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The Whnts are a family of glycoproteins that regulate cell prolifer-
ation, fate decisions, and differentiation. In our study, we exam-
ined the contribution of Wnts to the development of ventral
midbrain (VM) dopaminergic (DA) neurons. Our results show that
B-catenin is expressed in DA precursor cells and that B-catenin
signaling takes place in these cells, as assessed in TOPGAL [Tcf
optimal-promoter p-galactosidase] reporter mice. We also found
that Wnt-1, -3a, and -5a expression is differentially regulated
during development and that partially purified Wnts distinctively
regulate VM development. Wnt-3a promoted the proliferation of
precursor cells expressing the orphan nuclear receptor-related
factor 1 (Nurr1) but did not increase the number of tyrosine
hydroxylase-positive neurons. Instead, Wnt-1 and -5a increased
the number of rat midbrain DA neurons in rat embryonic day 14.5
precursor cultures by two distinct mechanisms. Wnt-1 predomi-
nantly increased the proliferation of Nurr1+ precursors, up-regu-
lated cyclins D1 and D3, and down-regulated p27 and p57 mRNAs.
In contrast, Wnt-5a primarily increased the proportion of Nurr1+
precursors that acquired a neuronal DA phenotype and up-regu-
lated the expression of Ptx3 and c-ret mRNA. Moreover, the soluble
cysteine-rich domain of Frizzled-8 (a Wnt inhibitor) blocked en-
dogenous Wnts and the effects of Wnt-1 and -5a on proliferation
and the acquisition of a DA phenotype in precursor cultures. These
findings indicate that Wnts are key regulators of proliferation and
differentiation of DA precursors during VM neurogenesis and that
different Wnts have specific and unique activity profiles.

he development of midbrain dopaminergic (DA) neurons

requires a complex combination of transcriptional regulators
and diffusible signals to control both the acquisition and main-
tenance of a neurotransmitter-specific phenotype. The orphan
nuclear receptor-related factor 1 (Nurrl, also known as NR4A2)
is the only factor known to be required by midbrain precursor
cells for the acquisition of a midbrain DA phenotype (1-4). Null
mutations in other transcriptional regulators expressed in DA
neurons, such as the homeodomain proteins Lmx1b and Ptx3,
result in the loss of midbrain DA neurons after their birth (5-7).
With regard to soluble diffusible signals, intersections of Shh
(ventrally) and FGF8 (in the isthmus) create sites for the
induction of DA neurons (8). Members of the Wnt family of
secreted glycoproteins are also expressed in the midbrain (9) and
are known to regulate precursor proliferation (10-12), fate
decisions (13-17), and neuronal differentiation (18-20) in the
nervous system. Interestingly, deletion of Wnt-1 results in the
loss of DA neurons (21) and of the entire midbrain—hindbrain
junction (22, 23). Another mutant mouse with a similar pheno-
type in the midbrain is the LRP6 (low-density lipoprotein
receptor-related protein 6) null (24), which lacks a receptor
necessary for Wnt signaling. Combined, these findings suggest an
important role for Wnts during the development of midbrain DA
neurons. Thus, the aim of our study has been to establish whether
Wnts regulate the development of DA neurons and, if so,
to characterize the mechanisms involved.

Materials and Methods

In Situ Hybridization and Immunohistochemistry on Brain Sections.
Male and female wild-type CD-1 mice (25-35 g; Charles River
Breeding Laboratories) were housed, bred, and treated accord-
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ing to the guidelines of the European Communities Council
(directive 86/609/EEC) and the Society for Neuroscience (avail-
able at www.sfr.org/handbook), and all experiments were ap-
proved by the local ethical committee. Mice from embryonic day
(E) 10.5 and E11.5 were removed and rapidly frozen in OCT
(optimal cutting temperature) compound at —70°C. Serial sag-
ittal sections (14 wm thick) were collected on microscope slides
(StarFrost, Friedrichsdorf, Germany). In situ hybridization was
performed on fresh frozen tissue with 3S-labeled RNA probes
as described (25). Immunohistochemistry was performed on 4%
paraformaldehyde-postfixed slides. Incubations were carried out
at 4°C overnight with mouse anti-B-catenin (1:250 dilution; BD
Biosciences) and rabbit anti-Nurrl (1:200 dilution; Santa Cruz
Biotechnology) in dilution buffer (PBS, pH 7.3/1% BSA/0.3%
Triton X-100). After washes with 0.2% Tween 20/PBS, the
sections were blocked for 30 min in dilution buffer and then
incubated for 2 h with a secondary antibody [Cy2 (cyanine)-
coupled horse anti-mouse IgG, Cy2-coupled horse anti-rabbit
IgG, or rhodamine-coupled horse anti-mouse IgG; 1:200 dilu-
tion; Jackson ImmunoResearch). Immunostaining was visual-
ized by using a Zeiss HBO100 microscope.

