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Take home message of the paper
In chick, dopaminergic progenitor marker PITX3 is one of the earliest mdDA marker genes

and is pivotally controlled by the SHH signaling pathway downstream of WNT9A.
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Abstract

Mesodiencephalic dopaminergic (mdDA) neurons are located in the ventral mesencephalon
and caudal diencephalon of all tetrapod species studied so far. They are the most prominent
DA neuronal population and are implicated in control and modulation of motor, cognitive and
rewarding/affective behaviors. Their degeneration or dysfunction is intimately linked to
several neurological and neuropsychiatric human diseases. To gain further insights into their
generation, we studied spatiotemporal expression patterns and epistatic interactions in chick
embryos of selected marker genes and signaling pathways associated with mdDA neuron
development in mouse. We detected striking differences in the expression patterns of the
chick orthologs of the mouse mdDA marker genes Pitx3 and Aldhlal, which suggests
important differences between the species in the generation/generating of these cells. We
also discovered that the Sonic hedgehog signaling pathway is both, necessary and sufficient
for the induction of ectopic PITX3 expression in chick mesencephalon downstream of
WNT9A induced LMX1a transcription. These aspects of early chicken development resemble
the ontogeny of zebrafish diencephalic DA neuronal populations, and suggest a divergence

between birds and mammals during evolution. .
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Introduction

Neurons producing the neurotransmitter/-modulator dopamine (DA) are present in the central
nervous system of all chordates and in most other invertebrate phyla (Barron et al., 2010;
Yamamoto and Vernier, 2011). The most prominent DA-synthesizing neuronal population,
however, has evolved in tetrapods (amphibians, reptiles, birds and mammals) (Marin et al.,
1998; Yamamoto and Vernier, 2011). These neurons emerge from ventral mesencephalon
and diencephalon (prosomeres 1-3 (pl-p3)), and have been termed mesodiencephalic
dopaminergic (mdDA) neurons (Puelles et al., 2013; Smidt and Burbach, 2007). The
implication of mdDA neuron degeneration and/or dysfunction in several human neurological
and psychiatric diseases, like Parkinson’s disease, addictive disorders, schizophrenia,
attention deficit/hyperactivity disorders and depression (Baik, 2013; Dauer and Przedborski,
2003; Howes and Kapur, 2009; Hyman et al., 2006; Nieoullon, 2002), has led to a strong
clinical interest not only in deciphering the normal physiology and pathophysiology of these
neurons, but also the cues responsible for their generation and survival during development
and in adulthood.

In mouse, the intersection of three secreted morphogens: Fgf8, Wntl and Shh, controls
the induction of proliferating mdDA progenitors in the ventral mesodiencephalic area
(Hegarty et al.,, 2013; Smidt and Burbach, 2007). The mid-hindbrain boundary (MHB)
releases Fgf8 and Wntl, although Wntl, however, additionally shows a localized expression
in ventral mes- and diencephalon (Hegarty et al., 2013; Smidt and Burbach, 2007; Wurst and
Prakash, 2014). Shh secreted from the FP (floor plate) is required for the establishment of
progenitor domains in ventral mesencephalon(Blaess et al., 2006; Perez-Balaguer et al.,
2009). However, to generate mdDA neurons WNT/B-catenin signaling has to suppress
expression of Shh in this region (Joksimovic et al., 2009);(Joksimovic and Awatramani, 2014;
Wurst and Prakash, 2014). Wntl/B-catenin signaling also sequentially induces the
expression of several transcription factors (TFs) in postmitotic mdDA precursors such as

Lmx1a and Pitx3, of which both are necessary for proper mdDA neuron development (Blaess

Qo
O
)
—
@©
()
O
(=
@©
>
©
<
L]
-
c
[J]
£
Q
o
()]
>
()
(@]




and Ang, 2015; Hegarty et al., 2013; Veenvliet and Smidt, 2014; Wurst and Prakash, 2014).
Pitx3 regulates the transcription of several genes necessary to ensure the correct
differentiation, function and survival of the substantia nigra pars compacta (SNc) mdDA
neurons (Jacobs et al., 2009; Jacobs et al., 2007; Luk et al., 2013; Maxwell et al., 2005;
Peng et al., 2011; Veenvliet et al., 2013). Pitx3 in this area has been found to cooperate with
the nuclear receptor Nr4a2 (Nurrl) and with Aldhlal (Raldhl, Ahd2) (Jacobs et al., 2009;
Jacobs et al., 2007). Further genes implicated in mouse mdDA neuron development include
the TFs Lmx1b, Engrailed (En1/2, and Neurog2 (Ngn2) (Blaess and Ang, 2015; Hegarty et
al., 2013; Veenvliet and Smidt, 2014).

In chick, the first neurons expressing the rate-limiting enzyme for DA synthesis,
tyrosine hydroxylase (TH), appear in ventrocaudal diencephalon on embryonic day (E) 5.5-6,
and only at E8 in the midbrain tegmentum (Puelles and Medina, 1994); (Smeets and
Gonzalez, 2000). Previous studies in chicken embryos suggested a time-course similar to
that in the mouse embryo as well as a SHH-mediated regulation of mdDA neuron generation
(Agarwala et al., 2005; Andersson et al., 2006b; Bayly et al., 2007; Watanabe and
Nakamura, 2000). However, little if anything is known about the early steps of mdDA neuron
development in chick embryos. We, therefore, embarked on a detailed description of the
early spatiotemporal expression pattern of the chicken ortholog of mouse Pitx3 and an
analysis of the epistatic relationships between this TF and WNT and SHH signaling pathways
in the mesodiencephalic region. We show significant differences between the spatiotemporal
expression patterns of selected mouse and chicken mdDA marker genes, and the epistatic
regulation of Pitx3 transcription. These results might reflect the evolutionary divergence of

the mdDA neuronal population in birds and mammals.
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Results

PITX3 is one of the first mdDA orthologs expressed in E2.5 chicken ventral

diencephalon

We first determined the expression patterns of the chick orthologs to the mouse mdDA
marker genes PITX3, NR4A2 and ALDH1A1 in relation to LMX1A and LMX1B, both markers
for mdDA precursors in chick (Andersson et al., 2006b), and NGN2, a generic marker for
mdDA neurogenesis (Andersson et al., 2006a; Kele et al., 2006) . At HH 16/17 (E2.5) PITX3
was expressed in a small domain within the ventral diencephalon (Fig. 1B,B’). whereas
neither NR4A2 nor ALDH1Al were detected in the mesodiencephalic region (Fig. 1C-D’).
LMX1B, was present along the entire mesodiencephalic area while LMX1A and NGN2 were
only found rostrally in this region (Lmxla, Ngn2; Fig. 1E-G’). Coronal sections showed that
PITX3, LMX1A/B and NGN2 dermarcate an overlapping area along the dorso-ventral axis of
the diencephalic domain (Fig. 1B’-G’). At HH 21 (E3.5) the postmitotic mdDA marker NR4A2
initiated expression in the caudally expanded PITX3* diencephalic area (Fig. 1H-J). At this
time, PITX3 was mostly confined to ventral diencephalic p1/2 domain, which is delimited by
the SHH* zona limitans intrathalamica (ZLI) and the PAX6* expression at the di-
/mesencephalic boundary (Kiecker and Lumsden, 2005; Puelles and Rubenstein, 2003)(Fig.
1K,L). As development progressed, TH mRNA appeared at HH 29 (E6.5) within the EN1*
ventral midbrain (Fig. 1M-N’, (Puelles and Medina, 1994)), and the expression of PITX3
abutted the FGF8* domain at the MHB (Fig. 1N”). Coronal sections revealed that the TH*
territory overlapped only laterally with PITX3 and NR4A2 (Fig. 1N’-O’,0”,P”). At E9 (HH 35),
PITX3 expression overlapped with TH and NR4A2 in the mesodiencephalic A9 (SNc) and
A10 (ventral tegmental) areas, and a subset of the pretectal and hypothalamic A12/A14 DA
cell groups in the chick (Fig. S1 A-K). Notably, PITX3 and NR4A2 were not expressed in the
dorsal diencephalic A11 DA cells (Fig.S1 C,D,H,l) and PITX3 is not exclusively expressed in

NR4A2 or TH positive cells (Fig.S1 H,J). Strikingly, no expression of ALDH1Al or its two

Qo
O
)
—
@©
()
O
(=
@©
>
©
<
L]
-
c
[J]
£
Q
o
()]
>
()
(@]




paralogs, ALDH1A2 and ALDH1A3 (ALDH6), was detected in the mesodiencephalic area
during the stages analyzed (Fig. 1D,D’ and data not shown). We concluded that PITX3
together with LMX1A/B and NGN2 are the first genes associated with mdDA production to be
expressed in these regions of chick neural tube. PITX3 is initially confined to the diencephalic
pl-3 domain in the rostral cephalic flexure but extends later into the ventral mesencephalon.
Our analysis also revealed that in contrast to mouse, TH transcription initiates only 4 d after
PITX3 in PITX3* and NR4A2* cells. Later in development, TH is co-expressed with PITX3
and NR4A2 in the mesodiencephalic (A9/10), pretectal and hypothalamic (A12/14) DA
groups, suggesting that PITX3" and NR4A2* precursors in chick ventral di-mesencephalon
generate the mdDA neurons, among others. An overexpression of sSiRNA (pRNAT-siPitx3-
GFP) against PITX3 in midbrain resulted in a reduction of PITX3, NR4A2, LMX1B and TH
expression in this region (Fig. S2; n=2), suggesting that PITX3 indeed plays a role for the

development of TH* DA neurones in chick mesencephalon.

