C, expressed to serve as a mediator between Shh and 5-HT

75 um; D, 12.5 um; G, 8 um. development.

Fig. 2. Ectopic generation of 5-HT neurons by Gata2 in r1.

Y - 1‘;“'*;. " T ’
‘ -
\7 & |
Pet-1 IT Chx10 = Lim1 = le_“{ms:

Fig. 3. Gata2 re-specifies dorsal neural progenitors independently of HD proteins. (A-E) Whole-mount in situ hybridization of daikdind
3-4 days after electroporation of Gata2, showing (A) Petl with ectopic (ect.) expression bracketed, (B) Chx10, (C) Linx2,ZDamdk(E)
Nkx6.1 in which the electroporated (ect.) side is bracketed. The midbrain (MB) and mid-hindbrain boundary (MHB, arrow)edre mark
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Gata3 -/+ Gata3 -/- Smo-M2

Fig. 4. Gatazis necessary, andata3is dispensable, for the
development of rostral 5-HT neurons. (A,B) Whole-mount
immunofluorescence for 5-HT of (Mata3’* and (B)Gata3’~
embryos at E11. (C,D) Whole-mount in situ hybridization for Petl

onGata2’* (C), and Petl (D, left) and Gata3 (D, top right) on Fig. 5.Shh induces 5-HT neurons via Gata2. (A-) Whole-mount
Gata2’~ (D) embryos at E10.5. A close up of double in situ immunofluorescence, thin section immunofluorescence or whole-
hybridization for Gata3 (blue) and Nkx2.2 (yellow) in r1 at the mount in situ hybridization on chick hindbrain 3-4 days after

ventral midline is shown on the bottom right of D. The floor plate  electroporation of Smo-M2.IRES.GFP. (A,B) Whole-mount
(fp), midbrain (MB), mid-hindbrain boundary (MHB, arrow), 5-HT  immunofluorescence for 5-HT (A,B; red), merged with GFP (B,
immunoreactivity (A,B; arrowheads), and the presence (C) versus green); only the electroporated side is shown in B.
absence (D) of Petl transcript (arrowheads) are marked. (E-H) ~ (C,D) Immunofluorescence on thin (10-12 pm) sections through rl
Immunofluorescence staining on explant cultures f@ata2/* for 5-HT (C,D; red), merged with GFP (D, green). Arrow (A,B)
(E,G) versuszata2’~ (F,H) embryos, at the equivalent of E13, with  shows corresponding point in both panels. (E,F) Whole-mount in situ
antibodies against tyrosine hydroxylase (E,F; TH, red) or Isl1 (G,H, hybridization for Gata2 (E) and Lmx1b (F). Endogenous 5-HT
red), compared with 5-HT (E-H, green). (H) In situ hybridization for neurons (en.) versus ectopic 5-HT neurons (ect.) are bracketed (A,E).
Gata3 orGata2’~explant cultures (inset, blue). (G-1) Immunofluorescence on thin (25 um) sections through ri, with
antibodies against Gata2 (red); higher magnification through the
width of the neural tube shows co-localization of Gata2 with GFP
. . . (H, green) and 5HT (I, blue). (J-M) Immunofluorescence 3 days after
To provide further confirmation that Gata2 actselectroporation of dominant-negative Gata2 (DN-G2), either with
downstream of Shh, we determined whether the induction &mo-M2 (J,K) or alone (L-M). (J,K) Whole-mount
5-HT neurons by the Smo-M2/Shh signal depends on @amunofluorescence for 5-HT (J,K; red), merged with GFP (J,
functional Gata2 protein. To this end, we generated green). Only the electroporated side of the hindbrain is shown in J
dominant-negative protein in which the zinc-finger DNA-and an arrow indicates the absence of ectopic neurons.
binding domains of Gata2 were fused with the transcriptiondf-M) Immunofluorescence on thin (10-12 um) sections through the

