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a b s t r a c t

Midbrain dopamine (MbDA) neurons are partitioned into medial and lateral cohorts that control

complex functions. However, the genetic underpinnings of MbDA neuron heterogeneity are unclear.

While it is known that Wnt1-expressing progenitors contribute to MbDA neurons, the role of Wnt1 in

MbDA neuron development in vivo is unresolved. We show that mice with a spontaneous point

mutation in Wnt1 have a unique phenotype characterized by the loss of medial MbDA neurons

concomitant with a severe depletion of Wnt1-expressing progenitors and diminished LMX1a-

expressing progenitors. Wnt1 mutant embryos also have alterations in a hierarchical gene regulatory

loop suggesting multiple gene involvement in the Wnt1 mutant MbDA neuron phenotype. To

investigate this possibility, we conditionally deleted Gbx2, Fgf8, and En1/2 after their early role in

patterning and asked whether these genetic manipulations phenocopied the depletion of MbDA

neurons in Wnt1 mutants. The conditional deletion of Gbx2 did not result in re-positioning or

distribution of MbDA neurons. The temporal deletion of Fgf8 did not result in the loss of either

LMX1a-expressing progenitors nor the initial population of differentiated MbDA neurons, but did result

in a complete loss of MbDA neurons at later stages. The temporal deletion and species specific

manipulation of En1/2 demonstrated a continued and species specific role of Engrailed genes in MbDA

neuron development. Notably, our conditional deletion experiments revealed phenotypes dissimilar to

Wnt1 mutants indicating the unique role of Wnt1 in MbDA neuron development. By placing Wnt1,

Fgf8, and En1/2 in the context of their temporal requirement for MbDA neuron development, we further

deciphered the developmental program underpinning MbDA neuron progenitors.

& 2012 Elsevier Inc. All rights reserved.
Introduction

Midbrain dopamine (MbDA) neurons mediate a diverse array
of complex behaviors including cognition and motor control.
MbDA neurons are located in the ventral Mb (v. Mb) and are
broadly delineated as a medial group (the ventral tegmental area,
VTA) and two bi-lateral cohorts (the substantia nigra pars com-

pacta, SNc). In addition to their anatomical differences, MbDA
neurons are also molecularly, biochemically, and physiologically
distinct (Mendez et al., 2005; Parent, 1996; Thompson et al.,
2005; Grimm et al., 2004). Clinically, the distinction between VTA
and SNc is important because the aberrant function of VTA MbDA
neurons and the loss of SNc MbDA neurons are central features of
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schizophrenia and Parkinson’s disease, respectively (Fallon et al.,
2003; Parent, 1996). However, little is known about the develop-
mental genetics underpinning the partitioning of MbDA neurons
into medial and lateral MbDA neuron cohorts.

The Mb is derived from the mesencephalon (mes), which is an
embryonic compartment that is patterned through the interactions of
numerous transcription factors and cell signaling molecules, which
include Otx2, Gbx2, En1/2, Fgf8, Shh, and Wnt1 (reviewed in Zervas
et al., 2005). Notably these genes also play varying roles in the
induction, positioning, differentiation, and survival of v. mes progeni-
tors (reviewed in Goridis and Rohrer, 2002; Prakash and Wurst, 2006;
Zervas et al., 2005). We previously marked and tracked MbDA
progenitors using Genetic Inducible Fate Mapping (GIFM),
which uncovered that MbDA neurons are derived from the
Wnt1 lineage originating in the v. mes (Zervas et al., 2004;
Brown et al., 2011). Gain-of-function studies in vitro suggest that
Wnt1 has a role in MbDA neuron induction and differentiation
(Castelo-Branco et al., 2003; Prakash and Wurst, 2006). Recently,
chromatin immunoprecipitation-qPCR reveals that Wnt1directly
regulates a MbDA neuron determinant, Lmx1a, through b-catenin
signaling (Chung et al., 2009). However, whether Wnt1 is required
for MbDA neuron development in vivo has been elusive because
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mice homozygous for a targeted allele of Wnt1 die perinatally and
have a patterning defect concomitant with a complete deletion of
the Mb and cerebellum (Cb) (McMahon and Bradley, 1990;
Thomas et al., 1991; McMahon et al., 1992).

We utilized mice that have a point mutation in Wnt1 (Wnt1SW/SW)
and a large deletion of the Mb and Cb, but live to adulthood (Lane,
1967; Sidman, 1968; Thomas et al., 1991). The v. Mb in Wnt1SW/SW

mice has not been extensively studied. Here, we use Wnt1SW/SW

mice to investigate the in vivo requirement of Wnt1 for the
establishment of MbDA neurons during embryogenesis. The
initial patterning of the mes is intact in mutant mice although
Wnt1-expressing MbDA neuron progenitors are significantly
depleted prior to differentiation, which correlates with the loss
of VTA MbDA neurons in adults. Because Wnt1 is involved in a
genetic hierarchical loop that is compromised in Wnt1SW/SW

mutants, we used conditional gene inactivation to assess how
the deletion of genes affected in mutant embryos impacted MbDA
neuron development. The conditional deletion of Fgf8, Gbx2, or
En1/En2 after their well-defined roles in patterning did not
phenocopy the Wnt1SW/SW MbDA neuron abnormalities. Our
findings show that genes required for patterning the mes have
distinct temporal roles in MbDA neuron development in vivo.
Finally, Wnt1SW/SW mice are poised to be a value research tool to
study how the absence of VTA MbDA neurons affects brain
function and behavior.
Materials and methods

Transgenic, reporter, and mutant mice

Wnt1SW/SW mice (stock ] 000243) were obtained from The Jackson
Laboratory on a mixed C57Bl/6 background. We outbred the mice
onto a Swiss Webster background to improve the general litter sizes
and the Wnt1SW/SW phenotype was indistinguishable between both
strains. Our analysis was performed on the latter background, which
we have maintained for the last eight years. En1Cre mice (Kimmel
et al., 2000) were used to mediate the conditional knockout (cko) of
the following floxed alleles: Gbx2lox (Li et al., 2002), En1lox (Sgaier
et al., 2007) and Fgf8lox (Chi et al., 2003). In addition, we used
Rosa26CreERT2;En1lox/�;En2GFPlox/� mice (Cheng et al., 2010) and En1Den

mice (Hanks et al., 1998; Sgaier et al., 2007). Fgf8lox mice were
generously provided by G. Martin and all other lines were generously
provided by A. Joyner. Mice were maintained and sacrificed according
to the protocols approved by the Institutional Animal Care and Use
Committee (IACUC) at Brown University (IACUC ]0909081).
Wnt1-Venus transgenic mice were generated by placing a GFP

variant, Venus that encodes YFP, under the control of Wnt1 regula-
tory elements (See Brown et al., 2011 for details). This was done by
replacing the CreERT cassette with YFP in the vector used to generate
Wnt1-CreERT transgenic mice (Zervas et al., 2004). Embryos were
staged in reference to embryonic day (E)0.5 being prior to noon of
the day of the appearance of a vaginal plug.

Genotyping of Wnt1þ /þ;Wnt1-Venus, or Wnt1SW/þ ;Wnt1-Venus,

and Wnt1SW/SW;Wnt1-Venus embryos for Fluorescent Activated Cell

Sorting (FACS)

A tail biopsy was obtained from each embryo prior to pooling
to confirm the genotype of samples used for FACS. Because the
Wnt1-Venus transgene has YFP placed between the untranslated
region (UTR) and translated region of exon 1 and the transgene
also contains the sequence for Wnt1 (See Brown et al., 2011 for
details) essentially all homozygotes appear as heterozygotes
when genotyping using a routine PCR strategy. To overcome this
issue we designed a three-phase PCR/restriction digest strategy to
unambiguously identify Wnt1SW/SW embryos. First, we used the
primers pWnt1.F3 (ACAGCAACCACAGTCGTC) and Wnt1ex2_3rev
(CTGAGATAGGGACATTCGG), which anneal to the UTR in exon 1 and
in the intronic region upstream of exon 3, respectively. These
primers amplify a 2 kilobase (kb) amplicon corresponding to
endogenous Wnt1 alleles or a 3 kb amplicon corresponding to the
Wnt1-Venus transgene (due to the YFP insert). The two amplicons
were separated on a 1.4% agarose gel and the 2 kb band was gel
extracted using the Qiaquick gel extraction kit. Subsequently,
a second PCR reaction was done using the Wnt1.sense (AGGAAC-