PITX3 is first expressed in proliferating diencephalic neural progenitors and later in

mesencephalic postmitotic neurons of the chicken embryo

Our data suggested that in contrast to mouse, where Pitx3 expression is confined to
postmitotic mdDA precursors and neurons (Maxwell et al., 2005; Smidt et al., 1997; Zhao et
al., 2004), in chick PITX3 is expressed earlier in the proliferating neural progenitors. To
verify whether this is indeed the case, we pulse-labeled E3.5 chicken embryos for 2 h with
BrdU and determined the number of BrdU* / PITX3" double-labelled cells versus those
labelled with BrdU* alone in the diencephalic domain at E3.5 (Fig. 2A-B). We found that
approximately 20% of all BrdU-labelled cells were also expressing cPITX3 at E3.5 (Fig. 2C)
(% Pitx3*/BrdU* cells (meants.d.): chick #1, 19,07+ 8,04 (n=6 sections); chick #2, 21,19+
6,65 (n=7); chick #3, 18,62+ 6,07 (n=5); chick #4, 23,68+ 4,97 (n=5)). Thus, at E3.5 a fraction
of the diencephalic PITX3" cells were neural progenitors in S-phase. Double-labeling for

PITX3 and HuC/D, which labels post-mitotic neurons, confirmed that PITX3 was expressed
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in ventricular (VZ) and intermediate zone (1Z), and not in the HUC/D" mantle zone (MZ) of
rostral diencephalon at HH 26 (E5; Fig. 2D,E). However, at E5 in ventral midbrain, PITX3
expression was located exclusively in the HUC/D* MZ (Fig. 2F,G). Hence, chick PITX3 shows
an unexpected dichotomy in its expression. In diencephalic cells it is present in proliferating
neural progenitors and early postmitotic precursors, whereas in the mesencephalon it

appears in late postmitotic precursors and differentiating neurons.

Divergent expression patterns of PITX3 in the developing chicken and mouse brain

These results suggested that the spatiotemporal expression pattern of PITX3 in this region of
the developing brain of mouse and chicken may have diverged during evolution. Thus
prompted, we re-examined the spatiotemporal expression pattern of Pitx3 in the developing
mouse embryo. Pitx3 is first detected at E11.5 in mouse brain (Smidt et al., 1997), and we
confirmed restricted Pitx3 expression in ventral midline of the mouse mesencephalon
between E11.5 and E14.5 (Fig. S3A,A’,C,C’,E,E’ and data not shown; n=3/stage; (Hoekstra
et al.,, 2013)). However, our expression analysis futher revealed two additional Pitx3*
domains in the di- and mesencephalon. We found, Pitx3 expression was also located at the
dorsolateral caudal mesencephalon close to the MHB between E12.5 to E18.5, (Fig.
s3B,B’,D,D’,F,F’; n=3/stage). From E14.5 till E18.5, the initially ventral mesencephalic
expression domain of Pitx3 extended as a narrow stripe in the ventrolateral caudal
diencephalon (Fig. S3F-H’). The Pitx3* domain in dorsolateral caudal midbrain did not

overlap with Th expression (Fig. S1B’,G-H” and data not shown), whereas the Pitx3* domain
in the ventrolateral caudal diencephalon clearly overlapped with Th expression (Fig. S3G-
H). Thus, in mouse Pitx3 expression is initially confined to the mesencephalic mdDA
domain and only later extends into a diencephalic mdDA domain. This is the exact opposite
of the expression pattern of PITX3 in chick, which initiates in the diencephalon and then

expands into the midbrain. In mouse Pitx2, which is expressed in diencephalon might play a

similar role as chick PITX3 in this brain region (Martin et al., 2002; Muccielli et al., 1996). We
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also discovered a so far unknown non-dopaminergic Pitx3 expression domain in the

developing mouse mesencephalon.

Divergent expression of WNT genes in the developing chicken and mouse brain

Murine Pitx3 is an indirect target of the WNT1/B-catenin signaling pathway during mouse
mdDA development (Chung et al., 2009). To investigate whether PITX3 in chick is similarly
induced by a member of the WNT/B-catenin family, we conducted a detailed literature and
RISH screen of chick WNT gene expression patterns at E2.5. Our research identified three
patterns of WNT gene expression in this region. The first is exemplified by WNT11 and
WNTS8C, which are not expressed in anterior neural tube (see Fig. 3K for WNT11 and (Hume
and Dodd, 1993) for WNT8a). The second is displayed by WNT1, WNT3A, WNT4, WNT6,
WNT7B and WNT8B, all of which are either restricted to the dorsal midline or spared the
ventral midline of the di- and mesencephalon (Fig. 3F-J, for WNT7B and WNT8B see (Garda
et al., 2002)). Thus, their expression did not overlap with the PITX3* mdDA domain in E2.5
brains. The third pattern is that shown by WNT5A, WNT5B, WNT7A and WNT9A, which do
show expression in the ventral mesodiencephalic region. Of these, WNT9A overlapped
closest with PITX3 expression in the cephalic flexure of the E2.5, E3.5, and E5 chick brains
(Fig. 3L-R), and thus its expression resembled that of mouse Wntl. Interestingly, murine
Wnt9a expression was mostly restricted to the dorsal midline of the anterior neural tube
(fore-, mid- and hindbrain) in midgestational mouse embryos (Fig. S4A-F’), resembling
WNT1 expression pattern in chick brain. In E5 chick brain WNT9A expression became
confined to the VZ of the cephalic flexure, whereas PITX3 expression was restricted to the
mesencephalic MZ (Fig. 3R and Fig. 2D). Taken together, WNT9A and PITX3 are
transcribed in an overlapping pattern in the cephalic flexure of the early chicken brain (E2.5-
E3.5, Fig. 3S). Later in development (E5), WNT9A is expressed in di-/mesencephalic neural
progenitors in the VZ generating the PITX3* postmitotic precursors in the MZ. Thus, it would

seem that WNT9A performs a similar function in chicken as Wntl in mouse.
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WNT9A induces a transient ectopic expression of LMX1A and sustained ectopic

activation of mdDA-related genes in the chicken mesencephalon

To establish a possible role for WNT9A for the induction of PITX3 expression and the
formation of mdDA precursors in the chicken brain we electroporated full-length and
bicistronic WNT9A/GFP (pMES-WNT9A-IRES-eGFP) into the right ventrolateral and/or
lateral half of the mesencephalon at E1.5 (HH 10-12). After 1 dpe neither SHH, (Fig. 4D), nor
PITX3, NR4A2 or LMX1B were induced ectopically (data not shown) only LMX1A (Fig 4A-C)
was detected in the WNT9A electroporated side. Two dpe (n=2), SHH and PITX3 expression
expanded ectopically towards the dorsal mesencephalon in the electroporated side (Fig.
4E,G,H). WNT9A induced LMX1A expression had ceased 2 dpe (Fig. 4F 1,J). 3 dpe (n=5)
ectopic PITX3, NR4A2 and NGN2 were still present within the WNT9A electroporated
domain (Fig. 4K,L). WNT9A overexpression also resulted in ectopic NGN2 expression in
ventrolateral mesencephalon (compare bracketed areas in (left) and (right) midbrain in Fig.
4L), and ectopic PITX3 expression.

Importantly, we found that ectopic LMX1A was only found in WNT9A expressing cells (Fig.
4C). In contrast, cells ectopically expressing SHH, PITX3 and NR4A2 were both those
electroprated with WNT9A as well as adjacent non-electroporated, WNT9A-negative cells
(eg. compare Fig. 4E with Fig. 4G,H,L). This suggests a non-cell-autonomous induction of
the latter genes. Notably, the expansion of ectopic SHH, PITX3 and NR4A2 respected a
ventro-dorsal border in midbrain, with no expression occurring in dorsal mesencepalon even
though ectopic WNT9A" cells were present dorsally (compare Fig. 4E with Fig. 4G,H, and
Fig. 41 with Fig. 4K,L). This may be due to the fact that there are SHHhh and WNT inhibitors
expressed in the dorsal midbrain (Ladher et al., 2000; Li et al., 2007; Paxton et al., 2010;
Quinlan et al., 2009).

To determine whether the ectopic induction of LMX1A and subsequently of PITX3 after
overexpression of WNT9A was specific to WNTO9A or if it could also be mediated by other

WNTs expressed in the ventral midline of the chicken di- and mesencephalon, we
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electroporated full-length WNT1, WNT5A and WNT7A into ventrolateral di-mesencephalon
(Fig. S5). Interestingly, 3 dpe we did not detect any ectopic expression of PITX3, LMX1A/B,
or SHH after overexpression of any of those Whnts.

Our findings suggest that the expression of LMX1A is directly (cell-autonomously) activated
by WNT9A mediated signaling, whereas the ectopic induction of SHH, PITX3 and NR4A2
might be mediated by an intermediate signaling pathway or indirect (non-cell-autonomous)

mechanism in the developing chick mesencephalon.