; ; ; _ ventral neural tube at rl of the hindbrain for 5-HT (L,M; red),
repressor domain dbrosophila Engrailed (DN-G2) (Sykes rperged with 3C2 (M, green). Arrows indicate the population of 5-

et al., 1998). Cons_lstent with our hypothesis, cell§ thaHT neurons on the control (left) side and their absence on the
express Smo-M2 fail to develop into 5-HT neurons the‘ele(:troporated (right) side. An arrowhead indicates the absence of 5-
presence of co-electroporated DN-G2 (Fig. 5J,K). BYyr (L, red) in cells expressing DN-G2 (L, green) on the control side.
contrast, co-expression of Smo-M2 with the Engrailedrhe midbrain (MB), mid-hindbrain boundary (MHB, arrow) are
repressor domain alone has no affect on 5-HT neuroimdicated on wholemounts. fp, floor plate; rp, roof plate.
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induction (data not shown). Moreover, electroporation of DN-indbrain (Fig. 6H,1), and subsequently the induction of 5-HT
G2 in ventral rl inhibits the development of endogenous 5aeurons extends more laterally compared with Nkx2.2 alone
HT neurons (Fig. 5L,M), further demonstrating the essentialFig. 6G,l).

role of Gata2 during 5-HT neuron specification.

Nkx2.2 and Nkx6.1 mediate induction of Gata by Shh

inrl

To place Gata2 within a Shh-depenc
pathway for the specification of rostral 5-
neurons, we undertook to identify the |
protein code that controls Gata2 expres
within rl. 5-HT neurons develop within t
ventral Nkx2.2-positive p3 domain in rl (F
1), and are largely absentkx2.2knock-ou
mice (Briscoe et al., 1999). Thus we first te:
whether Nkx2.2 is sufficient to induce Ga
and 5-HT neurons. When Nkx2.2
misexpressed in the chick hindbrain, ect
Gata2, Gata3, and 5-HT neurons are induc
rl, but only within a narrow ventral domi
immediately lateral to endogenous 5-
neurons (Fig. 6A) and endogenous (
expression (Fig. 6B, top). This suggests
Nkx2.2 is sufficient in the most ventral regic
of the rostral hindbrain, but that additional S
activated transcription factors are required
the induction of 5-HT neurons in more late
positions.

Nkx6.1 is a Shh-inducible HD transcripti
factor similar to Nkx2.2 but with a broac
expression domain (Briscoe et al., 2000).
find that in the rostral hindbrain, transcripts
Nkx6.1 along the dorsoventral axis are
uniform, but rather a region of higl
expression is detected near the ventral mi
(Fig. 3E; Fig. 6B, bottom, orange arrows). 1
domain of higher Nkx6.1 expression is see
the protein level in the ventricular zone
HH20 (Fig. 6D,E, white arrows) and
maintained at HH25 (Fig. 6F, white arrow
High Nkx6.1 expression partially overlaps w
the Nkx2.2-positive p3 domain (Fig. 6E, ins
and within this overlap co-localizes with Ga
expression (Fig. 6D). These high Nkx
expressing, Gata2-positive progenitors loce
increasingly more ventrally in deeper lay
(Fig. 6D, bracket and inset), where they b
to express 5-HT (Fig. 6E). More mature 5-
neurons continue to express Gata2 and loc
even further ventrally in the mantle layer (F
6F). This suggests that Shh regulates Gata
5-HT expression in rl through a combinas
of Nkx2.2 and high Nkx6.1 signals. Consist
with this, induction of Gata2 and 5-HT neur
by ectopic Nkx2.2 is confined within the reg
of high Nkx6.1 expression (Fig. 6(
Furthermore, whereas electroporation
Nkx6.1 alone has no affect (data not sho
co-electroporation of Nkx6.1 with Nkx2
results in the induction of Gata-posit
neurons in a wide domain within r1 of 1

Further support for the involvement of Nkx6.1 in rostral 5-
HT development is revealed by ectopic expression of Nkx2.2
caudal to rl. In contrast to in rl, in r2-7 misexpression of