CTCTTTGCCCTCAACC) and Wnt1.anti-sense (AAGTTCATCTGCACCAC-

CG) primers followed by BSLI restriction digest to discern between
the Wnt1þ /þ , Wnt1SW/þ , and Wnt1SW/SW alleles. The point muta-
tion in the Wnt1SW allele creates a distinct BSLI digest pattern,
which always matched the embryos originally identified by
phenotyping as described above.
Tissue preparation, in situ hybridization, and immunofluorescent

immunocytochemistry (IF-ICC)

All embryos and adult tissues were prepared as previously
described (Ellisor et al., 2009; Brown et al., 2011). Briefly,
embryos were fixed in 4% paraformaldehyde (PFA) overnight
(o/n) at 4 1C. Embryos were processed for whole mount in situ

hybridization or were embedded in OCT as previously described
(Ellisor et al., 2009). Cryoprotected tissue was frozen using
2-methyl-butane/acetone (http://home.primus.com.au/royellis/
fr.htm) and blocks were stored at �20 1C. Embryonic material
was cryosectioned at 10–12 mm and collected directly onto slides
and stored at �20 1C until used. For adult tissue, mice were
deeply anesthetized with beuthanasia-D. Once mice were unre-
sponsive to deep hind paw pinch, the mice were flushed with
saline and fixed with PFA by intracardiac perfusion as previously
described (Brown et al., 2009). Brains were immersion fixed
overnight (o/n) and stored in PBS. Adult sections (40 mm) were
obtained with a Leica VT1000S vibratome and stored free floating
at stored at 4 1C until used. Protocol details are available at the
Zervas Lab web page (http://research.brown.edu/myresearch/
Mark_Zervas). Whole mount RNA in situ hybridization was
performed on E8.5, E9.5, and E10.5 embryos using antisense
digoxigenin labeled RNA probes as previously described (Zervas
et al., 2004; Ellisor et al., 2009). Sections for IF-ICC were fixed for
five minutes, washed in PBT five times, and blocked in 10%
donkey serum/PBT for two hours at room temperature. Sections
were incubated with primary antibody (Ab) in 10% donkey serum
o/n at 4 1C. The next day sections were washed in PBT five times.
Subsequently, sections were incubated with secondary Abs in 1%
donkey serum/PBT for two hours, washed in PBT five times, and
counterstained with Hoechst nuclear dye (Molecular Probes) for
one minute. Images were collected and processed using Open Lab,
Magnafire, or Volocity 5.2 (Improvision) software and Adobe
Photoshop or Illustrator CS2.

Primary antibodies: Dopaminergic, serotonergic, and cholinergic
neurons were detected with anti-tyrosine hydroxylase (TH, Che-
micon; 1:500), anti-5-hydroxytryptamine (5-HT, Jackson Immu-
noResearch; 1:500), and anti-choline acetyl transferase (ChAT,
Chemicon; 1:100), respectively. Calbindin (CALB) and g-protein
inward rectifying potassium (K) channel 2 (GIRK2) were detected
with anti-CALB (Swant; 1:1000) or anti-Girk2 (Alomone labs;
1:80), respectively. LMX1a Ab was generously provided by
Michael German (UCSF, 1:1000). Secondary antibodies (Molecular
Probes; all used at 1:500): donkey anti-mouse IgG-AMCA, donkey
anti-mouse IgG-Alexa350, donkey anti-mouse IgG-Alexa555,
donkey anti-mouse IgG-Alexa488, donkey anti-rabbit IgG-
Alexa488, donkey anti-goat IgG-Alexa555.
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Fluorescent activated cell sorting (FACS) and quantification

of embryonic phenotype

The v. mes of Wnt1þ /þ;Wnt1-Venus, Wnt1SW/þ;Wnt1-Venus,
or Wnt1SW/SW;Wnt1-Venus embryos was microdissected as pre-
viously described (Brown et al., 2009). Briefly, we removed
embryos and used a stereofluorescent microscope to observe
YFP-expressing domains. We isolated the v. mes by cutting along
the rostral-caudal axis directly adjacent to the dorsal midline,
which yielded a butterfly shaped tissue with the v. mes at the
center. The small domain of YFP-expressing cells was carefully
dissected away from the posterior mes ‘‘ring’’ and dorsal tissue
(Brown et al., 2009). The v. mes of putative Wnt1þ /þ;Wnt1-Venus

and Wnt1SW/þ;Wnt1-Venus embryos, initially identified by an
intact mes and rhombomere 1 (r1), were pooled prior to FACS
(Fig. 3A). We also isolated the v. mes from morphologically
distinct Wnt1SW/SW;Wnt1-Venus mutant embryos (identified by a
truncated dorsal mes/r1 (Fig. 3B); embryos were genotyped as
described below. For FACS, the v. mes issue was trypsinized using
TryplE Express (Gibco) and DNase (Roche) at 1:1000 for eight
minutes at 37 1C. Subsequently, 10% FBS/PBS was added to stop
the reaction. Samples were then mechanically dissociated using a
20-gauge needle and 1cc syringe to generate a single cell
suspension. Cells were stored on ice until sorting with a FACSAria
flow cytometer (BD) and analyzed using Diva software (BD) at
Brown University’s Flow Cytometry and Sorting Facility. Popula-
tion gates were established by setting threshold values based on
wildtype littermate control samples and YFP-negative internal
control samples obtained from the prosencephalon. YFP-positive
cells from the microdissected tissue samples were counted and
analyzed for forward and side scatter. FACS isolated cells were
collected into an eppendorf tube and an aliquot plated and
analyzed by fluorescent microscopy to validate the enrichment
of YFPþ cells. A subset of sagittal sections encompassing the
midline and off-midline planes from E10.5 embryos (Brown et al.,
2011) were manually counted for YFPþ progenitors and either
LMX1a or OTX2- expression. Multiple embryo counts were pooled
and the average7standard deviation was plotted in Numbers.
Notably, the extent of calculated cellular loss was similar between
the whole population counts (FACS) and subsampled embryos
(Marker analysis). Cell counts from FACS and sections were
compared for significance using 2-tailed Students T-test.

Quantification and statistical analysis of adult phenotype

Wnt1SW/SW and control (Wnt1sw/þ or Wnt1þ /þ) mice (n¼3,
each genotype) were perfused, embedded and sectioned on the
vibratome as described above. We collected sections encompass-
ing the entire MbDA neuron population. Three sections were
chosen for analysis: a ventral plane (�4.56 mm), an intermediate
plane (�4.12 mm) and a dorsal plane (�3.76 mm) using bregma
as a reference as previously described (Brown et al., 2011).
Sections were processed and immunolabeled for TH, calbindin,
and GIRK2 as described above. We acquired 20� z-series images
through the full thickness of each section, collecting 1 mm thick
optical planes using Volocity 5.2. All images were taken using the
same red, green and blue filter settings to ensure consistency.
Three random, non-overlapping counting frames for each section
were acquired from the SNc on each side of the brain and from the
VTA for a total of nine counting frames acquired per section. The red
channel corresponding to either calbindin or GIRK2 was cloaked
and a single optical sectioning plane was chosen for counting.
THþ neurons (distinguished as single cells) were counted by an
observer blinded to the genotype of the mice, marked using the
point tool, and recorded. The red channel was subsequently
uncloaked and double positive cells were quantitated in a similar
manner and recorded. This resulted in six counting frames of THþ
and double positive neurons in the SNc and three counting frames of
THþ and double positive neurons in the VTA for each section at
each plane for each animal. The average number of THþ and double
positive neurons was calculated for the VTA and SNc from animals
of each genotype in each horizontal sectioning plane: dorsal,
intermediate or ventral. Results from animals with the same
genotype were pooled.