Lmxla induces ectopic expression of SHH, PITX3 and mdDA-related genes in chick

mesencephalon

To determine whether LMX1A is sufficient to induce the subsequent expression of SHH,
PITX3, NR4A2 and LMX1B in chick mesencephalon, we electroporated mouse Lmxla
(Andersson et al., 2006b) together with eGFP as markergene (pCAX-EGFP, (Chen et al.,
2004)) into the right ventrolateral di-mesencephalon. One dpe of Lmx1a/GFP (n=5), WNT9A,
SHH and PITX3 expression remained restricted to their endogenous domains in the right
ventral diencephalon (Fig. 5A-D). Two dpe of Lmx1a/GFP (n=4), ectopic expression of SHH
and PITX3 was detected in the electroporated ventrolateral mesencephalon in a similar
continuous and dorsally extending pattern as after WNT9A electroporation, whereas ectopic
Lmxla expression was patchy (compare Fig. 5E with G,H). WNT9A expression was only
weakly induced in mesencephalon 3 dpe of Lmx1la/GFP (n=8), (Fig. 5F,1,J). At 3dpe, there
was also strong ectopic, continuous and dorsally extending expression of NR4A2, LMX1B
and NGN2, and additionally SHH and PITX3 expression appeared in the transfected
ventrolateral mesencephalon. Again, the extension of ectopic expression appeared to obey a
similar ventro-dorsal limit as observed after WNT9A electroporation (Fig. 5 K-O). Thus,
Lmxla can induce ectopic expression of mdDA precursor markers with a similar temporal
delay of 2 dpe as WNTO9A in chick mesencephalon (Fig. 5P). Taken together, our findings

strongly indicate that ectopic induction of mdDA precursor markers by WNT9A and its

Qo
O
)
—
@©
()
O
(=
@©
>
©
<
L]
-
c
[J]
£
Q
o
()]
>
()
(@]




putative direct target gene LMX1A is in fact mediated by an intermediate signaling pathway
(non-cell-autonomous) in the developing chicken mesencephalon. In addition, the indirect
activation of WNT9A transcription by Lmx1a suggests a feedback mechanism between these

two genes in the chicken midbrain.

SHH is sufficient for ectopic induction of PITX3 expression in chick mesencephalon

Since SHH expression expanded after ectopic WNT9A or Lmxla electroporation, we next
asked whether SHH was sufficient to induce expression of PITX3 and other mdDA marker
genes in the mesencephalon. Overexpression of SHH in ventrolateral di-mesencephalon led
to an ectopic induction of PITX3 in the transfected tissue after 2 dpe (n=3) but not after 1 dpe
(n=2) (Fig. 6A,B,D,E). Ectopic PITX3 persisted 3 dpe (n=5) and was present in non-
transfected (GFP-) cells (compare Fig. 6F,G), with a similar ventro-dorsal midbrain boundary
to that observed after WNT9A and Lmxla overexpression (see Figs 4 and 5). SHH did not
induce any ectopic expression of LMX1A and WNT9A even after 3 dpe. This indicated that
both genes act upstream of SHH (Fig. 6C,H-J). We concluded that WNT9A-mediated
signaling directly activates its putative target gene LMX1A and that LMX1A in turn induces
the expression of SHH, which is sufficient for an induction of PITX3 expression in the chicken

mesencephalon.

SHH signaling is necessary for the ectopic induction of PITX3 expression in the

chicken mesencephalon

Our results suggested that the SHH signaling pathway is the most likely candidate for any
indirect (non-cell-autonomous) activation of ectopic PITX3 transcription by WNT9A in chicken
mesencephalon. To determine whether SHH signaling is necessary for ectopic induction of
PITX3, we treated WNT9A or LMX1A electroporated neural tubes with cyclopamine, a potent
inhibitor of SHH signaling pathway (Chen et al., 2002; Incardona et al., 1998), or with DMSO,

as control. Two dpe (n22 to 5/treatment) of WNT9A and treatment with DMSO, PITX3
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expression was induced and expanded dorsally into the ectopic WNT9A area (Fig. 7A,B).
The expression of PTCH1, the SHH receptor (Chen and Struhl, 1998) appeared also
stronger within the electroporated site (Fig.7C). Embryos at 3 dpe (n=2/treatment) of
LMX1Aa treated with DMSO showed weakly ectopic WNT9A and strong ectopic, dorsally
expanded expression of SHH, PITX3 and NR4A2 in the mesencephalon (Fig. 7G-K). Thus,
as already previously described (Fig.4,5) both, ectopic WNT9A and LMX1A induced ectopic
SHH and PITX3. However, in the cyclopamine-treated embryos no ectopic PITX3
transcription was induced at 2 dpe (Fig. 7D,E,L-O). Endogenous PITX3 and PTCH1
expressions in the electroporated side are both slightly repressed, despite a strong ectopic
induction and dorsal expansion of SHH transcription (Fig. 7D,E,L-O and data not shown).
Interestingly, cyclopamine treatment did not affect endogenous expression of PITX3, SHH,
WNT9A and PTCHL1 in the untransfected mesencephalon (Fig. 7D-F,M-P). These results
indicated that SHH signaling is required for the ectopic activation but not for the endogenous
maintenance of PITX3 transcription.

Interestingly, the endogenous ventrolateral expression domain of PTCHL1 corresponds to the
ventrodorsal extent of ectopic gene induction observed after WNT9A electroporation (Fig.
7B,C) and is reduced after cyclopamine treatment. Thus, the reception of the SHH signal via
PTCH1 might be essential for ectopic activation of PITX3 in this region. Blocking the SHH
signal transduction pathway by cyclopamine mainly abolished ectopic transcription of PITX3
without affecting endogenous and/or ectopic transcription of WNT9A and SHH (Fig. 7H,I).
We conclude that signaling mediated by the ectopically induced expression of SHH after
electroporation of WNT9A or LMX1A is necessary and sufficient to activate the ectopic

transcription of PITX3 in chick mesencephalon.
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Discussion

In this study, we have shown a number of key differences between chicken and mice with
respect to the spatiotemporal expression pattern of selected mdDA marker genes, such as
PITX3 and ALDH1Al and their regulation by the WNT/B-catenin and SHH signaling
pathways. These differences point to evolutionary divergences in the genetic mechanisms
that control the generation of proliferating mdDA progenitors and precursors between birds

and mammals.

Divergent spatiotemporal expression patterns of selected mdDA marker genes in

chicken and mice

In mice, Pitx3 is crucial for the correct differentiation of mdDA neurons, especially of the SNc
DA neurons, and their survival during development and adulthood (Blaess and Ang, 2015;
Hegarty et al.,, 2013; Veenvliet and Smidt, 2014). Pitx3 expression initiates in the ventral
mesencephalon and later extends into the caudal ventral diencephalon and it is restricted to
postmitotic mdDA precursors and neurons located in the MZ of mesencephalic tegmentum
(this work, (Hoekstra et al., 2013). The expression of this gene initiates only shortly before or
just after Th expression at E11.5 in mouse (Maxwell et al., 2005; Smidt et al., 1997; Zhao et
al., 2004). We have shown here that the murine Pitx3 expression pattern is only partly
conserved in chick embryos: PITX3 transcription initiates in the ventral chick diencephalon
(p1/2) and only later extends into the mesencephalon. In fact, PITX3 together with LMX1A/B
and NGN2 are the first mdDA marker genes expressed in the cephalic flexure of chick brain
even before NR4A2 transcription is initiated. In the chick diencephalon, PITX3 is expressed
in proliferating neural progenitors and early postmitotic precursors. Though, in the chick
mesencephalon PITX3 expression is restricted to postmitotic precursors and neurons within
the tegmentum. We also detect a notable time gap of 4 d between the initiation of PITX3
transcription in chick mesodiencephalic region (at E2.5) and the first expression of TH (at

E6.5 (Puelles and Medina, 1994). This time gap contrasts with that seen during mouse

Qo
O
)
—
@©
()
O
(=
@©
>
©
<
L]
-
c
[J]
£
Q
o
()]
>
()
(@]




development but resembles the 4 d delay in TH expression during the histogenesis of chick
DA amacrine neurons (Gardino et al., 1993); reviewed by (Smeets and Gonzalez, 2000). TH
transcription in the mesencephalon of the E6.5 chick embryo is restricted to a lateral
tegmental domain that appears to derive from a PITX3" and NR4A2* neural (mdDA)
precursor area. At E9, expression of TH overlaps with that of PITX3 and NR4A2 in the
mesodiencephalic A9/10, pretectal and hypothalamic A12/14 DA cell groups, suggesting that
these neurons do indeed derive from PITX3" and NR4A2* precursors.

We also discovered another notable difference between chicken and mice and that is
the lack of ALDH1A1 expression in the chick ventral mesencephalon. In mouse, Aldhlal
expression initiates around E9.5 in proliferating mdDA progenitors and is later confined to a
rostrolateral mdDA neuron subset (Jacobs et al., 2007; Smits et al., 2013; Stuebner et al.,
2010; Wallen et al., 1999). The complete absence of expression of ALDH1Al and its two
paralogs, ALDH1A2 and ALDH1A3 (ALDH®6), in the chicken mesencephalon is similar to the
lack of ALDH1A expression in quail mesencephalon during development (Reijntjes et al.,
2005). Although we cannot exclude the expression of these enzymes in the chicken VM later
in development, our finding strongly suggests that the RA-synthesizing and DA-metabolizing
ALDH1 family members are not involved in early stages of chicken mdDA neuron
development and survival.