Tcf-Optimal Promoter B-Galactosidase (TOPGAL) Transgenic Mice.
E10.5 TOPGAL transgenic mice (26) were fixed in 4% para-
formaldehyde, cryoprotected in 20% sucrose, and frozen. Next,
14-pum sections through the ventral midbrain (VM) were cut on
a cryostat and stored at —20°C. Sections were air dried at room
temperature for 15 min, washed with PBS, and incubated for
16-24 h at 37°C in the dark with the following histochemistry
solution: 0.1 M phosphate buffer, pH 7.3-7.4/3.1 mM potassium
ferricyanide/3.1 mM potassium ferrocyanide/1 mM magnesium
chloride/0.4 mg/ml 5-bromo-4-chloro-3-indolyl B-D-galactoside
substrate. Slides were washed in PBS and mounted in 4:1
glycerol/PBS. The sections were observed by using a Zeiss
Axiovert 100M microscope, and photographs were taken with a
Kodak MDS 290 camera.

Real-Time RT-PCR and Quantification of Gene Expression. These
methods are described in Supporting Text, which is published as
supporting information on the PNAS web site, www.pnas.org.
The PCR started with 94°C for 2 min and then continued with
35-40 cycles of 30 s at 94°C, 30 s at 60°C, 45 s at 72°C, and 15 s
at 80°C (for SYBR green detection) on the ABI Prism 5700
detection system (Applied Biosystems). A melting curve was
obtained for each PCR product after each run to confirm that
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the signal corresponded to a unique amplicon of the predicted
size. The specificity of the PCR product was verified by sequenc-
ing. Expression levels were obtained by subtracting the value for
each sample in the absence of reverse transcriptase from the
corresponding value in the presence of reverse transcriptase and
then normalizing to the housekeeping gene encoding 18S rRNA,
obtained for every sample in parallel assays in two to four
independent experiments.

Partial Purification of Wnt and the Frizzled-8 Cysteine-Rich Domain
(Fz8-CRD) Conditioned Medium. Rat Bla fibroblast lines stably
overexpressing hemagglutinin-tagged Wnt-1a, -3a, or -5a (26) or
mouse Fz8-CRD IgG were generated as described in Supporting
Text. Serum-free N2 medium was conditioned by fibroblasts for
24 h and concentrated with Centricon Plus-80 columns (Milli-
pore) according to the manufacturer’s instructions. Protein
content was examined by Western blot detection of the hemag-
glutinin tag (see Fig. 6, which is published as supporting infor-
mation on the PNAS web site), and aliquots with equivalent
concentrations were prepared and stored at —80°C. All exper-
iments were performed with 10 ul/ml partially purified Wnts or
5 ul/ml partially purified Fz8-CRD, unless stated otherwise.

Precursor Cultures and Treatments. VM from E14.5 embryos ob-
tained from timed-mated Sprague—Dawley rats were dissected,
mechanically dissociated, and plated at a final density of 1 X 10°
cells per cm? on poly-D-lysine-coated 12- or 24-well plates in
serum-free N2 medium, consisting of a 1:1 mixture of F12 and
DMEM with 10 ng/ml insulin/100 pg/ml transferrin/100 uM
putrescine/20 nM progesterone/30 nM selenium/6 mg/ml glu-
cose/1 mg/ml BSA. All factors were added once (at the initiation
of culture), and BrdUrd was added 6 h before fixation.

