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Foxal and Foxa2 Are Required for the Maintenance of
Dopaminergic Properties in Ventral Midbrain Neurons at
Late Embryonic Stages

Simon R. W. Stott,' Emmanouil Metzakopian,' Wei Lin,' Klaus H. Kaestner,> Rene Hen,’ and Siew-Lan Ang!
'Developmental Neurobiology, Medical Research Council National Institute for Medical Research, London NW7 1AA, United Kingdom, 2Genetic and Gene
Regulation Program, University of Pennsylvania, Philadelphia, Pennsylvania 19104-6145, and Department of Pharmacology, Columbia University, New
York, New York 10032

The maintained expression of transcription factors throughout the development of mesodiencephalic dopaminergic (mDA) neurons
suggests multiple roles at various stages in development. Two members of the forkhead/winged helix transcription factor family, Foxal
and Foxa2, have been recently shown to have an important influence in the early development of mDA neurons. Here we present data
demonstrating that these genes are also involved in the later maintenance of the mDA system. We conditionally removed both genes in
postmitotic mDA neurons using the dopamine transporter-cre mouse. Deletion of both Foxal and Foxa2 resulted in a significant
reduction in the number of tyrosine hydroxylase (TH)-positive mDA neurons. The decrease was predominantly observed in the substan-
tia nigra region of the mDA system, which led to a loss of TH+ fibers innervating the striatum. Further analysis demonstrated that the
reduction in the number of TH+ cells in the mutant mice was not due to apoptosis or cell-fate change. Using reporter mouse lines, we
found that the mDA neurons were still present in the ventral midbrain, but that they had lost much of their dopaminergic phenotype. The
majority of these neurons remained in the ventral mesencephalon until at least 18 months of age. Chromatin immunoprecipitation
suggested that the loss of the mDA phenotype is due to a reduction in the binding of the nuclear orphan receptor, Nurr-1 to the promoter
region of TH. These results extend previous findings and demonstrate a later role for Foxa genes in regulating the maintenance of

dopaminergic phenotype in mDA neurons.

Introduction
The production of mesodiencephalic dopaminergic (mDA) neu-
rons requires a precise transcriptional cascade at a specific time
point in development (Ang, 2006). These neurons arise from the
floor plate of the caudal diencephalon and ventral mesencepha-
lon (VM) regions of the developing mouse embryo between
E10.5and E13.5 (Marin et al., 2005; Ono et al., 2007). A great deal
is now known about the early specification of mDA progenitors,
but very little is understood about the maturation of mDA
neurons.

One intriguing aspect of this latter stage of mDA neuronal
development is the maintained expression of genes that are re-
quired for the initial specification. This sustained expression
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suggests that these genes may have additional roles in the main-
tenance of the mDA population. The homeodomain transcrip-
tion factor, orthodenticle homeobox 2 (Otx2), for example, has
multiple functions across various stages of the early development
of this population. It is required for the early patterning of the
mesencephalic region (Acampora et al., 1995; Matsuo et al., 1995;
Ang et al., 1996; Broccoli et al., 1999; Millet et al., 1999), and for
the specification of the mDA progenitors (Vernay et al., 2005;
Omodei et al., 2008). Complementary gain-of-function experi-
ments involving the overexpression of Otx2 result in an increased
numbers of mDA progenitors (Ono et al., 2007; Omodei et al.,
2008). The expression of Otx2 is maintained into adulthood in a
specific subset of the mDA population, called the ventral tegmen-
tal area (VTA) (Chung et al., 2005, 2010; Di Salvio et al., 2010a).
This expression was recently shown to have a functional role in
maintaining specific mDA subpopulation identity and confer-
ring resistance to toxins (Di Salvio et al., 2010b). Thus, it appears
that the sustained expression of early mDA developmental genes
has additional roles in the later maturation/maintenance of mDA
neurons.

The forkhead/winged helix genes, Foxal and Foxa2 (Foxa),
are also expressed throughout the life span of the mDA neurons
(Thuret et al., 2004; Wijchers et al., 2006; Ferri et al., 2007; Cai et
al., 2009; Lin et al., 2009). Both genes have been shown to play a
fundamental role in the specification and early development of
mDA neurons (Ferri et al., 2007; Ang, 2009; Lin et al., 2009). The
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expression of the Foxa genes in the adult mDA neurons was pre-
viously reported (Kittappa et al., 2007; Cai et al., 2009), but little
is known about what role this maintained expression serves.
Here, we looked at what functions Foxa genes may have in the
mDA neuronal population, by conditionally deleting the genes
using the Cre-loxp system. We found that in the absence of sus-
tained Foxa gene expression, mDA neurons lose much of their
“dopaminergic” program. The cells remain in the mDA domain
of the VM and are still present in aged mice (=18 months old),
but they fail to express most of the mDA markers examined.
These results suggest that Foxa genes are critical for the mainte-
nance of the mDA phenotype.