Endogenous

Nkx2.2 + 6.1

Fig. 6.Nkx2.2 and Nkx6.1 mediate Gata expression and 5-HT development in rl.
(A,B) Chick hindbrain 3-4 days after electroporation of Nkx2.2, showing whole-
mount immunofluorescence for 5-HT (A, red) and in situ hybridization (B) divided

into r1 versus r2-3 for Gata3 (purple) and Nkx6.1 (orange). Ectopic (ect.) versus
endogenous neurons (en.) are bracketed and rhombomere 1 (rl) is marked (A). Black
arrowheads delineate the extent of Gata3 to Nkx6.1 expression on the electroporated
(ect) versus control side (B, top). Orange arrowheads indicate the gradient of Nkx6.1
expression, whereas purple and orange arrowheads indicate the ectopic expression
(ect. bracketed) of Nkx6.1 and Gata3, respectively (B, bottom).

(C) Immunofluorescence on thin (25 pm) sections through rl on the side of the neural
tube electroporated with Nkx2.2 or Nkx6.1 (red), Gata2, (green) and 5-HT (blue),
showing the higher expression of Nkx6.1 (arrows) where endogenous and ectopic
(bracketed) Gata2 expression and 5-HT neurons develop. (D-F) Immunofluorescence
on thin (25 um) sections through rl1 showing endogenous expression of Nkx6.1 (D-F,
red), Gata2 (D,F, green), Nkx2.2 (E, inset green) and 5-HT (E,F, blue) at HH20 (D,E)
and HH25 (F), with the higher Nkx6.1 expressing ventral region marked by white
arrows. (D, inset) Co-localization between high Nkx6.1 and Gata2 in bracketed
region. (E, inset) Overlay of Nkx2.2 with the Nkx6.1 and 5-HT expression shown in
the main panel. (G,H) Whole-mount immunofluorescence for 5-HT (G, red), or in

situ hybridization for Gata3 (purple) and Nkx6.1 (orange) (H), on chick hindbrain
performed 3-4 days after electroporation of Nkx2.2 and Nkx6.1. Ectopic (ect.) versus
endogenous neurons (en.) are bracketed (G); black arrowheads delineate the extent of
Gata3 to Nkx6.1 expression on the electroporated (right) versus control side in (H).
(1) Immunofluorescence on thin (25 pm) sections through rl on the electroporated
side of the neural tube, with antibodies against Gata2 (green) and 5-HT (blue). The
approximate boundaries of the endogenous high expressing Nkx6.1 domain are
marked by arrows, and the ectopic Gata2 and 5-HT positive neurons are bracketed.
The midbrain (MB) and mid-hindbrain boundary (MHB, arrow) are indicated on
wholemounts; the floor plate (fp) is indicated on sections.
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Fig. 7.Nkx6.1 is necessary for the development of 5-HT neurons in r1.