Immunocytochemical Analysis. Cultures were fixed with 4% para-
formaldehyde, washed in PBS, and incubated at 4°C overnight or
at room temperature for 1 h in dilution buffer with one of the
following antibodies: mouse anti-BrdUrd, 1:50 dilution
(DAKO); mouse anti-B-tubulin type III (TuJ1), 1:250 dilution
(Sigma); rabbit anti-Adh2, 1:4,000 dilution (a gift from R.
Lindahl, University of South Dakota, Vermillion, SD); mouse
anti-tyrosine hydroxylase (TH), 1:10,000 dilution (Incstar, Still-
water, MN); rabbit anti-TH, 1:250 dilution (Pel-Freez Bio-
logicals); rabbit anti-Nurrl, 1:2,000 dilution (a gift from T.
Perlmann, Karolinska Institute, Stockholm); rabbit anti-Nurrl,
1:1,000 dilution (Santa Cruz Biotechnology); or mouse anti-
Nurrl, 1:250 dilution (BD Biosciences). After washing, cultures
were incubated for 1-3 h in dilution buffer with the appropriate
secondary anti-mouse or anti-rabbit IgG antibody or antibodies
(biotinylated, 1:500 dilution; FITC- or rhodamine-coupled IgG,
1:100 dilution; Vector Laboratories). Bright-field immunostain-
ing was visualized with the ABC (avidin-biotin complex)
immunoperoxidase kit (Vector Laboratories) by using either
NovaRED or AEC (3-amino-9-ethylcarbazole) (red), SG (sub-
strate gray) or 3,3’'-diaminobenzidine tetrahydrochloride (DAB)
0.5 mg/ml/nickel chloride 1.6 mg/ml (gray/black), or VIP (violet
precipitate) substrates. Double staining was performed by se-
quential single staining as described above. The order of staining
was critical only for BrdUrd, in which case the labeling was
always performed second. Control experiments, in which pri-
mary or secondary antibodies were omitted, demonstrated little
to no crossreactivity. Only clearly stained cells were counted as
positive cells. Spheres were considered positive if they contained
one or more positive cell. Quantitative immunocytochemical
data represent means * SEs of counts obtained by a blinded
observer from 10-20 nonoverlapping fields (cells) or entire wells
(clusters) in three or four wells per condition from three or four
separate experiments, unless stated otherwise. Photographs
were taken with a Zeiss Axiovert 100M microscope and col-
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Fig. 1. Detection of B-catenin transcriptional activity (A and B) and Wnt
expression (C-J) in the developing midbrain in vivo. (A) Sagittal sections
through the developing VM revealed that B-catenin and Nurr1 are expressed
in the same domain at E10.5. (B) Analysis of the Nurr1+ domain in TOPGAL
reporter mice at E10.5 revealed the presence of B-galactosidase-positive cells,
indicating that the Wnt canonical signaling pathway is active in the develop-
ing VM before the birth of TH+ neurons. (C—F) In situ hybridization on sagittal
brain sections including forebrain (fb), dorsal midbrain (dm), VM (vm), and
hindbrain (hb). Wnt-1 (E) and Wnt-5a (F) mRNA expression domains coincide
with those of Nurr1+ (D) and TH+ (C) cells. (G-J) Real-time RT-PCR analysis
revealed that Wnt-1 is expressed at high levels in the VM and dorsal midbrain,
whereas Wnt-3a expression predominates in the dorsal midbrain and Wnt-5a
predominates in the VM. *, P < 0.05; **, P < 0.001; and ***, P < 0.0001
(compared with the first stage analyzed for every brain region by one-way
ANOVA with Fisher’s post hoc test).

lected with a Hamamatsu C4742-95 camera and QED CAMERA
PLUG-IN software (QED Imaging, Pittsburgh). Images in Fig. 51
were collected with a Zeiss MC80 camera with Kodak Ekta-
chrome 64T tungsten film, developed, and digitized from slides.