Materials and Methods

Animals. Foxal"%%, Foxa2*/M°% mice were generated as previously de-
scribed (Ferri et al., 2007). They were crossed with DAT™“" mice
(Zhuangetal., 2005) and conditional Rosa26-YFP reporter mice referred
to as R26R YF"YFP (Srinivas et al., 2001). Both male and female DAT™";
Foxa X%, Foxa2¥/fox (referred to as DAT " ;Foxal/2 cko) mice from
mixed backgrounds were used in this study. At all times, animals were
handled according to the Society of Neuroscience Policy on the Use of
Animals in Neuroscience Research, as well as the European Communi-
ties Council Directive.

Gait analysis. A 50 cm runway was placed between a bright light and
the home cage in a darkened room. Mice were trained 3 consecutive days
to walk along the runway (5X trials each day). On the day of testing, two
trial runs were performed before black paint was applied to the feet of the
mice for the third run. A 40 cm length of paper was placed on the runway
and the mice were timed from the moment that they were placed on the
runway until they reached the home cage (Jolicoeur et al., 1979; Patel and
Hillard, 2004).

Immunohistochemistry of brain sections. Embryonic brains were im-
mersion fixed overnight in 4% paraformaldehyde in 0.1 m PBS at 4°C,
whereas postnatal brains were perfused with 4% paraformaldehyde and
left overnight in 4% paraformaldehyde at 4°C. All tissues were then cryo-
protected with 30% sucrose in PBS, embedded in optimum cutting tem-
perature compound (VWR International) and sectioned on a cryostat
(CM3050S, Leica). For embryonic tissues, 12 wm sections were collected
on Superfrost glass slides, whereas for adult tissue 35 wm sections were
collected with a brush, kept in PBS at 4°C, and stained as floating sections.
For immunohistochemistry, sections were incubated overnight at room
temperature with the appropriate primary antibody diluted in 1% BSA in
PBS. Sections were then extensively washed in PBS and incubated 1 h at
room temperature with a secondary antibody conjugated with a fluoro-
chrome (The Jackson Laboratory). Sections were then washed and
mounted in Vectashield H-1000 (Vector Laboratories). The following
primary antibodies were used: rabbit anti-AADC (1:200, AB1569, Milli-
pore), rabbit anti-ALDH1A1 (1:200, ab24343, Abcam), mouse anti-
Brn3a (1:5, MAB1585, Millipore), rabbit anti-calbindin D-28k (1:1000,
CB38a, Swant), rabbit anti-calretinin (1:1000, AB5054, Millipore), rabbit
anti-activated caspase 3 (1:500, R&D Systems), rat anti-DAT (1:200,
MAB369, Millipore), mouse anti-En1 (1:40, 4G11, DSHB), guinea pig
anti-Foxal (1:500) (Wan et al., 2005), rabbit anti-Foxa2 (1:1000) (Filosa
et al., 1997), goat anti-Foxa2 (1:500, Ab5074, Abcam), rabbit anti-
GATA2 (1:100, SC-9008, Santa Cruz Biotechnology), rabbit anti-GFAP
(1:500, Z0334, Dako), sheep anti-GFP (1:200, 4745-1051, AbD Serotec),
rabbit anti-Girk2 (1:100, APC-006, Alomone Labs), rabbit anti-Islet-1/2
(1:500) (Tsuchida et al., 1994), rabbit anti-Lmx1a (1:1000, gift from M.
German, University of California San Francisco Diabetes Center, San
Francisco, California), guinea pig anti-Lmx1b (1:2000, generous gift
from Drs. T. Mueller and C. Birchmeier, Max Delbruck Center of Mo-
lecular Medicine, Berlin, Germany), rabbit anti-Nurrl (1:200, sc-990,
Santa Cruz Biotechnology), goat anti-OTX2 (1:500, AF1979, R&D Sys-
tems), rabbit anti-Pitx3 (1:200, 382850, Zymed), rabbit anti-s1003 (1:
1000, s2644, Sigma-Aldrich), rabbit anti-serotonin (1:5000, S5545,
Sigma-Aldrich), mouse anti-TH (1:1000, 22941, Immunostar), rabbit
anti-TH (1:200, AB152, Millipore), sheep anti-TH (1:500, AB1542, Mil-
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lipore), rabbit anti-TH (1:1000, P40101-0, Pel-Freez), and rabbit anti-
VMAT?2 (1:500, AB1767, Millipore).

Allimages were collected on a Leica TCS SP2 confocal microscope and
processed with Adobe Photoshop 7.0 software (Adobe Systems). Quan-
titative immunohistochemical data are presented as mean *=SE. For em-
bryonic and adult cell counts, 1:8 and 1:6 series were used throughout the
entire midbrain, respectively. Quantifications were made from single
confocal plane images.

In situ hybridization. The procedures for whole-mount and section in
situ hybridization were described previously (Schaeren-Wiemers and
Gerfin-Moser, 1993). Mouse antisense probes for AADC, Foxal, Foxa2,
GAD63, Nurrl, and TH were generated from ¢cDNA templates using
RT-PCR as described previously (Krawchuk and Kania, 2008). cDNA
template was generated from E18.5 ventral midbrain RNA. Primer se-
quences are available upon request.