By contrast, we found that the spatiotemporal expression patterns of LMX1A/B, NR4A2
and NGN2 were conserved between chick and mice (this report; (Andersson et al., 2006b),
suggesting that these TFs are under similar transcriptional control and most likely direct the
same developmental pathways (Andersson et al., 2006b). The transcription of endogenous
and ectopic NR4A2 always initiated one day after endogenous and ectopic PITX3 expression
in chick, indicating that the onset of NR4A2 transcription after PITX3 was preserved after

ectopic overexpression of upstream inducing factors.
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Divergent transcriptional regulation of cPitx3 expression by the SHH or WNT signhaling

pathways in chicken and mice

The divergent spatiotemporal expression pattern of PITX3 in chick and mouse suggests
different transcriptional regulation between the species. In mice, WNT1-mediated p-catenin
signaling controls the correct differentiation of mdDA progenitors/precursors into mature
mdDA neurons through the direct activation of Lmxla (Chung et al., 2009; Joksimovic et al.,
2009; Prakash et al., 2006; Tang et al., 2009; Tang et al., 2010);(Joksimovic and
Awatramani, 2014; Wurst and Prakash, 2014). Murine LMXZ1A, in turn, binds to and activates
the transcription of the Wntl, Pitx3 and Nrd4a2 promoters (Chung et al., 2009) (Wurst and
Prakash, 2014) our own unpublished data). In contrast to the chick (Andersson et al., 2006b),
in the murine brain transcription of Lmxla, Pitx3 or Nrd4a2 is not regulated by the SHH
signaling pathway (Chung et al., 2009). Hence mature mouse TH* mdDA neurons do not
derive from SHH-responsive cells (Mesman et al., 2014). Furthermore, ablation of SHH
signaling components in midgestational mdDA precursors does not affect the generation of
mdDA neurons in the mouse embryo (Blaess et al., 2006; Zervas et al., 2004). Instead, the
expression of Shh has to be antagonized by active WNT/B-catenin signaling to enable mdDA
neurogenesis in mouse mesencephalon (Joksimovic et al.,, 2009). Thus, SHH signaling

pathway seems to play a minor role during murine mdDA neuron development (Fig. 8B).

We have also investigated the contribution of the WNT/B-catenin pathway to the generation
of mdDA precursors in the chick and the epistatic relationships between SHH and WNT
signaling pathways and PITX3 in this species. We confirmed that WNTL1 is not expressed in
the chick ventral mesodiencephalic region (Hollyday et al., 1995), but rather found that
WNT9A exhibits the closest overlap with PITX3 expression in this region. Although WNT1
and WNTt9a expression in mouse and chick is reversed, both WNT proteins signal via the
WNT/B-catenin (“canonical”) pathway (Guo et al., 2004; Megason and McMahon, 2002), and

in keeping with this we found that ectopic expression of WNT9A activated ectopic

Qo
O
)
—
@©
()
O
(=
@©
>
©
<
L]
-
c
[J]
£
Q
o
()]
>
()
(@]




transcription of LMX1A in a cell-autonomous manner. Thus, the epistatic relationships and
gene regulatory interactions between the WNT signaling pathway and Lmxla seem to be
conserved between chicken and mice (Fig. 8A,B). Ectopic and non-cell-autonomous
induction of SHH, PITX3, NR4A2 and NGN2 expression with a temporal delay of 2-3 d after
electroporation of WNT9A or LMX1A into the mesodiencephalic area of the chick suggested
that these are indirect targets of WNT9A and LMX1A.

In contrast to the mouse, WNT9a and LMX1A appear to act upstream of the SHH signaling
pathway in the chick. We showed that SHH signaling was both, necessary and sufficient to
induce ectopic and non-cell-autonomous expression of PITX3, but not of WNT9A and
LMX1A in the chicken mesodiencephalic area (Fig. 8A). Our results agree with (Watanabe
and Nakamura, 2000) who showed that ectopic expression of SHH in the chicken
mesencephalon induced non-cell-autonomously ectopic TH* DA neurons, and thus strongly
supports a crucial role of the SHH pathway for the generation of mdDA neurons in chick but
not for the maintenance of PITX3 transcription. In agreement with (Andersson et al., 2006b),
we noted that despite a strong expression of transgenes in dorsal mesencephalon no ectopic
induction of mdDA marker genes in dorsal midbrain ever occurred. This dorso-ventral
expression boundary seems to coincide with expression of PTCH1, which is restricted to the
ventral midbrain. Thus, only the ventrolateral mesodiencephalic region of the chick embryo
appears to be competent to respond to SHH inductive signal for mdDA neuron development
in this region. The limited ectopic induction of SHH and PTCHL1 to ventral midbrain might be
due to the expression of several proteins present in dorsal midbrain like RAB23 and GLI3
that suppress SHH signalling dorsally (Li et al., 2007; Litingtung and Chiang, 2000; Persson
et al., 2002). Our observation also further confirm the presence of a dorso-ventral signalling

boundary in the chick midbrain (Li et al., 2005)

Qo
O
)
—
@©
()
O
(=
@©
>
©
<
L]
-
c
[J]
£
Q
o
()]
>
()
(@]




The ontogeny of chicken mdDA precursors might reflect their phylogenetic history

The clear differences in spatiotemporal appearance of the PITX3* mdDA
progenitors/precursors and in PITX3 transcriptional regulation by the WNT/B-catenin and
SHH signaling pathways points not only to ontogenetic but also phylogenetic differences in
mdDA development between birds and mammals. In fact, the transcriptional regulation of
PITX3 in the early chick embryo exhibits more similarities to zebrafish than to mouse.
Zebrafish pitx3 is expressed in proliferating diencephalic progenitors and postmitotic
precursors, but not in TH* DA neurons (Filippi et al., 2007). Moreover, zebrafish pitx3 is a
target of the NODAL (a TGF family member) and HH pathways in neural tissues (Zilinski et
al., 2005). We and others showed that both pathways are implicated in chicken mdDA
development (Agarwala et al., 2005; Andersson et al., 2006b; Bayly et al., 2007; Farkas et
al., 2003; Watanabe and Nakamura, 2000). Sequence comparisons show chick PITX3 gene
being more closely related to Xenopus and zebrafish pitx3 than to the mammalian Pitx3
genes (Zilinski et al., 2005). The cues directing the expression (and possibly also function) of
Pitx3 during mdDA development thus appear to have diverged considerably between the
avian and teleost lineages and the mammalian lineage, and it remains to be investigated

whether this is also the case for the amphibian and reptile lineages.

Materials and Methods

Chicken and mouse embryos

Fertilized White-Leghorn chicken eggs (Briterei Holzl, Moosburg/Germany) were incubated
at 38°C until the desired Hamburger and Hamilton (HH, (Hamburger and Hamilton, 1951))
stage. Outbred CD-1 mouse embryos were collected from timed-pregnant females (Charles
River, Kisslegg/Germany), noon of the day of vaginal plug detection was designated as EO.5.
Pregnant dams were killed by CO. asphyxiation. All expression studies are based on a

minimal of 3 embryos per stage. This study was carried out in strict accordance with the
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recommendations in the EU Directive 2010/63/EU and the Guide for the Care and Use of
Laboratory Animals of the Federal Republic of Germany (TierSchG). The protocol was
approved by the Institutional Animal Care and Use Committee (ATV) of the Helmholtz

Zentrum Munchen. All efforts were made to minimize suffering.

Radioactive and whole-mount in situ hybridization (RISH/WISH).

8 um paraffin sections were processed for radioactive RISH as described by (Fischer et al.,
2007). WISH using digoxigenin- or fluorescein-labeled riboprobes was performed according
to (Henrique et al., 1995). Riboprobes used were: chicken PITX3 (ChEST246m15),
ALDH1Al1 (ChEST396f5), ALDH1A2 (ChEST650k18), EN1 (ChEST92p12), TH
(ChEST1010e8), WNT3A (ChEST1005M7) obtained from UK chicken EST Consortium
(Boardman et al., 2002); ALDH6 (ALDH1A3; RefSeq NM_204669), LMX1A (XM_001236605)
and PTCH1 (NM_204960) (R. Klafke), LMX1B (Matsunaga et al., 2002), NGN2 (NEUROG?2)
(D. Henrique), SHH (Nohno et al., 1995), PAX6 (Goulding et al., 1993), FGF8 (Crossley et
al., 1996), WNT1 (Bally-Cuif and Wassef, 1994), WNT4, WNT5A and WNT5B (Hartmann
and Tabin, 2000), WNT6 (NM_001007594) and WNT7A (NM_204292) (A. Wizenmann),
WNT9A (Hartmann and Tabin, 2001), WNT11 (C. Hartmann); mouse Pitx3, Th and Nr4a2

(Brodski et al., 2003), Wnt9a (NM_139298) (J. Zhang); and GFP (R. Koester).

Immunohistochemistry

Whole-mount IHC was performed as described by (Li et al., 2005) after WISH for PITX3
using mouse anti-HUC/D, a marker for early postmitotic and differentiating neurons (1:600;
Molecular Probes/Germany). Post-fixed (4% paraformaldehyde (PFA)), gelatin-albumin-

embedded embryos were vibratome-sectioned (40 pm).

5’-bromo-2-deoxyuridine (BrdU) treatment and cell counting.