(A,B) Whole-mount in situ hybridization of chick hindbrain 3 days after
electroporation with morpholino-modified antisense oligonucleotides
targeted against Nkx6.1 (6.1 MO), for (A) Gata2 and Gata3, or (B) Gata
(purple) and Nkx2.2 (orange). Arrows indicate the loss of Gata expression of
the electroporated side. The midbrain (MB) and mid-hindbrain boundary
(MHB, arrow) are indicated (A). (C-E) Immunofluorescence on thin (10-12
pum) sections through the ventral neural tube in r1 of the hindbrain three days
after electroporation with 6.1 MO (D, red), with antibodies against 5-HT
(C,D, green; E, red) or Nkx2.2 (E, green). The location and absence of 5-HT
neurons is indicated by arrows; the floor plate (fp) is marked.
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Nkx2.2 activates expression of Nkx6.1 in the ventricular zonare expressed in neural precursors and postmitotic neurons
(Fig. 6B, bottom; and data not shown). Concurrent with thigNardelli et al., 1999), suggesting a potential role in specifying
ability, Gata factors and subsequently 5-HT neurons argeural cell fate. We find that ectopic expression of either Gata
induced in regions of high Nkx6.1 expression (Fig. 6A,B,protein is sufficient to induce 5-HT neurons in rl of the
bottom; and data not shown). Thus there is a strict dependenigimdbrain (Fig. 2), and that this occurs downstream of the Shh-
on the combined expression of Nkx2.2 and Nkx6.1 for theegulated HD protein code, and upstream of Lmx1b and Petl
activation of Gata? and specification of early born 5-HT(Figs 3, 8).
neurons. To determine whether either of the Gata proteins is essential
As a requirement for Nkx6.1 in 5-HT neuron developmenfor the development of 5-HT neurons we analy@sda null
has not previously been described, we examined whethembryos. Knock-out analysis revealed that 5-HT neurons in rl1
Nkx6.1 is necessary for endogenous 5-HT development withiare specified normally inGata3 null embryos, but are
rl of the hindbrain by misexpressing the class | HD proteimompletely absent in mid-hindbrain explants derived from
Dbx2. Dbx2 inhibits Nkx6.1 expression in the spinal cordGata2null mice (Fig. 4). Furthermore, @Bata2null embryos,
(Briscoe et al., 2000); however, neither Dbx2 nor the closelfata3 expression is maintained in the rl Nkx2.2-positive
related Dbx1 represses Nkx6.1 expression in rl, and 5-Hdomain at E10.5 and in explant cultures at the equivalent of
neuron development is unaffected (data not shown)E13, suggesting that Gata3 is unable to specify 5-HT neurons
Interestingly, the Nkx6.1 and Dbx2 expression domains are nat the absence of Gata2 (Fig. 4). By contrast, the loss of 5-HT
adjacent in rl1 of the hindbrain, and neither are the expressiareurons in caudal raphe nuclei of adult chim&ata3’-mice
domains of Nkx2.2 and its corresponding class | HD proteirfvan Doorninck et al., 1999) indicates that Gata3 has a role in
Pax6 (data not shown). This suggests that the mutusthe development of caudal 5-HT populations. Thus Gata2 and
repression between class | and Il HD protein pairs that ai®ata3, despite their overlapping CNS expression domains and
adjacent in the spinal cord (Briscoe et al., 2000; Muhr et alsimilar structures, have distinct roles in 5-HT development.
2001) may not act in rl to establish progenitor domains, or ighis is reminiscent of the distinct roles played by different Gata
lost at later stages of development. family members during hematopoiesis (Patient and McGhee,
Thus we used morpholino-modified  antisense2002), and by LIM-HD proteins in determining motoneuron
oligonucleotides to interfere with Nkx6.1 expression (Kos esubtype identity (Shirasaki and Pfaff, 2002).
al., 2001; Heasman, 2002). Electroporation of fluorescently- Gata2 is sufficient to induce 5-HT neurons only in rl (Fig.
labeled morpholinos targeted against a slice junction in chicR), despite being induced by Nkx2.2 in r2-7 preceding the
Nkx6.1 (6.1 MO; see Fig. S1 at http://dev.biologists.org/induction of 5-HT neurons (Fig. 6), and despite being
supplemental/) results in the loss of both Gata and Petiecessary for the proper specification of all 5-HT neurons in
expression on the electroporated side of the rostral hindbraexplants fromGata2null embryos. Unlike 5-HT neurons in rl,
(Fig. 7A and data not shown). The disruption of downstrearthe development of caudal populations follows that of visceral
transcription factors is specific as Nkx2.2 expression is
maintained in cells that fail to activate Gata (Fig. 7B and dat

not shown). Subsequently, 5-HT neurons fail to develop in th

presence of the Nkx6.1 morpholino despite the continue o L lb‘
expression of Nkx2.2 (Fig. 7C-E). An inverted control /G.:\'I‘,-\Z—pp‘;‘t’fl + 5-HT
morpholino has no affect on Gata expression or 5-H1 Shh—» 2.2 < “