Fiber density analysis. To determine the fiber density in the striatum
and nucleus accumbens, the mean optical intensity was measured from
the TH-positive stained sections (Carlsson et al., 2007). Images were
captured by a digital camera (AxioCam HRg, Zeiss) and analyzed using
the ImageJ software platform, version 1.42q for Mac OSX (National
Institutes of Health; http://rsb.info.nih.gov/ij/). The measurements were
conducted from 12 coronal levels for the striatum and six levels for the
nucleus accumbens (see Fig. 3A, as delineated). Nonspecific background
was determined by readings made from the TH-corpus callosum and
normalized to the white light background surrounding the section on the
glass slide.

TUNEL. Cryostat sections were washed once for 5 min in PBS contain-
ing 0.1% Triton X-100, permeabilized in ice-cold 0.01 M citrate buffer
and 0.1% Triton X-100 for 2 min, and washed again in PBS containing
0.1% Triton X-100. The enzymatic reaction was then performed at 37°C
according to the manufacturer’s protocol (Roche Diagnostics).

Cell migration analysis. Coronal sections of E18.5 midbrain were di-
vided into bins (see Fig. 5A, represented along the bottom), taking into
account the full spread of mDA cell migration from the midline to the
most lateral point on the A—P axis. The total number of YFP+ cells were
counted from seven sections of both DAT*;R26RY"™/* and DAT"'™;
Foxal/2;R26RYY* cko embryos (N = 3).

Cell size analysis. Single plane, 40X magnification confocal images
were taken of TH+/DAPI+ or YFP+/DAPI+ cells from the VM of
DAT;Foxal/2 cko mice. The TH+ or YFP+ channel was changed to
grayscale so that the cell body appeared white against a black background.
The DAPI channel was changed to grayscale so that the nucleus of the cell
was black and the background was made transparent. The DAPI image
was then overlaid on the TH+ or YFP+ image and the circumference of
the DAPI+ cell bodies was calculated using the Image] software plat-
form. The diameter of each cell was calculated from this number.

ChIP binding assay. Chromatin immunoprecipitation was performed
on freshly dissected VM from E18.5 DAT*; Foxal/2 cko embryos and
their Cre-negative littermates (Foxal °/°%;Foxa2 /M10%) according to
the procedure used previously (Lin et al., 2009). qPCR was performed
using the following primers: Aadc, F: TGTGCCCCATGTACACAAGT,
R: CATGCAAAGAGAGCAGACACA; Vmat2, F: GTGTCTACTGTC-
TATCACAG, R: GTCAAAGTGTCCATGAAGCC; Th and Foxa2 open
reading frame primers are provided in Lin et al. (2009).

Statistical analysis. Statistical analysis was performed using statistical
software (Microsoft Excel and GraphPad Prism v4.0, GraphPad Soft-
ware). All comparisons between mutant samples and controls were per-
formed using two-tailed Student’s t test or ANOVA. Differences were
considered significant when p values were <0.05. In the text and figures,
percentages are presented with the SE.

Results

Foxal/2 are expressed in mDA progenitors and

postmitotic neurons

The expression pattern of Foxal/2 during early mDA progenitor
development has been described in previous publications (Ferri
et al., 2007). We determined to see whether this expression was
maintained throughout later embryonic stages, the early postna-
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Figure 1.  The expression of the Foxa genes in the mDA neurons is maintained into adulthood. A, B, Inmunological staining with Foxa1 and Foxa2 antibodies demonstrates their

expression patterns on coronal sections of VM at E14.5 and E18.5 (A, B, respectively). (, E, Inmunological and in situ stainings demonstrate that both Foxa2 are expressed in the ventral
midbrain of 60-d-old adult mice (C, E, respectively). D, Foxa1 expression was detected in the mDA region only by in situ hybridization, as the FoxaT-specific antibody did not work in adult
sections. Foxal and Foxa2 expression was localized to the nucleus both embryonically (B, inset) and postnatally (€, inset), respectively. ML, Medial lemniscus. Scale bar: (in B) 4, 80 wm;

B, 100 j1m; €, D, 50 pum.

tal period, and into adulthood by in situ hybridization and im-
munohistochemistry on midbrain sections. Between E14.5 and
18.5, Foxal and Foxa2 were expressed in the VM (Fig. 1A, B,
respectively). Both genes were present in more nuclei than just
the mDA neurons (Fig. 1A,B). Postnatally, Foxal and Foxa2
were expressed by mDA neurons at all time-points analyzed
through to P60 (Fig. 1C-E). Interestingly, Foxal expression in
the adult VM was more specific to the mDA neurons, whereas
Foxa2 was maintained in additional VM nuclei (Fig. 1C-E). Atall
time points examined, Foxal and Foxa2 were present in all of the
mDA neurons analyzed. Their expression was located specifically
in the nucleus and was not seen in the cytoplasm (Fig. 1B,C,
insets). The maintenance of Foxa2 gene expression in the adult
mDA neurons demonstrated here agreed with previous observa-
tions (Kittappa et al., 2007; Cai et al., 2009). This persistent ex-
pression of Foxal/2 throughout the maturation of the mDA

system suggested potential roles of these genes in the differentia-
tion and/or maintenance of mDA neurons.