Generalized linear models (Nelder and Wedderburn, 1972)
were used to compare across genotypes for the following items:
1. Total TH cell counts (Poisson). 2. Counts of TH cells co-stained
with CALB or GIRK (Poisson). 3. The proportion of TH cells
co-stained with CALB or GIRK (binomial). A cell means model
approach was taken owing to the small sample size, allowing
fewer parameters to be estimated by eliminating omnibus tests
for interactions. Genotypes were compared as effect slices at each
location within each structure (VTA and SNc). Sandwich estima-
tion was used to adjust for any model misspecification (Huber,
1967; White, 1980; Hinkley, 1977), adjusted for the small sample
size based on the degrees of freedom (Hinkley, 1977; Fay and
Graubard, 2001; Kauermann and Carroll, 2001) that were manu-
ally set to 4 for all slice comparisons between genotypes (n¼3 for
each genotype in each comparison, df¼(3�1)þ(3�1)). There
were no double immunolabeled GIR2Kþ/THþ neurons observed
in the ventral VTA of any of the mutant GIRK2-stained slices. This
constituted a division by zero within the model and invalidated
the estimate. Therefore, the p-values generated in the comparison
between mutant and wildtype mice GIRK2 counts in the ventral
VTA and proportions are not used.
Results

To facilitate our understanding of the role of Wnt1 in MbDA
neuron development, we utilized mice with the spontaneous
Swaying mutation (allele designated as Wnt1SW) (Lane, 1967). The
Wnt1SW allele has a point mutation (G565) in the third exon of Wnt1

resulting in a premature TGA stop codon 30 base pairs downstream
from the point mutation (Thomas et al., 1991). Wnt1SW/SW homo-
zygotes were detected at a frequency of 6% (n¼366 adults) from
Wnt1SW/þ intercrosses instead of the predicted 25%. Notably,
all homozygotes had a prominent ataxic gait and a striking
bi-directional rotation behavior (See Movies 1 and 2). The survival
of Wnt1SW/SW mice provided an advantage over Wnt1 null mice,
which do not survive postnatally (McMahon and Bradley, 1990).
Therefore, we used Wnt1SW/SW survivors to assess the long-term
impact of perturbing Wnt1 on MbDA neuron populations.

Supplementary material related to this article can be found
online at doi:10.1016/j.ydbio.2012.09.019.

Biased loss of VTA MbDA neurons in adult Wnt1SW/SW mice

We initially assessed the MbDA neurons of wildtype and
Wnt1SW/SW adult mice with TH immunolabeling. Compared to
wildtype littermates (Fig. 1A and B), Wnt1SW/SW mice (Fig. 1H and I)
(n¼5 each genotype) had a complete loss of the medially
positioned MbDA neurons, presumptively the VTA. Wnt1SW/SW

mutants also had a reduction of MbDA neurons located adjacent
to the medial population in the presumptive SNc (Fig. 1C and J,
bracket), although this was substantially less pronounced than
the loss of medial MbDA neurons (Fig. 1B and I). The evaluation of
ChAT immunolabeling, which delineates cholinergic neurons
(Manger et al., 2002; Woolf, 1991) revealed cholinergic neurons
interspersed in the rostral SNc of adult Wnt1SW/SW mice (insets in
Fig. 1C and J). However, we did not observe detectable changes in
cholinergic axons that course through the v. Mb (Fig. 1B and I).

doi:10.1016/j.ydbio.2012.09.019


Fig. 1. Loss of MbDA neurons in adult Wnt1SW/SW mice. (A–C) Coronal sections of adult wildtype mouse immunolabeled with antibodies against TH (green) and ChAT (red).

(A) Medial and lateral MbDA neurons and cholinergic axons in the v. Mb. (B, C) Medial (B) and lateral (C) MbDA neuron somata (oval marquee) and dopaminergic axons (yellow

arrows). Inset in C shows region just rostral to (C); bracket shows medial aspect of SNc. (D) Illustration of horizontal section showing medial and lateral MbDA neurons and their

projections (red and blue arrows, respectively; dashed lines show minor contributing projections). (E) THþ projections innervated the striatum and were closely opposed to

cholinergic neurons (ChATþ , red). Inset in (E) shows high magnification of dopamine axonal terminals and white arrowhead indicates punctae opposed to Chatþ neuron.

(F) THþ projections innervated Chatþ neurons in the stria terminalis. (G) Lateral MbDA neurons of the SNc. (H,I) Coronal section of adult Wnt1SW/SW mouse showing the

depletion of medial MbDA neurons; cholinergic projections were unaffected. (J) Diminished putative SNc (J; arrows point to a few remaining medial aspect of SNc). The inset

shows region rostral to J0 and corresponds to inset in (C); note the presence of cholinergic neurons interspersed with SNc MbDA neurons. (K) Schematic of MbDA neuron circuitry

in Wnt1SW/SW mouse. (L) Dopaminergic axons of Wnt1SW/SW mice innervated the striatum. The asterisk indicates a patch region of the striatum; Inset in (L) shows high

magnification of dopamine axons adjacent to ChATþ neuron (red); white arrowhead indicates punctae. (M) The stria terminalis of Wnt1SW/SW mice was intact and replete with

cholinergic neurons, but was not innervated by MbDA axons. (N) Wnt1SW/SW mice had lateral MbDA neurons as well as ectopic cholinergic neurons (N, arrowheads indicate

ectopic ChATþ neurons). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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A well-characterized feature of MbDA neurons is that they
have THþ axonal projections that functionally link anatomically
distinct regions (Fallon et al., 2003; Parent, 1996). MbDA neurons
of the VTA innervate prefrontal cortex, ventral striatum, and the
bed nucleus of the stria terminalis (BNST), which is the gateway to
the striatum. MbDA neurons establish synapses on cholinergic
neurons in the later two structures (Fig. 1D–F) (Berendse et al.,
1992; Chang, 1988; Gaykema and Zaborszky, 1996; Hasue and
Shammah-Lagnado, 2002; Kubota et al., 1987). In contrast, axons
of SNc MbDA neurons (Fig. 1G) predominantly project to dorsal
striatum (Fig. 1E) (Parent, 1996; Paxinos, 2004), but also have a
minor contribution to the BNST (Gaykema and Zaborszky, 1996).
Given the profound loss of MbDA neurons we observed in
Wnt1SW/SW mice and the reciprocal BNST-to-VTA circuit typically
observed in controls (Georges and Aston-Jones, 2002; Hasue and
Shammah-Lagnado, 2002), we assessed dopaminergic target sites
in Wnt1SW/SW mutants (Fig. 1K–N). MbDA innervation of the BNST
was nearly absent although cholinergic neurons endogenous to
this region were present (Fig. 1M; n¼3). Interestingly, axons from
MbDA neurons of the remaining SNc (Fig. 1N), which were
presumably responsible for the innervation of the striatum
(Fig. 1L), did not get re-routed into the BNST even though
cholinergic neurons persisted in this domain (Fig. 1M). These
data suggest that Wnt1 is preferentially required for the devel-
opment of VTA MbDA neurons. However, the loss of VTA MbDA
neurons did not result in selective loss of target sites or compen-
satory re-routing of SNc axons into VTA targets devoid of their
endogenous innervation. The loss of VTA is also apparent in
horizontal sections (Supplemental Fig. 1A and C).

We quantified VTA and SNc MbDA neurons in Wnt1SW/SW

adults (Fig. 2A) using an unbiased stereology approach (Brown
et al., 2011) and double immunocytochemistry with antibodies
that recognize THþ/CALBþ (VTA) neurons or THþ/GIRK2þ (SNc)
neurons, consistent with previous reports (Mendez et al., 2005;



Fig. 2. Quantification of cells in control and mutant mice reveals significant differences in the average number of THþ and double positive neurons in the VTA and SNc.

The average number of THþ neurons and the 95% confidence intervals (CI) of counts from the VTA (A, B) and SNc (C, D) of control (dark grey shaded bars) and mutant mice

(dark brown bars) in ventral, intermediate and dorsal planes. (A) The average number of THþ/Calbþ neurons in the VTA of mutant mice (light brown bars) was

significantly lower than that of control mice (light grey bars) in all planes quantified. Calbþ neurons in the VTA indicated that the medial domain was not devoid of cells.

(B) There were no double immunolabeled THþ /GIR2Kþ neurons observed in the ventral VTA of any of the mutant GIRK2-stained slices consistent with the loss of VTA.