Results and Discussion

Expression and Transcriptional Activity of B-Catenin and Wnts in the
Developing VM. To establish whether Wnts play a physiological
role in the development of midbrain DA neurons in vivo, we first
examined DA precursor cells for the expression and transcrip-
tional activity of B-catenin, a central signaling component of the
Wnt canonical pathway. Double immunohistochemistry showed
that B-catenin is expressed in the same domain as the orphan
nuclear receptor Nurrl (Fig. 14), a marker for DA precursor
cells at E10.5 in mice. Moreover, the activation of the Wnt
canonical signaling pathway was examined at a transcriptional
level by analyzing the VM of TOPGAL reporter mice (27). In
these mice, B-galactosidase expression is under the control of an
enhancer containing multimerized consensus binding sites for
the TCF/LEF family of DNA-binding proteins. The enhancer is
activated in cells that both express a member of the TCF/LEF
family and receive a canonical Wnt signal to stabilize B-catenin.
In control mice, no B-galactosidase-positive cells were detected
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in the VM (data not shown). However, when the B-catenin-
positive VM domain of TOPGAL mice was examined, several
B-galactosidase-positive cells were found at E10.5 (Fig. 1B),
suggesting that canonical Wnt signaling takes place in the
developing VM in vivo before the birth of DA neurons.

Next, the expression of Wnts, Nurrl, and TH, a marker of DA
neurons, was examined in the developing VM. TH mRNA was
clearly detected by in situ hybridization at E11.5 in mice and was
first detected by real-time RT-PCR at E11.5 in rats (Fig. 1 C and
G), coinciding with the birth of DA neurons (28), which takes
place after the onset of Nurrl expression (Fig. 1D) and continues
until E16 in rat VM. Interestingly, Wnt-1 and -5a were highly
expressed in the VM (Fig. 1 E and F), peaking at E11.5 in rats
(Fig. 1 H andJ). A similar peak was detected in E11.5 rat dorsal
midbrain for Wnt-1 and -3a (Fig. 1 H and I) but not for Wnt-5a
(Fig. 1J), reinforcing the argument that Wnt-5a has a predom-
inant role in ventral development (29).

Wnt-1 and -5a, but Not Wnt-3a, Increase the Number of DA Neurons
Derived from VM Precursors. To directly assess the role of Wnts in
the development of the VM, conditioned medium from mock- or
stably transfected fibroblast cell lines engineered to secrete Wnts
(27) was concentrated (=~250-fold) and partially purified by
size-exclusion-based filtration. Cultures of VM precursors ob-
tained from E14.5 rats were treated with increasing concentra-
tions of partially purified Wnt-1, -3a, -5a, or control medium for
3 days (Fig. 24). Treatment with Wnt-1 or -5a resulted in robust
dose-dependent increases in numbers of TH+ cells, whereas
Wnt-3a and control treatment had no significant effect at doses
=50 units. These results suggested that the increases in TH+
cells induced by Wnt-1 or -5a treatment were specific to those
ligands. Interestingly, the effects of 10 units of Wnt-1 or -5a were
detected as early as 1 day in vitro, were clearly higher than of
those of CP and Wnt-3a at 3 days in vitro (Fig. 2 B and C), and
started to diminish after 7 days (Fig. 2B).

In addition to effects on individual DA neurons, it was
observed early in the study that Wnt treatment induced the
appearance of large spherical cell clusters. These clusters were
initially small but increased in size over time in culture, and
virtually all clusters were BrdUrd positive after an acute
BrdUrd pulse before fixation (data not shown). Clusters of
TH+ neurons, more than five cells wide, were counted at
various times in vitro (these clusters were excluded from the
previous quantification). Strikingly, 10 units of Wnt-1 and -5a,
but not Wnt-3a, treatment produced a 3- to 8-fold increase in
the number of these clusters observed at 7 days in vitro (Fig.
2 D-F). Moreover, the clusters that did appear in response to
Wnt-1 and -5a were larger, and the vast majority consisted
almost entirely of TH+ neurons. These results suggested that
Wnts may have two different functions in the VM: controlling
the number of proliferating precursor cells and/or the number
of TH+ neurons.