Deletion of Foxal/2 in mDA neurons

To conditionally delete Foxal and Foxa2 in postmitotic mDA
neurons, we used the dopamine transporter-Cre (DAT"“™")
mouse (Zhuang et al., 2005). We crossed DAT"" male animals
with the Rosa26LacZ"*/"** female mice to determine precisely
when recombination was occurring in mDA neurons. No (gal
expression was seen when the VM of these mice were analyzed at
E12.5 (data not shown). The first Bgal+ cells appeared at E13.5in
only a small number of TH+ cells in the VM, but their number
increased markedly by E14.5 (Fig. 2A). Earlier studies have
shown that the expression of Bgal was strong in mDA neurons,
and only weak staining was observed in dopaminergic neurons
of the olfactory bulb and hypothalamus in adult DAT"";
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Figure 2. Deletion of Foxa genes in postmitotic mDA neurons using the DAT “®* mouse. A, Activation of LacZ expression in
DA™ ;Rosa26LacZ™* embryos occurred between E13.5 and E14.5, as determined by Xgal staining on coronal sections of
embryonic midbrain. B, C, TH+ mDA neurons were observed in the transgenic mice at both E18.5 (B), and P28 (C). D, E, Coronal
sections of P28 midbrain are presented as relative to bregma. The percentage of TH+ cellsat E18.5 (D) and P28 (E) in the VM of WT,
DAT®* Foxa1™/™%. Foxa2™/ (DAT '+ F/F F/+), DAT?® ™ :Foxa1™/™ ; Foxa2™/™x (DAT </ *: F/+ F/F), and DAT®® ™,
Foxa1/2 cko mice were counted and significant differences were observed. ***p << 0.001. NS, Not significant. The percentage of
TH+ cells in the mDA subregions was compared, highlighting a more dramatic loss in the SN than the VTA (F). The loss of mDA
neurons in the SN region is in part due to a defect in migration of these mDA neurons from medial to lateral positions in the
midbrain (Fig. 5D). FR, Fasciculus retroflexus; RRF, retrorubral field. Scale bars: (in €) 4, B, 50 pem; C, 100 m.
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Rosa26LacZ"" mice (Zhuang et al.,
2005). Given that 95% of mDA neurons
are postmitotic by E13.5 (Bayer et al.,
1995), the DAT"*" mouse strain is useful
for inactivating genes specifically in mDA
neurons.

DAT*;Foxal/2 cko mice were born
at a normal frequency, developed into
adulthood and were fertile. Upon dissec-
tion, we found no observable differences in
size, weight, or morphology when compar-
ing the brains of DAT"**;Foxal/2 cko mice
with their wild-type (WT) littermates
(data not shown). When assessing the
mDA neurons in the VM of the DAT™™;
Foxal/2 cko mice, we observed little if any
change at E14.5 when Cre is first beginning
to be expressed. By E18.5, however, there
was a 40% reduction in the number of TH+
neurons in the VM of the DAT™*;Foxal/2
cko mice, compared with WT mice and
mice with one functional copy of Foxal or
Foxa2 gene in mDA neurons (n = 3; WT =
9957 + 87, DAT"*Foxal";
Foxa2™/* = 10033 + 112, DAT"*;
Foxal™*;Foxa2™* = 10203 =+ 19
DAT"™ " ;Foxal/2 cko = 619.3 = 13.9 TH+
cells; p = 0.00009) (Fig. 2B, D). This loss of
TH++ cells increased with time to 50.3% in
adult mice at P28 (n = 3; WT = 2079.3 =
322, DAT™*;Foxal™~Foxa2™* =
20160 *+ 393, DAT"*;Foxal™™;
Foxa2™™°* = 1849.0 + 60.6; DAT""";
Foxal/2 cko = 1045.9 * 32.9 TH+ cells;
p = 0.000006) (Fig. 2C,E). The mDA neu-
rons in the substantia nigra (SN) of the
DAT*;Foxal/2 cko mice were more af-
fected with a 75.6% reduction in the num-
ber of TH+ cells (n = 3; WT =918 = 10.7
TH+ cells, DAT"“*;Foxal/2 cko =
224.3 * 37.6), whereas the VTA subset
lost 25.9% of the WT number of TH+ neu-
rons (n = 3; WT = 929 *+ 12.2 TH+ cells,
DAT"*;Foxal/2 cko = 688.4 = 20.0) (Fig.
2F). Other mDA subregions (such as the
mDA neurons near the ventricular zone)
were less dramatically affected (Fig. 2C,
asterisk; data not shown).