(C) Although THþ neurons were diminished in SNc, the average number of THþ/Calbþ neurons in the SNc was not significantly different between controls (light grey bars)

and mutants (light brown bars) at any of the three horizontal planes. The blue arrowheads points to the average of THþ/Calbþ neurons. (D) The average number of

THþ/GIRK2þ neurons in the SNc of mutant mice was significantly lower than that of control mice in all planes quantified. Images in A, C display THþ (green), Calbþ (red)

and THþ/Calbþ (yellow) cells while images in B, D display THþ (green), GIRK2þ (red) and THþ/GIRK2þ (yellow) cells. Gray shading of bars indicates data from control

animals with dark gray bars corresponding to average THþ cell counts and nested light gray bars corresponding to average double positive cell counts. Brown shading

indicates data from mutant animals with dark brown bars corresponding to average THþ cell counts and nested lighter brown bars corresponding to average double

positive cell counts. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Parent, 1996; Paxinos, 2004; Thompson et al., 2005). The average
number of THþ neurons in the VTA (Fig. 2A and B) and SNc
(Fig. 2C and D) of control (dark grey bars) and mutant mice (dark
brown bars) was significantly different in ventral, intermediate
and dorsal planes, with mutants having fewer THþ neurons than
controls (See also Supplemental Tables 1 and 2). Comparing the
loss of THþ neurons in the VTA between controls and mutants
(Po0.0001) and the loss of THþ neurons in the SNc (p¼0.0001)
revealed that the loss of THþ neurons in the VTA was signifi-
cantly greater, proportionally, than the loss of THþ neurons in
the SNc (p¼0.0038) (See for example Fig. 1 and Supplemental
Fig. 1). Also graphed in Fig. 2 are the counts and 95% confidence
intervals of THþ/markerþ neurons in controls (light grey bars)
and mutants (light brown bars). The average number of THþ/Calbþ
neurons in the VTA of mutant mice was significantly lower than that
of control mice in all planes quantified (Fig. 1A, Supplemental
Tables 1 and 2). There were Calbþ/hoechstþ neurons in the medial
domain positioned between the bilateral SNc indicating that the
medial domain was not devoid of cells (Fig. 2A, inset). There were
very few GIRK2þ neurons in the VTA, which were located at the
margin of the VTA. Regardless, there were no double immunola-
beled THþ /GIR2Kþ neurons observed in the ventral VTA of any of
the mutant GIRK2-stained slices. (Fig. 1B, Supplemental Tables 1 and
2). Therefore, the remaining medial tissue did not have THþ
neurons with lateral characteristics suggesting that the SNc was
not displaced and that mutant VTA MbDA neurons did not change to
a lateral fate. Interestingly, the average number of THþ/Calbþ
neurons in the SNc was not significantly different between controls
and mutants at any of the three horizontal planes (Fig. 1C, blue
arrowheads; Supplemental Tables 1 and 2). These likely correspond
to dorsal tier MbDA neurons (Gerfen et al., 1987). The average
number of THþ/GIRK2þ neurons in the SNc of mutant mice was
significantly lower than that of control mice in all planes quantified
(Fig. 1D, Supplemental Tables 1 and 2). These findings indicate that



Fig. 3. Quantitative reduction in Wnt1-expressing progenitors in Wnt1SW/SW embryos. (A) Wholemount fluorescence in Wnt1-Venus transgenic embryos showing mes,

r1, and hindbrain (rhombencephalon, rhom). The rhom is shown in dorsal view in top inset and the v. mes is indicated by the arrow and magnified in the lower inset.

The lower panels show FACS data for a representative E10.5 Wnt1-Venus v. mes. (B) Wholemount fluorescence in Wnt1SW/SW;Wnt1-Venus embryo. The v. mes progenitors

were depleted compared to controls. Lower panels showing corresponding FACS analysis. Asterisks indicate domains with altered morphology. (C) Graph depicting the

average number of Wnt1-expressing (YFP positive) cell counts obtained during FACS from the v. mes from wildtype and mutant embryos. Standard deviation and

significance are shown.
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the SNc loss is primarily due to decreased GIRK2þ/THþ MbDA
neurons and that Calbþ/THþ MbDA neurons in SNc are refractory
to Wnt1 perturbation.

Wnt1SW/SW mice have aberrant mixing of dopamine and serotonin

neurons, but do not undergo degeneration

It was previously suggested by that Wnt1SW/SW embryos have
a disruption in the lineage boundary (Bally-Cuif et al., 1995).
We performed triple immunolabeling with TH, ChAT and 5-HT to
determine whether the general Mb/aHb cytoarchitecture was
preserved in the mutants. In controls, THþ MbDA neurons were
positioned adjacent to cholinergic axons of the interpenduncular
nucleus (IPn) (Supplemental Fig. 1A). In addition, controls had
clearly identified 5-HTþ serotonin neurons of the dorsal Raphe
nucleus (dRN), THþ noradrenergic neurons in the locus coeruleus
(LC), and cholinergic neurons of the lateral dorsal tegmental
nucleus (LDTg), which were adjacent to the LC in wildtype mice
(Supplemental Fig. 1B). THþ MbDA neurons in the dorsal VTA and
5HTþ neurons of the dRN in wildtype mice did not intermingle
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consistent with their segregation during development (Supple-
mental Fig. 1B) (Zervas et al., 2004). In contrast, Wnt1SW/SW mice
had a depletion of VTA overall and had THþ neurons interspersed
amongst 5HTþ neurons of the medial RN (mRN) (Supplemental
Fig. 1C, yellow arrowheads). Despite these observations, Wnt1SW/SW

mutant mice did have an appropriate allocation of serotonergic,
cholinergic, and noradrenergic neurons that were distributed in
anatomically appropriate arrangements in the anterior Hb (Supple-
mental Fig. 1B and D).

We then asked whether MbDA neurons were depleted at birth
or whether they were established properly, but subsequently
degenerated. Therefore, we assessed mice at postnatal day (P)0
when MbDA neurons begin to appear as highly organized clusters
of the VTA and SNc based on their relative position to each other
and their final distribution in the adult (Paxinos, 2004) (Supple-
mental Fig. 2). In contrast to control littermates, Wnt1SW/SW mice
(n¼3) at P0 displayed a depletion of VTA MbDA neurons with the
remaining TH positive neurons in this domain appearing as
disorganized loose clusters (Supplemental Fig. 2A, B, D and E).
THþ MbDA neurons consistent with the SNc were detected, albeit
diminished, in the ventral most MbDA neuron domain (Supple-
mental Fig. 2D and E). Wnt1SW/SW pups with a depletion of MbDA
neurons had serotonergic neurons in the aHb nuclei (Supple-
mental Fig. 2C and F). These findings indicated that VTA MbDA
neurons were depleted at birth and that the adult phenotype was
not the result of later degeneration of MbDA neurons. We assayed
Wnt1SW/SW mutant embryos at E11.5 when the initial wave of
postmitotic THþ neurons is typically observed in vivo. In wild-
type embryos, MbDA neurons in the v. mes were clearly separated
from serotonin neurons of v. r1 (Supplemental Fig. 3A) consistent
with lineage mapping studies (Zervas et al., 2004) and their
relative positions in the adult. In contrast, loose clusters of ectopic
Fig. 4. Alterations in the embryonic MbDA neuron progenitors of Wnt1SW/SW embryo

LMX1aþ progenitors in the v. mes of E10.5 Wnt1sw/þ;Wnt1-Venus embryos and W

progenitors from 5487228 (Ave7SD) in controls to 152762 in mutants. (B) GFPþ/

caudal axis in controls. Regions 1 (white arrowhead), 2 (red arrowhead), and 3 (blue a

Note that the Wnt1(GFP)þ/markerþ domains are bilateral stripes (Brown et al., 2011)

mes with mosaic clusters of Wnt1(GFP)þ/OTX2þ mutant progenitors. (D) There was a

mutants. (E, F) GFPþ/LMX1aþ progenitors were distributed along the rostral caudal ax

shown in insets 1–3 and as merged and single channels, which reveals that the caudal

flexure (2) while domain (1) is unaffected. (For interpretation of the references to colo
THþ neurons were aberrantly interspersed within the adjacent
5HTþ serotonergic neurons in v. mes r1 of Wnt1SW/SW mutant
embryos (Supplemental Fig. 3B), which indicates that the adult
phenotype of interspersed dopamine and serotonin neurons had
occurred prior to birth.