Differential Generation and Differentiation of Neurons by Wnt-1, -3a,
and -5a. We next determined whether the observed effects of
Wnts were general to all VM neurons or specific to VM DA
neurons. We found that Wnt-1 increased the number of cells
positive for the early neuronal marker TuJ1 in the cultures by
2-fold (Fig. 3 A and B) and the number of TuJ1+ clusters by
3.5-fold (Fig. 3C). In contrast, Wnt-5a did not increase the
number of TuJ1+ cells or TuJ1+ clusters, and Wnt-3a increased
only the number of proliferating clusters containing TuJ1+ cells.
Interestingly, when we examined the proportion of TH+ neu-
rons of the total of TuJ1+ neurons in the culture, we found that
Wnt-1 did not increase this proportion (Fig. 3D) or the propor-
tion of TuJ1+ clusters containing TH+ cells (Fig. 3E), suggest-
ing that the effects of Wnt-1 are general to VM neurons. Wnt-3a
showed a similar effect on the proportion of neurons but actually
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Fig. 2.  Wnt-1 and -5a, but not Wnt-3a, increase the number of DA neurons
(A-C) and proliferating cell clusters containing DA neurons (D-F) in rat E14.5
VM precursor cultures. Partially purified Wnts were normalized to each other
based on the density of Western blot product bands and expressed in arbitrary
units, equivalent to 1 pl of normalized partially purified product. Control
partially purified medium (CP) was diluted to achieve the same protein
concentration as the partially purified Wnts. (A and D) Dose dependency at 3
and 7 days in vitro, respectively. (B and E) Time-course analysis (10 units). (C
and F) Comparison of the effect of 10 units of Wnts with CP. TH-
immunostained cultures show that Wnt-1 and -5a induce a very dramatic
increase in the number of DA neurons and TH+ cell clusters. *, P < 0.01
[compared with CP, by one-way ANOVA with Fisher’s post hoc test (n = 4-6)].
A field is 3.14 mm?2 and a well is 4 cm?.

decreased the proportion of DA clusters from 30% to <10%
(Fig. 3F), suggesting that Wnt-3a increases the number of TuJ1+
clusters but decreases their content of DA neurons. In contrast,
Whnt-5a did not alter the number of proliferative clusters con-
taining neurons (Fig. 3C) but selectively enriched for both TH+
neurons and TH+ cell clusters ~2-fold (Fig. 3 D and E),
suggesting that Wnt-5a promotes the acquisition of a DA
phenotype. Thus, our results show that the three Wnts analyzed
differentially regulate both neuron number and DA phenotype.
Moreover, despite the similar effects of Wnt-1 and -5a on TH+
neurons and TH+ cell clusters, our results indicate that Wnt-1
and -5a may act on the DA lineage by two partially distinct
mechanisms.

Wnt-1 Increases the Number of TH+ Neurons by Regulating Nurr1+
Precursor Proliferation. Because Wnts are known to play a fun-
damental role in controlling proliferation, cell fate decisions, and

PNAS | October 28,2003 | vol. 100 | no.22 | 12749

DEVELOPMENTAL

BIOLOGY



z
/|
~ |

B, .. c . D . E . "
iy T (]
=1
- 3 2 g™
3 120 Sas T @ ™
= ~ Q 25 =
= T = &0
- 100 + [*]
0 20| 2 — 20 + s0
3 8% 3 5
= 40
y = 15
+ @ [ :. |E 30
- -+ — & 10 S—
3. L B T + 20
2w 2 e = o .
o | | R "
0 [ o B! o
CP Wnt Wnt W =3 Wt wmwnl

CP Wnt Wnt Wnt
1

nt CP Wnt Wnt Wnit
3a Sa 1 3a Sa 1 3a Sa

Fig.3. Wnts promote neurogenesis and increase the number of midbrain DA
neurons in E14.5 rat VM precursor cultures by two different mechanisms. (A
and B) Wnt-1, but not Wnt-3a or -5a, increased the number of TuJ1+ neurons
outside cell clusters in VM cultures. A field is 3.14 mm?2. (C) Wnt-1 and -3a, but
not Wnt-5a, increased the number of proliferating clusters that contained
Tul1+ neurons. A well is 4 cm2. (D) Despite the increase in neurons outside the
clusters, Wnt-1 did not increase the proportion of DA neurons. Instead,
treatments that did not change the numbers of Tuj1+ neurons either de-
creased (Wnt-3a) or increased (Wnt-5a) the proportion of DA neurons. (E) The
proportion of DA neurons in proliferating clusters containing neurons did not
change after Wnt-1 treatment, was decreased by Wnt-3a, and was increased
by treatment with Wnt-5a. Concentrations were 10 units/ul partially purified
media. *, P < 0.01; **, P < 0.001; and ***, P < 0.0001 [compared with CP, by
one-way ANOVA with Fisher’s post hoc test (n = 3-5)].