Given that previous work from this
laboratory has demonstrated that Foxal
and Foxa2 regulate early mDA develop-
ment in a dose-dependent manner (Ferri
et al., 2007), we next analyzed multiple
combinations of allele deletion using the
DAT”" mouse. At both E18.5 and P28,
we found no change in the number of
TH+ cells in the VM of single Foxa gene
deletions  (DAT*;Foxal’*M°*  and
DAT"";Foxa2*f°%)  compared with
WT (data not shown). The DAT™";
Foxal™™";Foxa2"™°* animals showed a
large reduction in the number of TH+
cells, compared with WT but this was not
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Figure 3.  Striatal fiber density and gait analysis of the DAT"®™;Foxal/2 cko mice. A-D, Fiber density analysis of the striatum and nucleus accumbens was conducted on DAT®" (A) and
DAT"®™ ;Foxa1/2 cko mice (B) using the areas delineated in A. DAT"®* ;Foxa1/2 cko (MUT) mice demonstrated a 71.2% reduction in the number of TH+ fibers innervating the striatum (€), but only
a 20.7% decrease in the nucleus accumbens (D) compared with DAT®®* littermates. E, Foot gait analysis was also performed at 6 months of age on (Figure legend continues.)
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significant (p = 0.057) (Fig. 2C,E). These results demonstrate
that the Foxal and Foxa2 can largely compensate for each other,
but are both required for the correct maintenance of the mDA
system at the adult stage.

Behavioral phenotype in the DAT"**;Foxal/2 cko mice
In addition to the loss of TH+ cells, the DAT"*;Foxal/2 cko
mice exhibited a 71.2 * 12.2% loss of TH+ fiber density in the
striatum (n = 4; p=0.0035) (Fig. 3A-C), whereas there was only
a20.7 £ 13.7% reduction of TH+ fiber density in the nucleus
accumbens (n = 4; p = 0.21) (Fig. 3A, B,D). The preferential loss
of TH+ fibers to medial and lateral regions of the striatum is
interesting, but this phenotype may be because of a specific role of
Foxal/2 on the projection pattern or on the medial-lateral posi-
tioning of mDA neurons in the striatum and midbrain respec-
tively (see below), which could indirectly influence the targeting
of these neurons in mutant mice. Despite the absence of TH+
fiber innervation in the striatum, we observed no altered posture
or tremor in the DAT"**;Foxal/2 cko mice based on gross ob-
servation. In addition, these mice did not demonstrate any diffi-
culties in initiating or maintaining movement, which suggested
that motor control itself was not affected in these mice, similar to
what has been observed in Pitx3 ™/~ mice (Smidt et al., 2004). We
noted, however, that from an early postnatal age the mice dis-
played a “hopping” style of walking (Fig. 3E) compared with WT
mice. Although they were capable of walking with the alternating
step pattern of a WT mouse, the DAT”";Foxal/2 cko mice pre-
dominantly moved both their rear legs at the same time (Fig. 3E).
To quantify this hopping behavior, we conducted a gait anal-
ysis on 6-month-old DAT"**;Foxal/2 cko and WT mice. The
DAT"**;Foxal/2 cko mice took significantly more steps (24 =
2.0 steps) to cross the 40 cm runway used in the gait analysis
compared with DAT"** mice (14 =+ 0.58 steps) and Foxa "%
Foxa2™"°* mice (12 = 1.0 steps; p = 0.0086) (Fig. 3F). This was
primarily because of a shortening of the average step length
(4.4 + 0.51 cm for DAT" mice, compared with 3.9 = 0.14 cm
for the Foxal 1°1°% Foxa2 109X mice and 2.8 + 0.15 ¢m for
DAT*;Foxal/2 cko mice; p = 0.036) (Fig. 3G), and resulted in
the mutant mice taking significantly longer (11.18 = 0.52 s) to
traverse the length of the runway than the DAT? " mice (5.58 =
0.59 s) and Foxa /"M%, Foxa2/*/Mo* mjce (6.32 * 0.08 s; p =
0.002) (Fig. 3H). These findings indicated that the DAT™;
Foxal/2 cko mice have a significant reduction in the level of mDA
fibers innervating the striatum, and display an alternative means
of locomotion.

Loss of TH+ neurons is not due to cell death or fate change

Given that we observed a 40% reduction in the number of TH+
neurons in the DAT";Foxal/2 cko mice between E14.5 and
18.5, we wanted to determine whether cell death was occurring at
any of the time points in between to explain the loss of cell num-
ber. Both activated caspase 3 staining and TUNEL expression
revealed little or no increase in cell death compared with the WT
VM (Fig. 4 A, B; data not shown). In contrast, control tissues such
as the E15.5 thymus showed a number of activated Caspace3+

<«

(Figure legend continued.) DAT®® " mice, Foxa1™™*: Foxa2™<™ (F/F F/F) mice, and DAT™®*;
Foxal/2 cko mice to demonstrate the hopping phenotype observed in the DAT™ ™ ;Foxa1/2 cko
mice. Left (L) and right (R) paw prints were recorded with black paint. F-H, The gait analysis
demonstrated an increase in the number of steps made (F), and a reduction in step length (G),
and time taken (H) by DAT"®* ;Foxa1/2 cko mice while crossing the runway used. NAc, Nucleus
accumbens; Str, striatum. *p << 0.05; **p << 0.01. Scale bar: (in £) A, B, 100 wm; E, 1 cm.
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apoptotic cells (Fig. 4A). This experiment suggested that the loss
of TH+ cells in the VM of DAT"";Foxal/2 cko mice was not
due to cell death.