BrdU (250 pg/ml in 0.9% saline; Sigma/Germany) was injected into anterior neural tube of

HH 21 (E3.5) embryos (Belecky-Adams et al., 1996), incubated for 2 h, fixed in 4% PFA,
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processed for cPitx3 WISH, post-fixed in 4% PFA, transferred into 20% sucrose/PBS and
cryosectioned (16 pm) and processed with a BrdU Labeling and Detection Kit 1
(Roche/Germany). cPitx3*/BrdU* double-labeled and BrdU* single-labeled cells were
counted (5-7 sections, 4 different BrdU-treated embryos), and the proportion of double-

versus single-labeled BrdU* cells was calculated for each embryo.

Imaging

Images were taken with a LSM 510 META confocal laser scanning microscope, Axioplan2
microscope or StemiSV6 stereomicroscope (Zeiss) and processed with Adobe Photoshop

CS3 software (Adobe Systems Inc./USA).

Vector constructs for electroporation

Full-length chicken WNT9A (pMES-WNT9A-IRES-eGFP), WNT5A (pMES-WNT5A-IRES-
eGFP), WNT7A (PMES-WNT7A-IRES-eGFP), SHH (pMES-SHH-IRES-eGFP), and mouse
LMX1A (pMES-LMX1A-IRES-eGFP) and WNT1 (pMES-WNT1-IRES-eGFP) cDNAs were
inserted into the pMES expression vector that contains an internal ribosomal entry site
(IRES) followed by an enhanced Green Fluorescent Protein (eGFP) (Swartz et al., 2001).
The pECE-mLmxla and pCAX-EGFP vectors were described by (Andersson et al., 2006b;

Chen et al., 2004).

In ovo electroporation.

Chick neural tubes were injected with vector DNA (1-3 pg/ul, 0.005% Fast Green (Sigma))
and electroporated into ventrolateral and/or lateral di-mesencephalon (Huber et al., 2013).

After 1-3 d (dpe), embryos were removed from egg, staged, and fixed in 4% PFA at 4°C.

Cyclopamine treatments
Cyclopamine (100 uM in DMSO; Biomol/Germany) or DMSO as control were injected into
neural tube 3 and 24 h post-electroporation. Embryos were incubated for another 24-48 h

before fixation (4% PFA).

Q
O
)
.
©
(0]
(9]
C
©
>
©
<
L]
FE)
[
Q
£
Q
o
()
>
(O]
(@]




Acknowledgements

We thank S. Badeke for excellent technical assistance; J. Ericson for pECE-Lmxla
construct; and J. Guildford, C. Hartmann, D. Henrique, R. Koester and J. Zhang for plasmids
and riboprobes. To S. Blaess and A. Graham we are indebted for advices, helpful
discussions and for critical reading of the manuscript. AAP was partly supported by a Future
grant from the medical faculty of Tubingen. This project was supported by funds from the
Bayerisches Staatsministerium flr Bildung und Kultus, Wissenschaft und Kunst within the
Bavarian Research Network “Human Induced Pluripotent Stem Cells” (ForIPS), and by funds
(in part) from the Helmholtz Portfolio Theme “Supercomputing and Modelling for the Human

Brain” (SMHB).

Author contributions
N.P., AW, W.W. conceived the project; R.K., N.P., W.W., and A.W. designed experiments;
A.P.A, RK, N.P.,, and AW. performed experiments; R.K., A.P.A., N.P.,, WW., and A.W.

prepared and edited the manuscript.

9
L
)
} .
©
Q
O
C
@©
>
©
<
e
-
C
O
€
Q
o
O
>
O
(@)




References

Agarwala, S., Aglyamova, G.V., Marma, A.K., Fallon, J.F., Ragsdale, C.W., 2005.
Differential susceptibility of midbrain and spinal cord patterning to floor plate
defects in the talpid2 mutant. Dev. Biol. 288, 206-220.

Andersson, E., Jensen, J.B., Parmar, M., Guillemot, F., Bjorklund, A., 2006a.
Development of the mesencephalic dopaminergic neuron system is
compromised in the absence of neurogenin 2. Development 133, 507-516.

Andersson, E., Tryggvason, U., Deng, Q., Friling, S., Alekseenko, Z., Robert, B.,
Perlmann, T., Ericson, J., 2006b. Identification of intrinsic determinants of
midbrain dopamine neurons. Cell 124, 393-405.

Baik, J.H., 2013. Dopamine signaling in reward-related behaviors. Frontiers in neural
circuits 7, 152.

Bally-Cuif, L., Wassef, M., 1994. Ectopic induction and reorganization of Wnt-1
expression in quail/chick chimeras. Development 120, 3379-3394.

Barron, A.B., Sovik, E., Cornish, J.L., 2010. The roles of dopamine and related
compounds in reward-seeking behavior across animal phyla. Frontiers in
behavioral neuroscience 4, 163.

Bayly, R.D., Ngo, M., Aglyamova, G.V., Agarwala, S., 2007. Regulation of ventral
midbrain patterning by Hedgehog signaling. Development 134, 2115-2124.

Belecky-Adams, T., Cook, B., Adler, R., 1996. Correlations between terminal mitosis
and differentiated fate of retinal precursor cells in vivo and in vitro: analysis
with the "window-labeling" technique. Dev. Biol. 178, 304-315.

Blaess, S., Ang, S.L., 2015. Genetic control of midbrain dopaminergic neuron
development. Wiley interdisciplinary reviews. Developmental biology 4, 113-

134.

Q
O
)
.
©
(0]
(9]
C
©
>
©
<
L]
FE)
[
Q
£
Q
o
()
>
(O]
(@]



Blaess, S., Corrales, J.D., Joyner, A.L., 2006. Sonic hedgehog regulates Gli
activator and repressor functions with spatial and temporal precision in the
mid/hindbrain region. Development 133, 1799-1809.

Boardman, P.E., Sanz-Ezquerro, J., Overton, |.M., Burt, D.W., Bosch, E., Fong,
W.T., Tickle, C., Brown, W.R.A., Wilson, S.A., Hubbard, S.J., 2002. A
Comprehensive Collection of Chicken cDNAs. Curr. Biol. 12, 1965-1969.

Brodski, C., Weisenhorn, D.M., Signore, M., Sillaber, I., Oesterheld, M., Broccoli, V.,
Acampora, D., Simeone, A., Wurst, W., 2003. Location and size of
dopaminergic and serotonergic cell populations are controlled by the position
of the midbrain-hindbrain organizer. J. Neurosci. 23, 4199-4207.

Chen, J.K., Taipale, J., Cooper, M.K., Beachy, P.A., 2002. Inhibition of Hedgehog
signaling by direct binding of cyclopamine to Smoothened. Genes Dev. 16,
2743-2748.

Chen, Y., Struhl, G., 1998. In vivo evidence that Patched and Smoothened constitute
distinct binding and transducing components of a Hedgehog receptor
complex. Development 125, 4943-4948.

Chen, Y.X., Krull, C.E., Reneker, L.W., 2004. Targeted gene expression in the
chicken eye by in ovo electroporation. Mol. Vis. 10, 874-883.

Chung, S., Leung, A., Han, B.S., Chang, M.Y., Moon, J.I., Kim, C.H., Hong, S.,
Pruszak, J., Isacson, O., Kim, K.S., 2009. Wntl1-Imxla forms a novel
autoregulatory loop and controls midbrain dopaminergic differentiation
synergistically with the SHH-FoxA2 pathway. Cell Stem Cell 5, 646-658.

Crossley, P.H., Martinez, S., Martin, G.R., 1996. Midbrain development induced by

FGF8 in the chick embryo. Nature 380, 66-68.

Q
RS
)
j
@©
(0]
(9]
C
@©
>
©
<
L]
-
[
(]
£
Q
o
()
>
[}
(a)



Dauer, W., Przedborski, S., 2003. Parkinson's disease: mechanisms and models.
Neuron 39, 889-909.

Farkas, L.M., Dunker, N., Roussa, E., Unsicker, K., Krieglstein, K., 2003.
Transforming growth factor-beta(s) are essential for the development of
midbrain dopaminergic neurons in vitro and in vivo. J. Neurosci. 23, 5178-
5186.

Filippi, A., Durr, K., Ryu, S., Willaredt, M., Holzschuh, J., Driever, W., 2007.
Expression and function of nr4a2, Imx1b, and pitx3 in zebrafish dopaminergic
and noradrenergic neuronal development. BMC Dev. Biol. 7, 135.

Fischer, T., Guimera, J., Wurst, W., Prakash, N., 2007. Distinct but redundant
expression of the Frizzled Wnt receptor genes at signaling centers of the
developing mouse brain. Neuroscience 147, 693-711.

Garda, A.L., Puelles, L., Rubenstein, J.L., Medina, L., 2002. Expression patterns of

Wnt8b and Wnt7b in the chicken embryonic brain suggest a correlation with

forebrain patterning centers and morphogenesis. Neuroscience 113, 689-698.

Gardino, P.F., dos Santos, R.M., Hokoc, J.N., 1993. Histogenesis and topographical
distribution of tyrosine hydroxylase immunoreactive amacrine cells in the
developing chick retina. Brain research. Developmental brain research 72,
226-236.

Goulding, M.D., Lumsden, A., Gruss, P., 1993. Signals from the notochord and floor
plate regulate the region-specific expression of two Pax genes in the
developing spinal cord. Development 117, 1001-1016.

Guo, X., Day, T.F., Jiang, X., Garrett-Beal, L., Topol, L., Yang, Y., 2004. Wnt/beta-
catenin signaling is sufficient and necessary for synovial joint formation.

Genes Dev. 18, 2404-2417.