Wnt1SW/SW embryos are depleted of MbDA neuron progenitors

We next addressed whether the loss of MbDA neurons in
Wnt1SW/SW mutants resulted from the loss of Wnt1-expressing
MbDA neuron progenitors. To address this question, we bred
Wnt1-Venus transgenic mice to Wnt1SW/SW mutants and micro-
dissected the v. mes as previously described (Brown et al., 2009).
We previously showed that Wnt1(GFP) from the Wnt1-Venus line
recapitulates the temporal and spatial distribution of Wnt1 tran-
scripts in whole mount embryos and in section analysis (Brown
et al., 2011; Hagan and Zervas, 2012). Fluorescent activated cell
sorting (FACS) of YFPþ cells isolated from the v. mes of E10.5
control embryos (Fig. 3A; n¼19) yielded an average of
23,75878220 Wnt1-expressing cells compared to Wnt1SW/SW;Wnt1-
Venus embryos (Fig. 3B; n¼8) that had only on average 531976043
Wnt1-expressing cells. Thus, Wnt1SW/SW mutant embryos had a
significant 77.6% reduction (Po0.0001) of Wnt1-expressing cells
compared to controls (Fig. 3C). Collectively, these findings indicated
that Wnt1-expressing MbDA neuron progenitors in the v. mes were
depleted, and the surviving MbDA neuron progenitors likely gave rise
to the remaining MbDA neurons in adult Wnt1SW/SW mutants.

We then analyzed the molecular identity of Wnt1(GFP)þ
progenitors in midgestation embryos (Fig. 4 and Supplemental
Fig. 4 nZ3 each genotype), when Wnt1-expressing MbDA neuron
progenitors are being specified and acquire their molecular
identity (Brown et al., 2011; Hayes et al., 2011). First, we
s. The quantification and distribution of Wnt1(GFP)þ/OTX2þ and Wnt1(GFP)þ/

nt1SW/SW;Wnt1-Venus littermates. (A) There was a reduction in GFPþ/OTX2þ

OTX2þ progenitors were distributed in a well defined domain along the rostral-

rrowhead) indicate diencephalon, v. mes flexure, and caudal v. mes, respectively.

and one side is shown in these sagittal sections. (C) Mutants had a diminutive v.

reduction in GFPþ/LMX1aþ progenitors from 5017219 in controls to 101755 in

is in controls and were diminished in mutants. Regions of interest in mutants are

domain (3) has a qualitatively more striking loss of progenitors compared to the

r in this figure legend, the reader is referred to the web version of this article.)
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subsampled E10.5 embryos and quantified molecularly distinct
progenitors in the midline and off midline domain of one side of
the v. mes of sagittal sections because of clearly identifiable
structures. This approach showed a similar decrease in GFPþ
progenitors as determined by FACS analysis. We then addressed
OTX2 expression because it functions in early MbDA neuron
development. GFPþ/OTX2þ progenitors were expressed broadly
in the v. mes of Wnt1SW/þ;Wnt1-Venus embryos (5487228,
Ave7SD) (Fig. 4A and B), which was 85% of the Wnt1(GFP)þ
population. In contrast, GFPþ/OTX2þ progenitors were reduced
in Wnt1SW/SW;Wnt1-Venus embryos (152762) (Fig. 4A and C),
which was 58% of the Wnt1(GFP)þ population. We also assessed
LMX1a, which functions as a determinant of MbDA neurons
(Andersson et al., 2006) and is a direct target of Wnt1/b-catenin
signaling (Chung et al., 2009). LMX1aþ progenitors were also
expressed in progenitors located in the v. mes of wildtype
embryos consistent with previous reports (Andersson et al.,
2006; Sawamoto et al., 2001). In Wnt1SW/þ;Wnt1-Venus controls,
GFPþ/LMX1aþ progenitors (5017219) made up 72% of the
Wnt1(GFP)þ population (Fig. 4D and E). Wnt1SW/SW;Wnt1-Venus

mutants showed a significant reduction in GFPþ/LMX1aþ pro-
genitors (101755), which was only 42% of the Wnt1(GFP)þ
population (Fig. 4D and F). Qualitatively, it appeared that the
caudal v. mes was more severely affected than the v. mes flexure
based on the more mosaic distribution of GFPþ cells (Compare
Fig. 4C and F, regions 2 and 3). We also assessed the v. mes at
E9.5, which is prior to the strong phenotype described above.
Wnt1SW/þ;Wnt1-Venus embryos contained a well defined rostral
OTX2þ/LMX1aþ domain adjacent to an OTX2þ/LMX1aþ/
Wnt1(GFP)þ domain (Supplemental Fig. 4A, A0 and C). In between
the rostral and caudal domain was an intermediate OTX2þ
region. In the caudal v. mes there were three adjacent regions:
OTX2þ/LMX1aþ , OTX2þ/LMX1aþ/Wnt1(GFP)þ , and OTX2þ/
LMX1aþ (Supplemental Fig. 4B, B0 and C). In contrast, E9.5
Wnt1SW/SW;Wnt1-Venus embryos had a disruption of the molecu-
larly distinct domains in the v. mes. The rostral v. mes maintained
an OTX2þ/LMX1aþ domain adjacent to a shrunken OTX2þ/
LMX1þ/Wnt1(GFP)þ domain (Supplemental Fig. 4D, D0 and F);
small clusters of OTX2þ/Wnt1(GFP)þ cells were interspersed in
this region. In contrast, the caudal v. mes was more significantly
affected as evident by a near complete loss of all three caudal
zones (Supplemental Fig. 4E, E0 and F). Thus, the cellular pertur-
bation of the v. mes due to the Wnt1SW/SW mutation was first
observed at E9.5 and was substantial at E10.5.

Wnt1 is critical for maintaining mes and r1 in Wnt1SW/SW embryos

We performed in situ hybridization to delineate changes in the
patterning of the mes/r1 region. First we used probes that
detected Otx2 and Hoxa2 to demarcate the posterior limit of the
mes and the anterior limit of rhombomere 2; the intervening
domain was the mes/r1. At E8.5, the mes/r1 was similar in
wildtype and Wnt1SW/SW embryos (n¼3 each genotype) (Fig. 5A, I).
We confirmed the presence of the mes by analyzing Wnt1, which
was detected with an in situ hybridization probe that covered the
point mutation in exon 3. Wnt1 was similarly expressed in Wnt1þ /þ ,
Wnt1SW/þ and Wnt1SW/SW littermates at E8.5 (n¼3 each genotype)
(Fig. 5B and J). These findings suggest that in contrast to Wnt1 null
embryos that have a significant loss of the mes/r1 domain at E8.5
(McMahon et al., 1992), the mes/r1 territory at E8.5 was unaffected
by the point mutation (Wnt1SW allele). MbDA neuron progenitors
adjacent to the v. mes transiently respond to SHH signaling in vivo

and in vitro and are induced to become MbDA neurons (Ye et al.,
1998; Cheng et al., 2010; Blaess et al., 2006, 2011; Hayes et al., 2011).
Therefore, we examined whether Shh expression in the ventral
midline of the mes was dependent on Wnt1 with the rationale that
a change in SHH could underpin the MbDA neuron phenotype in
Wnt1SW/SW mice. The Shh domain in the floorplate was unaffected at
E9.5 (Fig. 5C and K) (n¼3), which is when MbDA neuron progenitors
are dependent on SHH signaling in vivo (Blaess et al., 2006). Although
Wnt1SW/SW embryos had developed a clearly aberrant morphology of
the dorsal mes/r1 at E11.5, the Shh expression domain remained
similar to wildtype littermates (Fig. 5C and K; insets). Wnt1SW/SW

embryos at E9.5 did, however, have a range of alterations in
morphology and in the genetic identity of mes/r1 cells compared
to control littermates (Fig. 5D–H and L–P). Wnt1SW/SW embryos
(n¼5) showed that Wnt1 expression in the ring at the posterior
mes boundary and in the ventral midline was diminished compared
to wildtype littermates at E9.5 (Fig. 5D and L). In addition, prominent
clusters of both Wnt1 and Otx2 expressing cells were aberrantly
located in dorsal-medial r1 (Fig. 5D versus L; E versus M; n¼5
embryos for each marker), consistent with a previous report (Bally-
Cuif et al., 1995). We investigated additional mes/r1 genes to identify
changes in the molecular hierarchy involved in patterning these
regions. Gbx2 expression in r1 was reduced and the En1 domain,
encompassing both posterior mes and anterior r1, was diminished in
Wnt1SW/SW embryos (n¼3) (Fig. 5F, N and G, O). The loss of mes
tissue in Wnt1SW/SW embryos was also apparent by assessing the size
of the domain located between the Pax6-expressing diencephalon
and either Fgf8 or Gbx2 using double in situ hybridization (n¼3 each)
(Fig. 6H and P; data not shown). The primary loss of tissue was in the
dorsal mes with the isthmus organizer (IsO) being diminished
(Fig. 5H and P) or abolished (data not shown) as determined by
the expression of the Fgf8 domain. Collectively, our analysis of
Wnt1SW/SW mutants demonstrates that mes/r1 genes (En1/2, Fgf8,
Wnt1, Otx2, Gbx2) were induced properly and suggested that
sufficient patterning had occurred in mild Wnt1SW/SW embryos,
which was permissive for viability. However, the molecular identity
of the mes/r1 was not maintained at E9.5, which may have
contributed to the loss of Wnt1-expressing progenitors and thus to
the MbDA neuron phenotype.