We next examined the hypothesis of whether the loss of Foxa
genes in mDA neurons resulted in changes of cell fate. We ran a
battery of alternative midbrain neuronal markers (such as GABA,
GAD, Brn3a, Islet, serotonin, GATA2, and glutamate) and glial
markers (GFAP and s1003) (Fig. 4C; data not shown), but wit-
nessed no obvious increase in any of the expression of these genes
that could account for the reduction in TH+ neuronal number
in the VM of the DAT**;Foxa1/2 cko mice at E18.5. Together,
these stainings demonstrated that the loss of TH+ cell in the VM
of the DAT™ " ;Foxal/2 cko mice between E14.5 and 18.5 was not
due to cell death or fate change.

mDA neurons lose their phenotype in the DAT*";Foxal/2
cko mouse

Lack of evidence for cell death and cell fate changes suggested the
possibility that mDA neurons were still present but not express-
ing appropriate dopaminergic markers such as tyrosine hydrox-
ylase. To follow cells that have undergone Cre-mediated excision
of Foxal/2, we crossed the DAT"**;Foxal/2 cko mouse with a
R26R™™YFF reporter strain of mice (Srinivas et al., 2001). At
E14.5, few YFP+ cells were observed in the VM of either the
DAT"*;R26R™* or DAT"*";Foxal/2;R26R"™* cko mice,
consistent with results using Rosa26LacZ""°* reporter mouse
strain (Fig. 2A; data not shown). By E18.5, however, almost all of
the YFP+ cells in the ventral midbrain of the DAT™ " ;R26R*™*
mouse VM were TH+ (Fig. 54, inset). In contrast, double anti-
body labeling using anti-TH and anti-GFP specific antibodies
showed a large number of YFP+TH— neurons present both in
the VTA and SN regions of the VM of DAT"**;Foxal/2;
R26R™™* cko mouse (Fig. 5B, inset). This result indicates that
expression of TH was not maintained in the mDA neurons in
which Foxal and Foxa2 had been deleted. When we determined
the total number of mDA neurons in DAT"**;Foxal/2;
R26R*™" cko mutant embryos by combining the numbers of
TH+/YFP— and TH—/YFP+ cells, we found that there was only
a12.02% reduction in total cell number compared with the total
number of TH+/YFP+ mDA neurons in DAT"*";R26R™"/*
mouse embryos at E18.5 (WT = 2157.3 data not shown and * 96.9
TH+ cells vs DAT"*;Foxal/2;R26R™™* cko = 1898.0 * 66.7
YFP+/TH— and YFP—/TH+ cells; p = 0.092) (Fig. 5C). We also
noted that an unusually high proportion of these cells were re-
stricted to the medial portion of the VM in the DAT" " ;Foxal/
2;R26R™™* cko mice, suggesting a possible role in the regulation
of mDA cell migration for Foxa genes (Fig. 5D).

This phenotype was maintained into adulthood in the DAT™";
Foxal/2;R26R™* cko mice. At the P28 time point, the YFP+/
TH— cells in the VM of the DAT"**;Foxal/2;R26R"™* cko
mice were still present and largely restricted to the mDA domain
(Fig. 6A,D compare with B, E). Although the TH+ cells all had
normal mDA cell morphology, we noticed that the TH—/YFP+
cells were smaller than the TH+/YFP— mDA neurons. The
YFP+/TH— cells in the SN were on average 34.4% smaller in cell
diameter than their TH+/YFP— counterparts, and in the VTA
this reduction was 31.6% (n = 478 cells for the VTA and 184 cells
for the SN from 3 brains; 941.7 = 107.3 um? for TH+ SN cells
and 617.8 = 58.4 um* for YFP+ SN cells; p = 0.057; 700.1 = 70.2
wm? for TH+ VTA cells and 478.6 + 37.2 um? for YFP+ VTA
cells; p = 0.049) (Fig. 6G-I).

To see how long these cells remained in the VM of the DAT™*;
Foxal/2;R26R™™"* cko mice, we analyzed these mice all the way to
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Figure5. TH—/YFP-+ cells are presentin the midbrain of DAT"®* ;Foxa1/2;R26R"™* cko
mice. A, B, YFP+/TH-+ cells were observed in the DA™ ;R26R"™/™ (A, inset), but very few
double labeled cells were found in the DAT"®* ;Foxa1/2;R26R"™*/* cko E18 midbrain (B, inset).
€, When the total number of YFP+/TH— and TH+/YFP— cells are counted in the DAT"®*;
Foxa1/2;R26R"™* cko mouse and compared with the DAT"®* ;R26R"™*, there was only a
small reduction in the number of mDA neurons. A greater percentage of YFP+ cells were
located near the ventral midline in the midbrain of a DAT"®* ;Foxa1/2;R26R""* cko embryo
compared with the midbrain of a DAT"® ;R26R"™* midbrain. The data were plotted as the
percentage of cells versus distance from the midline. The medial-lateral axis was divided into
bins that are equally spaced from each other (as indicated in A), with bin 1 being closest to the
midline. *p << 0.05. Scale bar: (in B) 4, B, 50 m. NS, Not significant.