Q
O
)
.
©
(0]
(9]
C
©
>
©
<
L]
FE)
[
Q
£
Q
o
()
>
(O]
(@]



Hamburger, V., Hamilton, H.L., 1951. A series of normal stages in the development
of the chick embryo. Journal of morphology 88, 49-92.

Hartmann, C., Tabin, C.J., 2000. Dual roles of Wnt signaling during chondrogenesis
in the chicken limb. Development 127, 3141-3159.

Hartmann, C., Tabin, C.J., 2001. Wnt-14 plays a pivotal role in inducing synovial joint
formation in the developing appendicular skeleton. Cell 104, 341-351.

Hegarty, S.V., Sullivan, A.M., O'Keeffe, G.W., 2013. Midbrain dopaminergic neurons:
a review of the molecular circuitry that regulates their development.
Developmental biology 379, 123-138.

Henrique, D., Adam, J., Myat, A., Chitnis, A., Lewis, J., Ish-Horowicz, D., 1995.
Expression of a Delta homologue in prospective neurons in the chick. Nature
375, 787-790.

Hoekstra, E.J., von Oerthel, L., van der Heide, L.P., Kouwenhoven, W.M., Veenvliet,
J.V., Wever, |., Jin, Y.R.,, Yoon, J.K., van der Linden, A.J., Holstege, F.C.,
Groot Koerkamp, M.J., Smidt, M.P., 2013. Lmxla Encodes a Rostral Set of
Mesodiencephalic Dopaminergic Neurons Marked by the Wnt/B-Catenin
Signaling Activator R-spondin 2. PloS one 8, e74049.

Hollyday, M., McMahon, J.A., McMahon, A.P., 1995. Wnt expression patterns in
chick embryo nervous system. Mech Dev 52, 9-25.

Howes, O.D., Kapur, S., 2009. The dopamine hypothesis of schizophrenia: version
llI--the final common pathway. Schizophr. Bull. 35, 549-562.

Huber, C., Anand, A.A., Mauz, M., Kunstle, P., Hupp, W., Hirt, B., Wizenmann, A.,
2013. In ovo expression of microRNA in ventral chick midbrain. Journal of

visualized experiments : JOVE, e50024.

Q
O
)
.
©
(0]
(9]
C
©
>
©
<
L]
FE)
[
Q
£
Q
o
()
>
(O]
(@]



Hume, C.R., Dodd, J., 1993. Cwnt-8C: a novel Wnt gene with a potential role in
primitive streak formation and hindbrain organization. Development 119,
1147-1160.

Hyman, S.E., Malenka, R.C., Nestler, E.J., 2006. Neural mechanisms of addiction:
the role of reward-related learning and memory. Annual review of
neuroscience 29, 565-598.

Incardona, J.P., Gaffield, W., Kapur, R.P., Roelink, H., 1998. The teratogenic
Veratrum alkaloid cyclopamine inhibits sonic hedgehog signal transduction.
Development 125, 3553-3562.

Jacobs, F.M., van Erp, S., van der Linden, A.J., von Oerthel, L., Burbach, J.P.,
Smidt, M.P., 2009. Pitx3 potentiates Nurrl in dopamine neuron terminal
differentiation through release of SMRT-mediated repression. Development
136, 531-540.

Jacobs, F.M.J., Smits, S.M., Noorlander, C.W., von Oerthel, L., van der Linden,
A.J.A., Burbach, J.P.H., Smidt, M.P., 2007. Retinoic acid counteracts
developmental defects in the substantia nigra caused by Pitx3 deficiency.
Development 134, 2673-2684.

Joksimovic, M., Awatramani, R., 2014. Wnt/beta-catenin signaling in midbrain
dopaminergic neuron specification and neurogenesis. Journal of molecular
cell biology 6, 27-33.

Joksimovic, M., Yun, B.A,, Kittappa, R., Anderegg, A.M., Chang, W.W., Taketo,
M.M., McKay, R.D., Awatramani, R.B., 2009. Wnt antagonism of Shh

facilitates midbrain floor plate neurogenesis. Nat. Neurosci. 12, 125-131.

Q
O
)
.
©
(0]
(9]
C
©
>
©
<
L]
FE)
[
Q
£
Q
o
()
>
(O]
(@]



Kele, J., Simplicio, N., Ferri, A.L., Mira, H., Guillemot, F., Arenas, E., Ang, S.L.,
2006. Neurogenin 2 is required for the development of ventral midbrain
dopaminergic neurons. Development 133, 495-505.

Kiecker, C., Lumsden, A., 2005. Compartments and their boundaries in vertebrate
brain development. Nat. Rev. Neurosci. 6, 553-564.

Ladher, R.K., Church, V.L., Allen, S., Robson, L., Abdelfattah, A., Brown, N.A.,
Hattersley, G., Rosen, V., Luyten, F.P., Dale, L., Francis-West, P.H., 2000.
Cloning and expression of the Wnt antagonists Sfrp-2 and Frzb during chick
development. Developmental biology 218, 183-198.

Li, N., Hornbruch, A., Klafke, R., Katzenberger, B., Wizenmann, A., 2005.
Specification of dorsoventral polarity in the embryonic chick mesencephalon
and its presumptive role in midbrain morphogenesis. Dev. Dyn. 233, 907-920.

Li, N., Volff, J.N., Wizenmann, A., 2007. Rab23 GTPase is expressed
asymmetrically in Hensen's node and plays a role in the dorsoventral
patterning of the chick neural tube. Developmental dynamics : an official
publication of the American Association of Anatomists 236, 2993-3006.

Litingtung, Y., Chiang, C., 2000. Specification of ventral neuron types is mediated by
an antagonistic interaction between Shh and Gli3. Nature neuroscience 3,
979-985.

Luk, K.C., Rymar, V.V., van den Munckhof, P., Nicolau, S., Steriade, C., Bifsha, P.,
Drouin, J., Sadikot, A.F., 2013. The transcription factor Pitx3 is expressed
selectively in midbrain dopaminergic neurons susceptible to

neurodegenerative stress. Journal of neurochemistry 125, 932-943.

Q
O
)
.
©
(0]
(9]
C
©
>
©
<
L]
FE)
[
Q
£
Q
o
()
>
(O]
(@]



Marin, O., Smeets, W.J., Gonzalez, A., 1998. Evolution of the basal ganglia in
tetrapods: a new perspective based on recent studies in amphibians. Trends
Neurosci. 21, 487-494.

Martin, D.M., Skidmore, J.M., Fox, S.E., Gage, P.J., Camper, S.A., 2002. Pitx2
distinguishes subtypes of terminally differentiated neurons in the developing
mouse neuroepithelium. Developmental biology 252, 84-99.

Matsunaga, E., Katahira, T., Nakamura, H., 2002. Role of Lmx1b and Wntl in
mesencephalon and metencephalon development. Development 129, 5269-
5277.

Maxwell, S.L., Ho, H.Y., Kuehner, E., Zhao, S., Li, M., 2005. Pitx3 regulates tyrosine
hydroxylase expression in the substantia nigra and identifies a subgroup of
mesencephalic dopaminergic progenitor neurons during mouse development.
Dev. Biol. 282, 467-479.

Megason, S.G., McMahon, A.P., 2002. A mitogen gradient of dorsal midline Wnts
organizes growth in the CNS. Development 129, 2087-2098.

Mesman, S., von Oerthel, L., Smidt, M.P., 2014. Mesodiencephalic Dopaminergic
Neuronal Differentiation Does Not Involve GLI2A-Mediated SHH-Signaling
and Is under the Direct Influence of Canonical WNT Signaling. PloS one 9,
e97926.

Muccielli, M.L., Martinez, S., Pattyn, A., Goridis, C., Brunet, J.F., 1996. OtlIx2, an
Otx-related homeobox gene expressed in the pituitary gland and in a
restricted pattern in the forebrain. Molecular and cellular neurosciences 8,
258-271.

Nieoullon, A., 2002. Dopamine and the regulation of cognition and attention. Prog.

Neurobiol. 67, 53-83.

Q
O
)
.
©
(0]
(9]
C
©
>
©
<
L]
FE)
[
Q
£
Q
o
()
>
(O]
(@]



Nohno, T., Kawakami, Y., Ohuchi, H., Fujiwara, A., Yoshioka, H., Noji, S., 1995.
Involvement of the Sonic hedgehog gene in chick feather formation.
Biochemical and biophysical research communications 206, 33-39.

Paxton, C.N., Bleyl, S.B., Chapman, S.C., Schoenwolf, G.C., 2010. Identification of
differentially expressed genes in early inner ear development. Gene
expression patterns : GEP 10, 31-43.

Peng, C., Aron, L., Klein, R., Li, M., Wurst, W., Prakash, N., Le, W., 2011. Pitx3 is a
critical mediator of GDNF-induced BDNF expression in nigrostriatal
dopaminergic neurons. J Neurosci. 31, 12802-12815.

Perez-Balaguer, A., Puelles, E., Wurst, W., Martinez, S., 2009. Shh dependent and
independent maintenance of basal midbrain. Mech. Dev. 126, 301-313.

Persson, M., Stamataki, D., te Welscher, P., Andersson, E., Bose, J., Ruther, U.,
Ericson, J., Briscoe, J., 2002. Dorsal-ventral patterning of the spinal cord
requires Gli3 transcriptional repressor activity. Genes & development 16,
2865-2878.