differentiation in the nervous system, we investigated the pos-
sibility that Wnts increased the number of TH+ neurons in VM
cultures by increasing proliferation and/or promoting the ac-
quisition of a DA phenotype in precursor cells. We first exam-
ined by real-time RT-PCR whether cyclin D1, a target of
B-catenin (30, 31) that mediates cell cycle progression by Wnt-1
(12) but not by Wnt-5a (32), or other cyclins were regulated by
Wnt-1 and -5a. Whereas cyclin D2 mRNA was not affected by
any of the treatments (data not shown), cyclin D1 and D3
mRNAs were up-regulated by Wnt-1 but not by Wnt-5a (Fig. 44;
data not shown). Similarly, analysis of cell-cycle inhibitors
revealed that Wnt-1 but not Wnt-5a down-regulated p27 and p57
mRNA (Fig. 4 B and C), whereas neither Wnt-1 nor -5a affected
p21 mRNA expression (data not shown). Thus, our results
suggest that Wnt-1, by regulating G; — S progression at a
transcriptional level, may act to counterbalance cell-cycle arrest
induced by Nurrl (33). We therefore examined whether Wnts
regulated proliferation of DA precursor cells in VM cultures.
Interestingly, we did not observe BrdUrd incorporation in
newborn DA neurons (Nurrl+/TH+ cells), indicating that
proliferating cells are not differentiating into TH+ cells during
the 6-h labeling period at the end of the experiment. We next
examined whether Nurrl-expressing neuronal precursors in the
midbrain (Nurrl+/BrdUrd+ cells) were a potential target for
Whts. BrdUrd incorporation was increased by Wnt-1 and -3a but
not by Wnt-5a treatment (Fig. 4D), indicating that Wnt-1 and -3a
may work as mitogens, promoting general precursor prolifera-
tion in the cultures. The effects of Wnt-1 and -3a were even
greater (3-fold increase) when Nurrl and BrdUrd double-
positive precursor cells were examined after 1 day in vitro.
Partially purified Wnt-5a also increased mitosis in the Nurrl+
population but to a lesser extent (Fig. 4 E and F). The clear
increase in proliferation induced by Wnt-1 and -3a correlates
well with their ability to stabilize B-catenin (27), with the role of
B-catenin in promoting cell cycle reentry in stem cells and neural
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Fig. 4. Wnt-1 regulated the expression of cyclin D1 and the cell cycle

inhibitors p27 and p57 and increased the proliferation of VM precursors.
Real-time RT-PCR showed that Wnt-1, but not Wnt-5a, increased the expres-
sion of cyclin D1 mRNA (A) and decreased the expression of the cell cycle
inhibitors p27 (B) and p57 (C) at 3 days in vitro. (D) Wnt-1 and -3a, but not
Whnt-5a, increased the proliferation of VM precursors at 3 days in vitro. (E and
F) Wnt-5a was less efficient than Wnt-1 and -3a at increasing BrdUrd incor-
poration in VM Nurr1+ precursor cells after 1 day in vitro. (G) Increasing units
of partially purified Fz8-CRD, a Wnt blocking reagent, reduced the number of
TH+ neuronsin VM cultures dose-dependently after 3 days in vitro, indicating
that endogenous Wnts are required for DA development. (H and /) The
increase in the number of TH+ neurons by Wnt-1 was partially blocked by
Fz8-CRD, suggesting that the effects of Wnts are specific. ®, P < 0.05; *, P <
0.01; **, P<0.001; ***, P <0.0001, compared with control; and ##, P < 0.0001
[compared Wnt treatment alone, by one-way ANOVA with Fisher’s post hoc
test (n = 3-5; for Fz8-CRD, n = 2 or 3)]. Concentrations are 10 units/ul Wnts or
CP and 5 units/ul Fz8-CRD. A field (in D and H) is 3.14 mm?2.