18 months of age (P550). In the DAT"**;R26R™™"* mice, the
YFP expression was well maintained in the TH+ cells in the VM
(data not shown). In all of the mutant mice examined at P550
(n=4), TH—/YFP+ cells were found in the mDA region of the
VM (Fig. 6C,F). The total number of TH+ cells in the VM of the
DAT™ " ;Foxal/2;R26R™™" cko mice represented only 41.2% of
the WT population (WT = 2014.3 = 77.2 TH+ cells vs 830.3 =
49.1 TH+ cells; p = 0.0002) (Fig. 6]). However, when we
counted the total number of YFP+/TH— and TH+/YFP— cells
in the VM of DAT"“*;R26R"™" mice and DAT"**;Foxal/2;
R26RYFP* cko mice at P550, we found onlya 10.6% reduction in
the total number of cells (WT = 2014.3 = 77.2 TH+ cells vs
1759.7 * 77.0 TH+ cells; p = 0.044) (Fig. 6K). All of the YFP+/
TH— cells that were analyzed at P550 were positive for the neu-
ronal marker, NeuN demonstrating that although the cells had
lost their mDA phenotype, they were still neurons (Fig. 6C, inset).
Together these stainings and quantifications suggested that the re-
duction in the number of TH+ cells in the VM of the DAT"™;

<«

presented little to no activated phosphorylated caspase3 (Act Cas) staining, although the thy-
mus from the same section of the E16.5 embryo had many positive cells. B, There was no
difference compared with DAT™™ sections at the same time points. €, Staining coronal sec-
tions of DAY and DAT®/* ;Foxa1/2 cko midbrain with alternative cell type markers, like
GAD63 and Islet suggested that there was no obvious change of fate in the Foxa1-Foxa2- mDA
neurons in the DAT®/* ;Foxa1/2 cko mice. Scale bars: (in A) A, 10 wum for the thymus image; A
(for the other images), €, 50 um.
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Figure 6.  TH—/YFP+ mutant mDA neurons survive until late adulthood, but are smaller in size than their WT counterparts. A—F, Images taken from rostral (A—C) and medial (D—F) sections of
the midbrain are presented for comparison. YFP+/TH+ cells were found in the midbrain of DA T -R26RYP/* P28 adult mice (4, D, insets), but very few double-labeled cells were observed in
the midbrain of a DAT™ " ;Foxa1/2;R26R"™* cko mouse at P28 (B, E, insets) and P550 (€, F, inset). The YFP+/TH— cells were all neurons as determined by the neuronal marker, Neul (Cinset).
G-I, When the diameter of YFP+ and TH+ cells was measured in the VTA (G) and SN (H), a significant difference was found in size of the YFP + cells (/). J, Although the total number of TH+- cells
in the DAT™ ™ :Foxa1/2:R26R"™* cko animals was severely reduced, the total number of mDA neurons (YFP+/TH— and TH+/YFP—) was only slightly reduced in these mice compared with
DAT™®* ;R26R"™'* mice. K, The quantification of cell numbers are represented as a ratio of WT cell numbers and in percentages. *p < 0.05; ***p << 0.001. Scale bar: (in D) AF, 150 um;
G, H,60 wm.

Foxal/2 cko mouse was not due to cell death or change of cell fate, ~ ferentiation genes were lost in addition to TH when Foxal and

but rather due to loss of TH expression in mDA neurons. Foxa2 were deleted in these neurons (Fig. 7A). As expected, the

YPF+/TH— neurons in the VM of DAT"*";Foxal/2;R26R""""*
Maintenance of certain mDA genes in the absence of Foxal cko mice did not express Foxal (Fig. 7B) and Foxa2 (Fig. 7C),
and Foxa2 indicating successful deletion of the floxed alleles. The expression

We next performed double immunolabeling analysis on these  of both LIM homeobox transcription factor, Lmxla, and Lmx1b,
YFP+/TH— cells at E18.5 to determine whether other mDA dif-  which are involved in mDA development were maintained (Yan
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Figure 7.  Certain mDA-related genes maintain their expression in the DAT“*/*:Foxa1/2;
R26R "/ cko mice. A-I, High-magnification coronal images of the YFP-+/TH— mDA cells
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etal., 2011) (Fig. 7 D, E, respectively). In addition, nuclear recep-
tor related 1 (Nurrl, also known as Nr4a2) was also present in
YFP+/TH— cells (Fig. 7F). In contrast, the paired-like home-
odomain 3 factor (Pitx3), aromatic L-amino acid decarboxylase
(AADC) and the vesicular monoamine transporter (Vmat2) were
all not expressed in YFP+ mDA cells (Fig. 7G-I).

Because the expression of Nurrl was maintained in the TH—/
YFP+ cells, we also determined the total number of Nurrl + cells
in the VM of both control DAT®";R26RY*™" and DAT"*";
Foxal/2;R26R™™* cko mice and found that there was only a 5%
reduction in the total number of Nurrl+ cells at E18.5 (DAT"*;
R26R™* = 3085.0 * 95 Nurrl+ cells vs DAT"";Foxal/2;
R26RY™P/* ko = 2888 + 42 TH+ cells; p = 0.13). Nurrl was also
maintained in all of the YFP+/TH— neurons analyzed at the P28
and P550 time points (data not shown).