Prakash, N., Brodski, C., Naserke, T., Puelles, E., Gogoi, R., Hall, A., Panhuysen,
M., Echevarria, D., Sussel, L., Weisenhorn, D.M., Martinez, S., Arenas, E.,
Simeone, A., Wurst, W., 2006. A Wntl-regulated genetic network controls the
identity and fate of midbrain-dopaminergic progenitors in vivo. Development
133, 89-98.

Puelles, L., Harrison, M., Paxinos, G., Watson, C., 2013. A developmental ontology
for the mammalian brain based on the prosomeric model. Trends Neurosci.
36, 570-578.

Puelles, L., Medina, L., 1994. Development of neurons expressing tyrosine

hydroxylase and dopamine in the chicken brain: a comparative segmental

Q
O
)
.
©
(0]
(9]
C
©
>
©
<
L]
FE)
[
Q
£
Q
o
()
>
[}
(a)



analysis, in: Smeets, W.J.A.J., Reiner, A. (Eds.), Phylogeny and Development
of Catecholamine Systems in the CNS of vertebrates. Cambridge University
Press, Cambridge, pp. 381-404.

Puelles, L., Rubenstein, J.L., 2003. Forebrain gene expression domains and the
evolving prosomeric model. Trends Neurosci. 26, 469-476.

Quinlan, R., Graf, M., Mason, I., Lumsden, A., Kiecker, C., 2009. Complex and
dynamic patterns of Wnt pathway gene expression in the developing chick
forebrain. Neural development 4, 35.

Reijntjes, S., Blentic, A., Gale, E., Maden, M., 2005. The control of morphogen
signalling: regulation of the synthesis and catabolism of retinoic acid in the
developing embryo. Dev. Biol. 285, 224-237.

Smeets, W.J., Gonzalez, A., 2000. Catecholamine systems in the brain of
vertebrates: new perspectives through a comparative approach. Brain Res.
Brain Res. Rev. 33, 308-379.

Smidt, M.P., Burbach, J.P., 2007. How to make a mesodiencephalic dopaminergic
neuron. Nat. Rev. Neurosci. 8, 21-32.

Smidt, M.P., van Schaick, H.S., Lanctot, C., Tremblay, J.J., Cox, J.J., van der Kleij,
A.A., Wolterink, G., Drouin, J., Burbach, J.P., 1997. A homeodomain gene
Ptx3 has highly restricted brain expression in mesencephalic dopaminergic
neurons. Proc. Natl. Acad. Sci. U S A 94, 13305-13310.

Smits, S.M., von Oerthel, L., Hoekstra, E.J., Burbach, J.P., Smidt, M.P., 2013.
Molecular Marker Differences Relate to Developmental Position and Subsets

of Mesodiencephalic Dopaminergic Neurons. PloS one 8, e76037.

Q
O
)
.
©
(0]
(9]
C
©
>
©
<
L]
FE)
[
Q
£
Q
o
()
>
(O]
(@]



Stuebner, S., Faus-Kessler, T., Fischer, T., Wurst, W., Prakash, N., 2010. Fzd3 and
Fzd6 deficiency results in a severe midbrain morphogenesis defect. Dev. Dyn.
239, 246-260.

Swartz, M.E., Eberhart, J., Pasquale, E.B., Krull, C.E., 2001. EphA4/ephrin-A5
interactions in muscle precursor cell migration in the avian forelimb.
Development 128, 4669-4680.

Tang, M., Miyamoto, Y., Huang, E.J., 2009. Multiple roles of beta-catenin in
controlling the neurogenic niche for midbrain dopamine neurons.
Development 136, 2027-2038.

Tang, M., Villaescusa, J.C., Luo, S.X., Guitarte, C., Lei, S., Miyamoto, Y., Taketo,
M.M., Arenas, E., Huang, E.J., 2010. Interactions of Wnt/beta-catenin
signaling and sonic hedgehog regulate the neurogenesis of ventral midbrain
dopamine neurons. J Neurosci. 30, 9280-9291.

Veenvliet, J.V., Dos Santos, M.T., Kouwenhoven, W.M., von Oerthel, L., Lim, J.L.,
van der Linden, A.J., Koerkamp, M.J., Holstege, F.C., Smidt, M.P., 2013.
Specification of dopaminergic subsets involves interplay of Enl and Pitx3.
Development 140, 3373-3384.

Veenvliet, J.V., Smidt, M.P., 2014. Molecular mechanisms of dopaminergic subset
specification: fundamental aspects and clinical perspectives. Cellular and
molecular life sciences : CMLS 71, 4703-4727.

Wallen, A., Zetterstrom, R.H., Solomin, L., Arvidsson, M., Olson, L., Perlmann, T.,
1999. Fate of mesencephalic AHD2-expressing dopamine progenitor cells in
NURRZ1 mutant mice. Exp. Cell Res. 253, 737-746.

Watanabe, Y., Nakamura, H., 2000. Control of chick tectum territory along

dorsoventral axis by Sonic hedgehog. Development 127, 1131-1140.

Q
O
)
.
©
(0]
(9]
C
©
>
©
<
L]
FE)
[
Q
£
Q
o
()
>
(O]
(@]



Wurst, W., Prakash, N., 2014. Wntl-regulated genetic networks in midbrain

dopaminergic neuron development. Journal of molecular cell biology 6, 34-41.

Yamamoto, K., Vernier, P., 2011. The evolution of dopamine systems in chordates.
Front. Neuroanat. 5, 21.

Zervas, M., Millet, S., Ahn, S., Joyner, A.L., 2004. Cell behaviors and genetic
lineages of the mesencephalon and rhombomere 1. Neuron 43, 345-357.

Zhao, S., Maxwell, S., Jimenez-Beristain, A., Vives, J., Kuehner, E., Zhao, J.,
O'Brien, C., de Felipe, C., Semina, E., Li, M., 2004. Generation of embryonic
stem cells and transgenic mice expressing green fluorescence protein in
midbrain dopaminergic neurons. Eur. J. Neurosci. 19, 1133-1140.

Zilinski, C.A., Shah, R., Lane, M.E., Jamrich, M., 2005. Modulation of zebrafish pitx3
expression in the primordia of the pituitary, lens, olfactory epithelium and

cranial ganglia by hedgehog and nodal signaling. genesis 41, 33-40.

9
L
)
} .
©
Q
O
C
@©
>
©
<
e
-
C
Q
€
Q
o
O
>
O
(@)



Figures

| E2.5 || E3.5 |

| sagittal || coronal | | NISSL || NR4A2 | PITX3 |
(7; 4 [ . 'I'VIes o £ M‘e\s' 'H “ o —J i :A;s ;

o § . o~ Di £~
2 C2s ‘ & (=
LI . _oaf e A & ,
| PITX3/SHH | PITX3/PAX6 |

8 ‘ K L
E p1/2“'\ Mes m\ Mes
[ ‘zu'{"-i-.._ v

|[AILDH1A1 || NR4A2

|| Lmx1B

PITX3IFGF8

|| Lmx1A

| NGN2

Q
O
)
[
©
(0]
(9]
C
©
>
©
<
L]
-
C
Q
€
Q
o
()]
>
()
o



Fig. 1

PITX3 is one of the first mdDA orthologs expressed in the E2.5 chicken ventral
diencephalon. Midsagittal (A,-G,H-J,M-P,) and coronal (A’-G’,M-P”) paraffin sections from
head or brain of E2.5 (HH 16/17) (A-G’), E3.5 (HH 21) (H-J) and E6.5 (HH 29) (M-P”) chick
embryos. Red rectangles in Nissl stained (A,A’,M,M’) depict the sector of (B-G, B-G’, N-P
and N’-P”) respectively. Expressions of PITX3 (B,B’,J,N’-O”), NR4A2 (C,C,IP-P”),
ALDH1A1 (D,D’), LMX1B (E,E’), LMX1A (F,F’), NGN2 (G,G’), EN1 (M,M’), TH (N,N’,0”,P”) or
FGF8 (N”) were examined by RISH. (N”-P”) are pseudo-colored overlays of consecutive
sections hybridized for PITX3 (green in N”,0”), FGF8 (red in N”) (N”), TH (red in O”,P”) and
NR4A2 (green in P”) with overlapping expression domains in yellow. (K,L) Midsagittal
sections of E3.5 (HH 21) chicken heads show expression (in situ hybridization) of PITX3
(red) and SHH (blue) (K) or PITX3 (red) and PAX6 (blue) (L). All expression pattern studies
involved n23 embryos per stage. Black broken lines delimit the border between the
mesencephalon and the pl/2 domain or the metencephalon. Abbreviations: Di,
diencephalon; Mes, mesencephalon; Met, metencephalon; pl/2, prosomere 1/2; p3;

prosomere 3; Tel, telencephalon; ZLI, zona limitans intrathalamica.
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Fig 2