Comparative genetics and MbDA neuron development

Because mes/r1 genes are co-dependent, are required during
mes/r1 development, and are altered in Wnt1SW/SW embryos, we
utilized loxP containing ‘‘floxed’’ alleles of Gbx2loxP (Li et al., 2002),
Fgf8loxP (Chi et al., 2003), and En1loxP (Sgaier et al., 2007) to
generate viable conditional knockout (cko) mice. To conditionally
delete these genes specifically in the mes/r1, we used En1Cre mice
(Kimmel et al., 2000) (See Methods for details of these lines).
We also used conditional alleles of En1/En2 in conjunction with
R26RCreERT2 mice to temporally delete both En1/2 genes (double
cko, dko) after their combinatorial role in patterning the Mb and
Cb during development (Cheng et al., 2010). The cko approaches
allowed us to circumvent the difficulties that null alleles of Gbx2,
Fgf8, and En1/2 present, which is primarily the massive deletion of
the mes/r1 and perinatal lethality due to the early role of these
genes in specifying embryonic tissue (reviewed in Zervas et al.,
2005). The cko alleles allowed us to examine whether these
genes had a distinct role in MbDA neuron development. Specifi-
cally, we evaluated whether the loss of Gbx2, Fgf8, and En1/2, after
their role in patterning (E9.5), led to the same MbDA neuron
phenotype as observed in Swaying mutants. We first analyzed
embryonic and adult Gbx2 cko mice because of the role of Gbx2 in
positioning the mes/r1 boundary (reviewed in Joyner et al., 2000),
which segregates MbDA neurons from Hb serotonergic neurons
(Zervas et al., 2004). In addition, Gbx2 cko mice have a deletion of
the medial Cb (vermis) (Li et al., 2002) similar to Wnt1SW/SW mice
(Supplemental Figs. 1 and 5) (Bally-Cuif et al., 1995). However, in
contrast to the loss of MbDA neurons and dopaminergic projec-
tions in Wnt1SW/SW mice and the disrupted me/r1 boundary, the



Fig. 5. Changes in the genetic identity of Wnt1SW/SW embryos. Wildtype versus Wnt1SW/SW embryos at E8.5 and E9.5 processed for whole mount in situ hybridization with

indicated probes. (A and I) Wildtype and Wnt1SW/SW embryos showing the caudal limit of Otx2, which delineated the posterior mes (black arrowheads) while the domain

between Otx2 and Hoxa2 corresponded to the mes/r1 (white arrowheads; Hoxa2 delineated rhombomere 2). The mes/r1 were similar in wildtype and mutants; inset in

(I) shows a second example of the double in situ hybridization. (B and J) Wnt1 in the mes (red arrowheads) was indistinguishable between wildtype and Wnt1SW/SW

embryos at E8.5; inset in (J) shows a Wnt1sw/þ embryo that had a similar Wnt1 expression domain as control and mutant littermates. (C, K) Shh expression in the v. mes of

transverse sections of E9.5 wildtype and Wnt1SW/SW littermates; insets show Shh detected by wholemount in situ hybridization in a representative control and mutant

wholemount mount embryo at E11.5. (D) The posterior limit of Wnt1 expression was a ring shaped domain that demarcated the sharp boundary between the mes/r1.

(L) In Wnt1SW/SW embryos the ventral domain of Wnt1 was depleted and the posterior ring was fragmented (red arrow). In addition, clusters of Wnt1-expressing cells were

ectopically located in dorsal-medial r1 (L, black arrows; inset shows higher magnification). (E and M) The lateral edges of the Otx2 domain were similar between wildtype

and Wnt1SW/SW embryos (M, open arrow) although dorsal and medial expression of Otx2 was perturbed (M, filled arrows). (F and N) The anterior Gbx2 expression domain

that delineated r1 was depleted primarily in a dorsal domain in Wnt1SW/SW embryos leaving behind a patch of expression (N, arrow). (G and O) En1 labeled the posterior

mes and r1 and was significantly depleted in mutant littermates (O, arrow). (H) Pax6 defined the anterior developing nervous system and caudally indicated the interface

between the posterior diencephalon and anterior mes. Fgf8 was expressed in anterior r1 (isthmus organizer, IsO). The unmarked domain between Pax6 and Fgf8 was the

mes. (P) In Wnt1SW/SW embryos the Pax6 domain was unaffected while the IsO was substantially reduced (P, arrow). The mes in between Pax6 and Fgf8 was diminished.

(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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conditional gene deletion of Gbx2 (n¼3) did not overtly affect the
position of MbDA neurons during embryogenesis, the distribution
of adult MbDA neurons, or the innervation of MbDA neuron
targets (Supplemental Fig. 5).

Fgf8 is expressed in the isthmus from E8.5–E12.5 and it has
been previously shown that the conditional deletion of Fgf8 in
En1Cre;Fgf8loxP/loxP mice results in the loss of the Mb including
MbDA neurons at E18.5 (Chi et al., 2003). It was proposed that the
loss of MbDA neurons was due to the lack of MbDA neuron
induction, which was consistent with the early and transient role
of FGF8 in inducing MbDA neurons in vitro (Ye et al., 1998).
However, MbDA neurons were not assessed at early stages in Fgf8

cko mice leaving open the possibility that MbDA neurons had
been induced and then depleted by the end of embryogenesis.
Therefore, we re-visited this issue to determine whether MbDA
neurons had been induced in vivo in E12.5 Fgf8 cko embryos. The
conditional removal of Fgf8 mediated by En1Cre resulted in the
ablation of the dorsal mes and r1 at E12.5 although ventral tissue
was less severely affected (Fig. 6A and D). Interestingly, we
observed a similar pattern and positioning of MbDA neurons in
wildtype and Fgf8 cko mice at E12.5 (Fig. 6B and E; n¼3).
However, all MbDA neurons were gone at E18.5, consistent with
previous reports (data not shown, see Chi et al., 2003). LMX1aþ
MbDA neuron progenitors were present and were distributed in a
qualitatively similar manner in control and Fgf8 cko embryos at
E12.5 (Fig. 6C and F; n¼3). Therefore, while Fgf8 cko mice had a
severely ablated mes/r1, the deletion of Fgf8 after E9.0 did not
impact the presence of LMX1aþ progenitors and did not prevent
the induction of THþ MbDA neurons. Although Fgf8 cko did not
mimic the depletion of LMX1aþ MbDA neuron progenitors seen
in Wnt1SW/SW mutants, the loss of MbDA neurons after their
induction may suggest that changes in Fgf8 could be a contribut-
ing factor to the Wnt1SW/SW phenotype and that there is a late
requirement for Fgf8 in MbDA neuron survival.