precursors (10, 11), and with the role of Wnt-3a in the self-
renewal of hematopoietic stem cells (34). Thus, the effects of
Wnt-1 on precursor proliferation and the regulation of genes
controlling G; — S progression indicate that Wnt-1 primarily
enhances the number of TH+ cells by regulating mitosis and
proliferation in precursor cells. However, Wnt-3a was as effica-
cious as Wnt-1 at enhancing mitosis in Nurrl+ cells, but unlike
Wnt-1, it decreased the proportion of DA neurons in prolifer-
ating clusters (Fig. 3E), suggesting a role of Wnt-3a in main-
taining the precursor population. These results indicate that the
numbers of TH+ and proliferating cells in the VM are inde-
pendently regulated by Wnts.

We also examined whether the effects of Wnt-1 could be
blocked by the Fz8-CRD, a Wnt inhibitor (35, 36). Partially
purified conditioned medium from fibroblasts overexpressing
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Fz8-CRD was added to control (Fig. 4G) and Wnt-1-treated
cultures (Fig. 4 H and /), and the number of TH+ neurons was
examined. Fz8-CRD decreased the number of TH+ neurons in
both conditions, indicating that endogenous Wnts are necessary
for the development of DA neurons in the cultures and that the
effects of Wnts on TH+ cells are specific.

Wnt-5a Increases the Number of TH+ Neurons by Promoting the
Maturation of Nurr1+ Precursors into DA Neurons. All of the results
presented until now suggest that Wnt-1, although increasing
proliferation and neurogenesis, does not increase the proportion
of DA neurons. Instead, Wnt-5a, although not increasing general
precursor proliferation and having only a minor effect on DA
precursor proliferation, does increase the proportion of TH+
neurons within and outside proliferating clusters by an additional
mechanism. We, therefore, examined whether Wnt-5a treatment
could be involved in promoting the differentiation of midbrain
DA neurons by regulating the expression of genes characteristic
of midbrain DA neurons. We first examined the expression of the
bicoid-related homeodomain gene Ptx3 (37) by real-time RT-
PCR and found that Wnt-5a but not Wnt-1 treatment increased
Purx3 mRNA (Fig. 54). This finding is interesting because Ptx3 is
required for the development of DA neurons (6, 7) and P2,
another homeodomain gene of the same family, is directly
regulated by Wnt signaling (32, 38). We next examined whether
the expression of the protooncogene c-ret (39) and the two other
glial cell line-derived neurotrophic factor (GDNF) coreceptors,
GDNF family receptor al (GFRal) (40) and neural cell adhe-
sion molecule (NCAM) (41), were also regulated by Wnts.
Interestingly, both c-ret and NCAM are known to be regulated
by Wnt signaling (42, 43), and their ligand, GDNF, is required
for the postnatal development of DA neurons (44). We found
that all of the GDNF receptors analyzed were differentially
regulated by Wnt-1 and -5a. Although c-ret expression was
up-regulated by Wnt-5a but not by Wnt-1 (Fig. 5B), the expres-
sion of GFRal and NCAM was maintained by Wnt-5a and
repressed by Wnt-1 (Fig. 5 C and D). Thus, our results suggested
a model in which Wnt-5a increases the number of DA neurons
by a mechanism that involved the acquisition of Ptx3 and GDNF
receptor expression, two distinctive features of midbrain DA
neurons. We therefore examined whether Wnt-5a influenced the
conversion of ventral mesencephalic Nurrl+ neuronal precur-
sors (Nurrl+/TH— cells) into DA neurons (Nurrl+/TH+
cells). In control conditions ~50% of all Nurrl+ cells expressed
TH, whereas Wnt-3a treatment decreased this expression to
30%. In contrast, Wnt-1 increased the proportion of Nurrl+/
TH+ cells to 70% and Wnt-5a increased this population to 90%
(Fig. 5 E and F). These results were also confirmed by double
ADH-2+/TH+ immunostaining (data not shown) because
ADH-2 labels DA precursors and neurons (45). Thus, our data
suggest that Wnt-5a increases the number of DA neurons by a
mechanism that predominantly involves promoting the matura-
tion of DA precursors and the acquisition of a neuronal DA
phenotype.