PITX3 is first expressed in proliferating diencephalic neural progenitors and later in
mesencephalic postmitotic neurons of the chicken embryo. (A-A’) Nissl-stained coronal
section of E3.5 rostral mesencephalon and caudal diencephalon hybridized for PITX3 (A
brightfield, A’ darkfield). (B) Close-up of the boxed area in (A) showing BrdU immunostaining
(open arrowheads) and PITX3 RISH (grey arrowheads). Black arrowheads point at
PITX3/BrdU double-positive cells. (C) Quantification of PITX3/BrdU double-positive cells per
total BrdU single-positive cells in the caudal diencephalon/rostral mesencephalon of four
different BrdU-treated E3.5 chicken embryos. Upper and lower hinges of the box-and-
whiskers plots correspond to the first and third quartiles; whiskers extend to the minimum

and maximum values; and lines within boxes represent median. (% Pitx3*/BrdU* cells
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(meants.d.): chick #1, 19,07+ 8,04 (n=6 sections); chick #2, 21,19+ 6,65 (n=7); chick #3,
18,62+ 6,07 (n=5); chick #4, 23,68+ 4,97 (n=5)) (D-G) Midsagittal (D,F) and coronal (E,G)
sections from ventral mesencephalon and caudal diencephalon of E5 (HH 26) chick, RISH
for PITX3 (black) and immunostained for HUC/D (red). Levels of (E,G) are indicated by red
lines and the area of F by the red rectangle in D. White lines delimit neuroepithelium, 1Z and
VZIMZ. Abbreviations: Aq, aqueduct; Di, diencephalon; IZ, intermediate zone; Mes,

mesencephalon; MZ, mantle zone; Tel, telencephalon; VZ, ventricular zone.
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Fig 3

WNT9A and PITX3 expression coincide in embryonic chick ventral diencephalon and
mesencephalon. (A-K) Midsagittal (A-K) and coronal (A’-I') sections of E2.5 (HH 16/17)

chicken heads, in situ hybridized for PITX3 (red, A,A’,F,F’), WNT5A (B,B’), WNT5B (C,C),
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WNT7A (D,D’), WNT9A (E,E’), WNT1 (G,G’), WNT4 (H,H), WNT6 (I,I'), WNT3A (J) or
WNT11 (K). (B-E’,G-K) are darkfield, (AA’,F,F’) are brightfield views. . Black lines in A,F
indicate level of coronal sections in (A-E’,F’-I). Note, (K) belongs to (F). (L-Q) Midsagittal
sections from E2.5 (L,0), E3.5 (M,P) and E5 (N,Q) chicken heads in situ hybridized for
PITX3 (L-N) or WNT9A (O-Q). Red lines indicate approximate position of MHB. (R) Overlay
of consecutive midsagittal sections from E5 chick, in situ hybridized for PITX3 (green) and
WNT9A (red) with overlapping expression domains in yellow. (S) Schematic drawing

depicting the overlapping expression domain of WNT9A and PITX3 (yellow) in the midline of

E2.5-3.5 chick ventral diencephalon (p1-3) and mesencephalon. Each gene expression
study included n=3 embryos per stage. Abbreviations: Ill, third ventricle; Ag, aqueduct; Di,

diencephalon; Mes, mesencephalon; Met, metencephalon; MHB, mid-/hindbrain boundary;

pl-3, prosomeres 1-3 (diencephalon); SPr, secondary prosencephalon.
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EP: pMES-WNT9A IRES-eGFP
WNT9A LMX1A SHH

1 dpe
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M
E1.5 1dpe 2dpe 3dpe
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Fig 4

WNT9A induces transient ectopic expression of LMX1A and sustained ectopic
activation of mdDA-related genes in chick mesencephalon. (A-L) Consecutive coronal
sections of chick mesencephalon overexpressing WNT9A in the right half of the

mesencephalon (A,E,l). Left half serves as control. Brains were electroporated at HH 10-12,
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fixed after 1 (A-D; n=3), 2 (E-H; n=2) or 3 (I-L; n=5) days post-electroporation (dpe). RISH for




GFP (A,l), WNT9A (B,E), LMX1A (C,F,J), SHH (D,G), PITX3 (H,K), NGN2 (L) or NR4A2
(inset in L). White arrow in (C) shows transient ectopic expression of LMX1A. White
arrowheads in (G,H,K,L) indicate the dorsal-most ectopic induction of the particular gene.
Red bracket in (L) delimits ventrolateral midbrain domain devoid of NGN2 expression in wild
type (left side). Ectopic WNT9A expression (l) leads to ectopic PITX3 (K) and ectopic NGN2
expression (indicated by a red bracket at the right midbrain side in (L)). (M) Summary of the

temporal course of ectopic gene induction after electroporation (EP) of WNT9A.
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| EP: pECE-mLMX1A + pCAX-EGFP |
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Fig 5

Lmx1la induces sustained ectopic expression of SHH, PITX3 and mdDA-related genes
in chick mesencephalon. (A-O) Consecutive coronal sections of caudal chick diencephalon
and mesencephalon incubated for 1 (A-D; n=5), 2 (E-H; n=4) or 3 days (I-O; n=8) post-
electroporation (dpe) after Lmxla electroporation of the right brain half (A, E, I; HH 10-12).
The left brain half serves as non-electroporated control. (A) and insets in (B,D) show GFP
immunostaining, (B-O) are RISH against WNT9A (B,F,J), SHH (C,G,K), PITX3 (D,H,L),
LMX1A (E), GFP (1), NR4A2 (M), LMX1B (N) or NGN2 (O). White arrows in (E,J) indicate a

weak ectopic expression of LMX1A (E) and WNT9A (J). Arrowheads in (G,H,K,L,M,N,O)
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show the dorsal-most extension of ectopically induced genes. Black brackets in (O) delimit
the ventrolateral midbrain domain normally devoid of NGN2 expression (see left control side
and Fig. 4L). (P) Summary of the temporal course of ectopic gene induction after

electroporation (EP) of Lmx1a.
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:
o
©
Ly
7 |
EGFP PITX3 Summary
- J
=l E1.5 1dpe 2dpe  3dpe
- T LMX1A
[ SHA.PITX3 |
EP:SHH
GFP PITX3 LMX1A WNTI9A

3 dpe

Fig 6

SHH is sufficient for the ectopic induction of PITX3 expression in chick
mesencephalon. (A-I) Consecutive coronal sections of chick caudal diencephalon and
mesencephalon overexpressing SHH in the right brain half. Embryos were electroporated at
HH 10-12 and incubated for 1 (A-C; n=2), 2 (D,E; n=3) or 3 days (dpe) (F-I; n=5). Left side of
the brain serves as non-electroporated control. (A,D) and inset in (C) are GFP
immunostainings, (B,C,E, F-1)) are RISHs forPITX3 (B,E,G), LMX1A (C,H), GFP (F) or
WNTO9A (I). Arrowheads in (E,G) indicate the dorsal-most extension of ectopic gene induction

(compare extent of expression pattern on left and right side). Lines in (E, G) indicate dorsal
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limit of endogenous gene expression. (J) Summary of the temporal course of ectopic gene

induction after electroporation (EP) of SHH.

Q
RS
)
} .
©
(0]
o
c
©
>
©
<
L]
-
[
(0]
£
Q
ko)
()
>
(O]
()]



| EP: pMES-WNTI9A-IRES-eGFP |

| WNT9A || PITX3 | PTCH1 || Summary

[ ] A ‘(,-f " B o0, i Q

olid % 4

= | G4 5 :

y g A E1.5 1d 2d 3d
|l + \.\! \ _____ ’ pe pe pe
=3 - LMX1A
& B E + Cyclopamine

=

£ EP:WNT9A

a or

9

S

(&)
| IL*

o

(2]

2
21+
o
m —_—

e

£

b

9

S

(&)
|
Fig 7

SHH signaling is necessary for ectopic induction of PITX3 in chick mesencephalon.
(A-P) Consecutive coronal sections of chick mesencephalon electroporated with WNT9A- (A-

F.,P) or Lmxla (G-O) at HH 10-12 and incubated for 2 (A-F; n>5/treatment; L-O;
n>2/treatment) or 3 days post-electroporation (dpe) (G-K,P; n>2/treatment). Embryos were

treated with DMSO (control; A-C,G-K) or cyclopamine (D-F,L-P) 3 and 24 h post-
electroporation. Left brain half serves as non-electroporated control. RISHs for WNT9A

(A,D,H,M), PITX3 (B,E,J,0), PTCH1 (C,F,P), GFP (G,L), SHH (I,N) or NR4A2 (K). Arrows in
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(A,D,H) delimit ectopic WNT9A domain (A,D, H). Arrowheads in (B,C,F,G,I-L,N,P) indicate
dorsal-most extension of ectopic gene induction (B,G,I-L,N) or endogenous gene expression
(C,F,P). Red lines in (B,E,0) indicate the dorsal limit of endogenous gene expression in the
non-electroporated control side (left). (Q) Summary of the temporal course of ectopic gene

induction after electroporation (EP) of WNT9A or Lmxla and cyclopamine treatment.
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Fig 8

Differences in meso-diencephalic PITX3 gene regulation between chick and mice.(A,B)
(A) Our results suggest the shown epistatic relationships between WNT9A, LMX1A, SHH
and PITX3 in chick mesodiencephalon: WNT9A induces a transient expression of LMX1A
after 24h, and LMX1A induces the expression of WNT9A after 72h; SHH and SHH signaling
pathway act downstream of LMX1A and WNT9A, and are necessary and sufficient for the
induction of PITX3 expression. (B) In mouse the epistatic relationships between Wntl,
Lmxla, Shh and Pitx3 in the mesodiencephalic region looks like: WNT1 represses the
expression of Shh (Joksimovic et al., 2009) and activates the expression of Lmxla; LMX1A
in turn induces the expression of Wntl and Pitx3 (Chung et al., 2009); NP unpublished

observations). Stippled arrows indicate that the genetic interaction might be indirect.
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