We took advantage of En1 cko and En1/2 dcko mice to address the
temporal role of the Engrailed genes, which were affected in Wnt1SW/

SW embryos. En1Cre;En1loxP (En1 cko) mice have a truncated tectum,
although 20% of the mice have a normal cerebellum (Sgaier et al.,
2007). In E11.5 embryos that had En1 conditionally removed after
E9.0, MbDA neurons were present in the v. mes and distributed in a
similar pattern as controls although the v. mes was smaller in cko
embryos (Supplemental Fig. 6A and B; n¼3). However, even when
the posterior mes and r1 were entirely missing in En1 cko embryos,
MbDA neurons were still present, but they were subtly diminished in
the v. mes (Supplemental Fig. 6C and D). Adult En1 cko mice were
viable and had VTA and SNc MbDA neurons although the SNc was
diminished compared to wildtype controls (compare Supplemental
Fig. 6E–G with Fig. 1A–C). En1/2 double knockout mice (null alleles)



Fig. 6. MbDA neuron induction was independent of Fgf8 after E9.0. (A and D) Sagittal sections of E12.5 wildtype and Fgf8 cko embryos counterstained with hoechst

showing overview of embryonic morphology and the region where THþ MbDA neurons and LMX1aþ progenitors were located. Fgf8 cko embryos had a deletion of the

posterior Mb (Mb*) and Cb. (B and E) Wildtype differentiating MbDA neurons resided in the v. Mb while Fgf8 cko littermates had MbDA neurons that were loosely

organized and subtly diminished. (C and F) LMX1aþ progenitors were expressed in the v. Mb similarly between wildtype and mutants. B and C are near adjacent sections

and E and F are adjacent sections.
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have a complete loss of Mb and aHb at E14.5 precluding the ability to
assess a later temporal role in MbDA neuron development (Simon
et al., 2004). To determine whether En1/En2 continued to play a
combinatorial role in MbDA neuron development we temporally
deleted by administering tamoxifen to E10.5 R26RCreERT2;En1lox/

�;En2GFPloxP/� embryos (Cheng et al., 2010) (Fig. 7). We used a
pan-EN antibody and TH immunolabeling to ascertain the distribu-
tion of MbDA neurons expressing EN protein in wildtype embryos
(Fig. 7A and B). The result of inactivating both En1/2 caused a near
complete ablation of MbDA neurons at E17.5 embryos, which we
validated with EN/TH immunolabeling (n¼3) (Fig. 7C and D). In
contrast to Wnt1SW/SW mice, there was not a biased loss of the
medial-lateral MbDA neurons. The CreER system is mosaic in
mediating recombination (Joyner and Zervas, 2006), which likely
accounted for the surviving MbDA neurons, which expressed EN
(Fig. 7C and D).
En2 rescues the dorsal Mb and Cb morphological phenotype in
the absence of En1, but MbDA neurons were not assessed in
either of these studies (Hanks et al., 1995; Sgaier et al., 2007). To
directly test whether En2 itself was sufficient for MbDA neuron
development/survival we used a combination of null alleles and
species-specific knock-in alleles (Fig. 8). Compared to wildtype
mice at birth, mice that had murine En2 knocked into the En1

locus (En1En2/En2) had a morphologically wildtype Mb and Cb
consistent with previous reports (Hanks et al., 1995; Sgaier et al.,
2007). We found that En1En2/En2 mice had a normal compliment of
MbDA neurons at birth (data not shown). MbDA neuron popula-
tions also appeared normal in mice that had En2 knocked into the
En1 locus even when on an En2 null mutant background (En1En2/

En2;En2�/�) (Fig. 8A–D; n¼3). In contrast, replacing mouse En1

with Drosophila en (Den) on the En2 null background (En1Den/

Den;En2�/�) resulted in a near complete loss of MbDA neurons



Fig. 7. Double conditional knockout (dko) of En1 and En2. EN protein detected with a pan-Engrailed antibody (blue) in horizontal sections. R26RCreERT2;En1lox/�;En2GFPlox/�

mice were given tamoxifen at E10.5 to delete En1/2 and were analyzed at E17.5. (A) Medial MbDA neurons (green) expressing EN in a dorsal section. (B) EN in VTA/SNc

MbDA neurons in a more ventral section. Panels below (A) and (B) show high magnification images of THþ and ENþ cells in their respective single channel. TH/EN labeling

were merged in the color panels. MbDA neurons expressed EN protein in nucleus-like staining. (C and D) En1/2 dko mice had decreased MbDA neurons in dorsal VTA and a

substantial depletion of MbDA neurons in the VTA/SNc ventrally. Panels below (C) and (D) show examples of neurons expressing the indicated antigens in single channel

and in combined images. Note that nearly all of the remaining MbDA neurons in En1/2 cko mutants still expressed EN. The panels under (D) show a few EN expressing cells

that did not have TH labeling (yellow arrowheads) and serve as an internal control for the specificity of the antibody labeling. (For interpretation of the references to color

in this figure legend, the reader is referred to the web version of this article.)

Fig. 8. Species-specific role of Engrailed genes in MbDA neuron development. (A and B) Wildtype sagittal sections showing MbDA neurons at birth. (C and D) Sagittal

section of mouse pup with En2 knocked in to the En1 locus on an En2 null background (En1En2/En2;En2� /�) showing a similar distribution of MbDA neurons versus control

littermates. (E–F0) Drosophila en (Den) knocked into the En1 locus on the En2� /� background (En1Den/Den;En2� /�) did not rescue MbDA neurons which were largely

depleted; note also the severe loss of dorsal Mb (Mb*) and absence of Cb. The choroid plexus (cp), is still distinguishable as was the pontine nucleus (pn). A few remaining

MbDA neurons were observed (F, arrows) while cholinergic neurons (F0 , ChATþ , red) were seen in the truncated aHb (*).
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(Fig. 8E and F n¼3), but not cholinergic neurons of the LDTg
(Fig. 8F0). Collectively, these data show that the mouse Engrailed

genes function in MbDA neuron development after E10.5 and that
the continued presence of mouse En2 alone, but not Den, is
sufficient to drive the process of MbDA neuron development
in vivo. Thus, there is a temporal and species-specific requirement
for Engrailed genes in MbDA neuron development.
Discussion

Wnt1-expressing progenitors in the v. mes contribute to MbDA
neurons in vivo (Zervas et al., 2004; Brown et al., 2011). However,
determining the functional requirement of Wnt1 in MbDA
neurons in vivo has been enigmatic because of extensive Mb
deletion and lethality in Wnt1 null mice (McMahon and Bradley,
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1990). Analyzing adult Wnt1SW/SW mice circumvents these pro-
blems and reveals that Wnt1 is critical to the development of
THþ/CALBþ MbDA neurons of the VTA and to a lesser although
substantial extent of the SNc. Regardless, Wnt1SW/SW mice are a
rare example of a phenotype involving the complete depletion of
VTA MbDA neurons and thus represents a valuable research tool
for the Neuroscience community. We show that Wnt1(GFP)
mutant progenitors are significantly depleted in Wnt1SW/SW

embryos prior to MbDA neuron differentiation. The caudal
OTX2þ/LMX1aþ/Wnt1(GFP)þ progenitors are the most severely
affected suggesting that these depleted progenitors correspond to
VTA MbDA neurons. In contrast, the remaining progenitors likely
correspond to surviving SNc MbDA neurons (Fig. 9A). The deletion
of Otx2 at E9.0 using En1Cre or mutations in Lmx1a cause a global
Fig. 9. Summary Schematic of MbDA neuron phenotypes. (A) The expression of

Wnt1 (orange bar) and the distribution of Wnt1(GFP)þ progenitors (green circles),

LMX1aþ progenitors (red circles), and MbDA neurons (green neurons) at key

developmental stages in Wnt1þ /þ , Wnt1� /� , and Wnt1SW/SW mice. (B) The

expression of Fgf8 (blue bar) and the distribution of LMX1aþ progenitors and

MbDA neurons at key developmental stages in Fgf8þ /þ , Fgf8�/� , and Fgf8 cko

mice. (C) The expression of En1 (tan bar) and En2 (brown bar) and the distribution

of LMX1aþ progenitors and MbDA neurons at key developmental stages

in En1þ /þ;En2þ /þ , En1�/�;En2� /� , En1/En2 dcko, and En1Den/Den;En2�/�mice.

The black brown bar indicates Drosophila engrailed. (For interpretation of the

references to color in this figure legend, the reader is referred to the web version of

this article.)
reduction of MbDA neurons (Puelles et al., 2004; Chung et al.,
2009). However, recent studies have shown that OTX2 loss or gain
of function strongly influences more caudal MbDA progenitors
(Omodei et al., 2008) and that OTX2 continues to be required for a
subset of VTA (dorsal-lateral VTA) MbDA neurons (Di Salvio et al.,
2010). Our findings augment these reports and suggest that Wnt1

is also critical for a subset of MbDA neuron progenitors, with a
strong bias toward LMX1a-expressing progenitors corresponding
to the entire VTA, including the most medial VTA. This finding is
consistent Wnt1/b-catenin signaling that culminates in ß-catenin
nuclear translocation and binding to Lmx1a (Chung et al., 2009).
In addition, Lmx1a binds directly to the Wnt1 promoter of cells
from v. mes tissue as part of a Wnt1-Lmx1a reciprocal regulatory
loop (Chung et al., 2009). Our finding that LMX1aþ progenitors
are diminished, but not abolished, in Wnt1SW/SW embryos further
suggests that Wnt1-independent pathways also regulate MbDA
neuron progenitors. Shh is expressed in the v. mes and Shh
signaling is required to induce THþ neurons from v. mes
progenitors (Ye et al., 1998; Blaess et al., 2006). Interestingly,
the Shh domain is not diminished in Wnt1SW/SW homozygotes
indicating that Wnt1 is not required to regulate or maintain Shh

expression and that the depletion of Wnt1(GFP)þ and LMX1aþ
progenitors occurs independent of Shh. Our in vivo data comple-
ments stem cell studies showing the Wnt1-LMX1a loop does not
require SHH signaling (Chung et al., 2009). Therefore, multiple
genetic components influence the MbDA progenitor pool.