We next examined whether partially purified Fz8-CRD could
block the normal development of DA precursors into DA
neurons in E14.5 VM cultures. Dose—response analysis indicated
that Fz8-CRD partially blocked the acquisition of a DA pheno-
type in untreated precursor cultures (Fig. 5G, %TH+ /Nurrl +),
indicating that endogenous Wnts are required for DA develop-
ment. Moreover, Fz8-CRD decreased the proportion of TH+/
Nurrl+ cells induced by Wnt-5a (Fig. 5 H and 1), suggesting that
Whts are partially required for the acquisition of a neuronal DA
phenotype in precursor cells.

Final Comments. Our work suggests that Wnts are essential

regulators of two crucial aspects of neurogenesis in the VM: the
proliferation and differentiation of VM precursors (Fig. 5J).
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Fig.5. Wnts differentially control the development of DA neurons by regulat-

ing precursor proliferation and the acquisition of a DA phenotype. Wnt-5a, but
notWnt-1, up-regulated the expression of Ptx3 mRNA (A) and c-ret mRNA (B) and
maintained the expression of GDNF family receptor a1 (GFRa1) mRNA (C) and
NCAM mRNA (D) at 3 days in vitro, as assessed by real-time RT-PCR in E14.5rat VM
precursor cultures. (E and F) Double immunocytochemistry revealed that Wnt-5a
increased the percentage of TH+/Nurr1+ cells from 50% to 90%. Wnt-1 was less
efficient than Wnt-5a, and Wnt-3a actually decreased the proportion of TH+ cells
from 50% to 30%. (G and /) Fz8-CRD decreased, in a dose-dependent manner, the
proportion of Nurr1+ cells that acquired TH expression in E14.5 VM precursor
cultures, indicating that Wnt signaling is required for the acquisition of a DA
phenotype. (H and /) Treatment of rat E14.5 VM precursor cultures with Fz8-CRD
decreased the percentage of TH+/Nurr1+ cells after treatment with Wnt-5a.
Statistical analysis and concentrations as in Fig. 4. (/) Model of the mechanisms by
which Wnt-1, -3a, and -5a regulate the development of VM DA neurons. Wnt-3a,
which is mainly expressed in the dorsal midbrain, enhances the proliferation of
Nurr1-expressing precursors and decreases the proportion of neurons that ac-
quire a DA phenotype. Wnt1, probably derived from the midbrain-hindbrain
organizer, controls the proliferation of Nurr1-expressing precursors and increases
the number of VM neurons. Finally, Wnt-5a increases the number of VM DA
neurons specifically by regulating the acquisition of a DA phenotype in Nurr1-
expressing precursors. Note that the size of the arrows correlates with the
intensity of the effects.

Wnt-1 promoted neurogenesis by increasing the proliferation of
precursors and affected both DA and non-DA VM neurons.
Wnt-3a promoted the proliferation and maintenance of Nurrl+
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precursors and decreased the number of DA neurons. In con-
trast, Wnt-5a was a weak mitogen; it increased the expression of
Ptx3 and GDNF receptors and efficiently promoted the acqui-
sition of a DA phenotype in Nurrl-expressing precursors. These
results clearly show that DA precursors respond to Wnts in a very
specific manner. We report that Wnt-1, -3a, and -5a differentially
regulate the development of midbrain DA neurons by partially
overlapping mechanisms, which include promoting the prolifer-
ation of DA precursors (Wnt-1 = Wnt-3a > Wnt-5a) and the
differentiation of DA precursors into DA neurons (Wnt-5a >
Wnt-1). Thus, our results suggest that the two ventrally expressed
Wnts, Wnt-1 and -5a, may work sequentially and probably in
concert with other signals such as Shh and FGF8 (8) to promote
DA neuron development. Future work could address the role of
other Wnts in DA neuron development, the function of Wnts in
vivo, and whether Wnts contribute to instructing a DA pheno-
type in stem cells.

Thus, we hereby identify Wnts as key cell-extrinsic signals that
specifically regulate partially overlapping and distinct aspects of
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