development (data not shown). Thus evidence from both gai HD proteins = GATA3

and loss-of-function studies support the hypothesis that Nkx2.
and high levels of Nkx6.1 make up the HD code for theFig. 8. The specification of rostral 5-HT neurons in the vertebrate
specification of 5-HT neurons within ri. hindbrain. Shh signaling in the ventral midline activates the type Il
HD protein Nkx2.2 and high levels of Nkx6.1 in the p3 domain of
the rostral hindbrain. Nkx2.2 and Nkx6.1 are sufficient to activate
Discussion expression of Gata2 and Gata3, which can positively regulate each
. ) o other. Gata2, in turn, is necessary and sufficient to activate Lmx1b
The zmc-fmger transcription factors' Gata2 and Gata3 aryq Pet1, and to specify 5-HT neurons. Gata2 may activate
expressed in the ventral hindbrain subsequent to thyqgitional transcription factors and/or may be required to directly
establishment of HD-positive progenitor domains butcooperate with Lmx1b and Petl in 5-HT specification. By contrast,
preceding the consolidation of a 5-HT phenotype (Fig. 1). BotGata3 is dispensable for the specification of rostral 5-HT neurons.



1172 Development 131 (5) Research article

motoneurons (VMN) from common progenitors (Pattyn et al.transcriptional cascade that controls the specification of a
2003). Underlying the switch between early born vMN andspecific subset of 5-HT neurons: early born 5-HT neurons in
later born 5-HT neurons is the downregulation of Phox2lyl that send ascending projections into the brain. This cascade
expression, and Gata2, though not sufficient, may be requires only sufficient in rl1, but because these neurons also depend
for this process. Thus, a key factor for the development afn Fgf8 secreted from the MHB (Ye et al., 1998), this cascade
caudal 5-HT neurons that is regulated by Nkx2.2 is suggesteday be spatially limited by the requirement for this Fgf signal.
but not identified by this study. Interestingly, in the spinal cordAlthough components of this cascade, including Gata2, are
Gata2 has been implicated in the development of Chx1Gequired for the specification of most or all 5-HT neurons, there
positive V2 interneurons, which are reduced in number imppears to be differences in their specific roles in distinct 5-HT
Gata2 null mice (Zhou et al., 2000). However, in rl of the populations (Briscoe et al., 1999; Hendricks et al., 2003; Ding
hindbrain, Gata2 is not sufficient to specify V2 interneuronset al., 2003), and additional factors that contribute to the
but rather transforms them to a 5-HT cell fate. development of caudal populations and affect the switch

Preceding the induction of ectopic 5-HT neurons, GatabBetween Phox2b-positive vMN and 5-HT development remain
activates Lmx1b and Petl (Fig. 3), consistent with the timingo be identified. Though it is clear that Gata3 has a specific role
of their developmental expression (Fig. 1). Both Lmx1b andn caudal 5-HT neuron development (van Doorninck et al.,
Petl are required for the specification of 5-HT neurond999), it alone does not explain the difference in specification
(Hendricks et al., 2003; Ding et al., 2003; Cheng et al., 2003jequirements. Thus, overlapping but distinct signaling cascades
yet we find that they not sufficient to activate one another oare implicated in the development of rostral versus caudal 5-
to generate 5-HT neurons. Thus Gata2 may activate additiondll neurons and may underlie the individual functions of these
transcription factors and/or cooperate directly with Lmx1brelated neuronal populations.
and/or Petl to specify these neurons (Fig. 8).

Upstream of Gata2, the HD proteins Nkx2.2 and Nkx6.1 act We thank Scott Heller for providing the Nkx6.1 antibody, and Leon
together to mediate the Shh signal for the induction of 5-Harker, T'Nay Pham and Maike Schmidt for helpful discussion and
neurons in rl (Figs 6, 7). In the ventral spinal cord, Nkx6.1 iSUPPOrt.
uniformly expressed and is not required for the development
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