The Wnt1SW/SW mutation not only results in the biased loss of
VTA, but also results in the mixing of remaining medial MbDA
neurons and serotonin neurons. Our studies indicate that the
mixing of THþ/5HTþ progenitors in Wnt1SW/SW embryos occurs
prior to E9.0. These populations are normally segregated during
development by a v. mes lineage restriction boundary (Zervas
et al., 2004). Our current study shows that the ventral mes/r1
lineage boundary depends on functional Wnt1, which augments
previous findings that the dorsal mes/r1 boundary also requires
the presence of Wnt1 (Bally-Cuif, 1995) Interestingly, the fidelity
of the patterned domains in Wnt1SW/SW embryos appears normal
at E8.5 indicating that the induction of mes/r1 gene expression
and the establishment of the ventral lineage boundary in vivo may
be linked through Wnt1 between E8.5 and E9.0. Collectively our
results suggest that a biased loss of MbDA neurons could be the
result of a complex set of interrelated mechanisms gone awry in
Wnt1SW/SW embryos where the loss of some caudal v. mes
progenitors coupled with a mixing of remaining caudal v. mes
and rostral v. r1 progenitors might deplete the VTA pool while
leaving intact a more rostrally located SNc (THþ/Calbþ)
progenitor pool.

The genetic hierarchy of mes/r1 genes are compromised at
time points consistent with the induction and maintenance of
additional genes in the mes/r1 (Li and Joyner, 2001). Because mes/r1
genetic identity is not properly maintained by E9.5 in Wnt1SW/SW

embryos, we addressed the degree of involvement of additional
mes/r1 genes using conditional mutant lines. Fgf8 is diminished in
Wnt1SW/SW embryos but Fgf8 cko embryos that underwent En1Cre-
mediated deletion (after E9.0) reveals that LMX1a-expressing pro-
genitors and differentiating MbDA neurons are largely unaffected at
E12.5 (Fig. 9B). Collectively, these findings suggest that induction of
MbDA neuron progenitors requires Wnt1 during a transient window
(prior to E9.0) coincident with Fgf8. This idea is supported by in vitro

findings (Ye et al., 1998) and Wnt1�/� explants in which Wnt1 is
necessary for Fgf8-mediated induction of ectopic MbDA neurons
(Prakash et al., 2006). Interestingly, it was previously shown that the
deletion of Fgf8 at E9.0 with En1Cre deleter mice results in a complete
absence of MbDA neurons at E18.5, which we also observed (data
not shown) (Chi et al., 2003). Therefore, our results clarify that Fgf8

plays an additional role between E9.0 and the time when Fgf8
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expression is extinguished (E12.5) to ensure the continued survival
of MbDA neurons after Fgf8 is no longer expressed. FGF ligands
physically interact with and signal through the ‘c’ isoforms of three
FGF receptors, Fgfr1, Fgfr2 and Fgfr3 (Olsen et al., 2006). The
conditional inactivation of Fgfr1 and Fgfr2 using En1Cre showed a
depletion of MbDA neurons (Saarimaki-Vire et al., 2007). The
phenotype worsened when Fgfr1, and Fgfr2 were conditionally
removed on an Fgfr3 null background. Collectively, these findings
suggest that FGF8 is responsible for multiple phases of MbDA neuron
development likely by signaling through all three Fgfr receptors.

En1 null mice have a deletion of the Mb/aHb by E9.5, which
results in perinatal lethality and disorganization of MbDA neu-
rons at E18.5 (Wurst et al., 1994). The expression of En1 precedes
En2 by approximately 12 h (Joyner, 2000) and during this early
period the En genes are necessary to pattern the mes (Hanks et al.,
1995; Sgaier et al., 2007; Cheng et al., 2010). En1/En2 have a gene
dosage requirement for MbDA neuron survival (Simon et al.,
2001) although the temporal component of the gene dosage effect
has not been determined. We inactivated the En genes after their
early requirement to better understand the extent of En function
in MbDA development. Deleting En1/En2 at E10.5 causes a severe
loss of MbDA neurons (Fig. 9C). Interestingly, MbDA neurons that
survive, because of the mosaic nature of CreER mediated recom-
bination (Joyner Zervas, 2006), still express EN protein. This
in vivo genetic evidence suggests that both Engrailed genes are
required cell autonomously for MbDA neuron survival, which is in
agreement with cell mixing experiments of En double mutant
cells with wildtype mes cells (Alberi et al., 2004). En1En2/En2;
En2�/� mice have a wildtype MbDA neuron distribution pattern
indicating that two copies of En2 are solely sufficient to direct
MbDA neuron development. Notably, MbDA neuron development
was drastically reduced in En1Den/ Den;En2�/� mice in which two
copies of Den are expressed in the absence of both mouse En

genes (Fig. 9C). Interestingly, Den alone is unable to support
MbDA neuron development. Thus, we show the specificity and
evolutionary distinctions of EN protein function in MbDA neuron
development (Fig. 9C).

The comparative genetics of Wnt1SW/SW embryos versus Gbx2,
Fgf8, and En1/2 conditional mutant embryos reveals that Wnt1 is
unique in its requirement for VTA MbDA neurons and that these
genes may play distinct roles in MbDA neuron development.
However, we do not rule out that these genes may work
cooperatively in the MbDA neuron development, which this
analysis could not resolve. Interestingly, the loss of VTA MbDA
neurons was concomitant with the loss of innervation of the
BNST. MbDA neuron innervation of target sites during develop-
ment has been proposed to occur by a mechanism that uses
promiscuous innervation of targets and selective refinement
(Hu et al., 2004). Because the loss of VTA occurs during early
development, it might have been predicted that remaining MbDA
neurons innervate a broader selection of targets. However, the
remaining SNc MbDA neurons in Wnt1SW/SW mice do not form
connections to some VTA targets as exemplified by the lack of
dopamine innervation of the bed nucleus even though this target
is present and replete with cholinergic neurons. These findings
indicate that the development of the VTA and its targets are
uncoupled. The loss of VTA MbDA neurons are likely to contribute
to the motor behavior abnormalities in Wnt1SW/SW mice although
these defects have generally been attributed to alterations in the
medial region of the Cb (vermis) (Lane, 1967; Thomas et al.,
1991). We cannot rule out that the vermis phenotype contributes
to the behavioral deficits in Wnt1SW/SW mice. However, the lack of
a motor deficit in Gbx2 cko mice (Movie 3), which have a vermis
deletion (Li et al., 2002) without the lack of overt MbDA neuron
loss suggests that the Wnt1SW/SW phenotype is the result of
MbDA neuron loss. Our findings of primarily VTA MbDA neuron
involvement are interesting in the broader context of movement
disorders. Parkinson’s disease is typically attributed to SNc MbDA
neuron loss (Parent, 1996), but is often accompanied by VTA loss
(Damier et al., 1999; Hirsch et al., 1988; Uhl et al., 1985). Addition-
ally, movement deficits in Parkinsonian animal models either
worsen or unique deficits appear when VTA DA neurons are
compromised (Heim et al., 2002; Moore et al., 2001). This is likely
because of the VTA involvement in planning, initiation, and motiva-
tion of movement (Uhl et al., 1985). In summary, our results
complement previous results describing that the acquisition of
Wnt1 expression is a part of the molecular profile that occurs during
the programming of embryonic stem cells to acquire a MbDA
neuron fate (Lee et al., 2000). Furthermore, our findings provide
new insight into the developmental genetic program underpinning
VTA MbDA neuron development.

Supplementary material related to this article can be found
online at doi:10.1016/j.ydbio.2012.09.019.
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