Mature mDA neurons can be molecularly divided into pre-
dominantly two major subsets by the expression of the G-protein
regulated inward-rectifier potassium channel 2 (Girk2) (Mendez
etal., 2005; Thompson et al., 2005) and Otx2 (Chung et al., 2005,
2010; Di Salvio et al., 2010a). Girk2 is preferentially expressed in
SN mDA neurons (Fig. 8A), whereas Otx2 specifically marks
VTA neurons (Fig. 8E). Compared with the WT situation, we
found that the total number of Girk2+ neurons in the mutant
was 92% reduced in the DAT®*;Foxal/2;R26R"™* cko mice
(WT = 1358.3 = 16.6 vs MUT = 108.3 = 8 Girk2+ cells; p =
0.000,028). Of the remaining Girk2+ cells, only 9.2% were also
YFP+ (Fig. 8A,B). We found a similar reduction in the expres-
sion of another SN marker, aldehyde dehydrogenase 1 family,
member Al (ALDHI1AL1), in the YFP+/TH— population of mDA
neurons in DAT™";Foxal/2;R26R™™* cko mice (data not
shown). We also observed a severe loss of DAT expression (Fig.
8C,D), which is more highly expressed in the SN than the VTA
(Gonzalez-Hernandez et al., 2004).

In contrast, there was only a reduction of 11.4% of Otx2+
neurons in mutant VTA compared with WT mice (WT =
686.3 = 14.5vs MUT = 608 =+ 16.7 Otx2+ cells; p = 0.024) (Fig.
9E-H). Many of the YFP+/TH— neurons in the VM of DAT™";
Foxal/2;R26R™* cko mice were observed with robust Otx2 ex-
pression (Fig. 9G). In contrast, there was only a reduction of
11.4% of Otx2+ neurons in mutant VTA compared with WT
mice (WT = 686.3 + 14.5vs MUT = 608 = 16.7 Otx2 + cells; p =
0.024) (Fig. 9E-H ). Many of the YFP+/TH— neurons in the VM of
DAT™*;Foxal/2;R26R™™" cko mice were observed with robust
Otx2 expression (Fig. 9G). Previous studies have shown that Otx2
is expressed in VTA but not SN mDA neurons and that the ma-
jority (93%) of Otx2+ neurons in the VTA express TH (Di Salvio
et al.,, 2010a). We therefore reasoned that the percentage of
YFP+Otx2+/Otx2+ neurons in the mDA region would give a
reasonable estimate of the efficiency of recombination in the VTA
and this was determined to be ~43% in adult mutant mice at P28.
The recombination efficiency in the total mDA neuronal popu-
lation was determined to be 47% and 49% respectively, based on
the percentage of YFP+Foxal —/total number of mDA neurons
and YFP+/Foxa2—/total number of mDA neurons in E18.5
DAT"**;Foxal/2;R26R™™" cko embryos (Fig. 7B,C). These
numbers suggest that the deletion of Foxal/2 occurs with com-

<«

in the VTA region of E18.5 DAT"®* ;Foxa1/2;R26R"™ ™ cko embryos (A) were taken from sec-
tions triple labeled with YFP (green), TH (blue), and various mDA-related markers, such as Foxa1
(B), Foxa2 (€), Lmx1a (D), Lmx1b (E), Nurr1 (F), Pitx3 (G), VMAT2 (H), and AADC (/). Scale bar:
(inA)A, 40 pm; B-1,15 pum.
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Figure8. SN mDA neurons are more affected than the VTA in the DAT“®/*;Foxa1/2;R26R ¥/ cko mice. A, B, Markers specific to the SN, such as Girk2 were dramatically reduced in the mDA
neurons of the DAT™® " ;Foxa1/2;R26R"™* cko mice. €, D, Even the dopamine transporter (DAT) was almost lost in the absence of Foxa1/2. E-0, Markers of the VTA subregion, such as 0TX2 (E-H),
calbindin (/-L), and calretinin (M-0) exhibited only a small reduction in their expression in the DAT®™* ;Foxa1/2:R26R"™* cko mice (MUT). Arrows in G and K highlight YFP+/TH— cells still
expressing 0TX2 and calbindin, respectively. *p << 0.05. Scale bar: (in K) A-D,100 wm; E, F, 1,J, M, N, 80 um; G, 20 wm; K, 10 em.

parable efficiencies in both SN and VTA and therefore support
the conclusion that Foxal/2 are not required for the maintenance
of Otx2 in adult mDA neurons. We next determined whether the
expression of Calbindin and Calretinin (McRitchie et al., 1996)
are modified in Dat““*;Foxal/2 cko mice. These additional
quantifications were conducted at the P550 time point. We found
that compared with WT mice, there was 13.3% reduction in the
number of Calbindin+ cells in the VTA (WT = 549 *+ 7 vs
MUT = 476 = 10; p = 0.027), and only a 10.5% reduction in the
number of Calretinin+ cells (WT = 491 * 25 vs MUT = 439 *=
0; p = 0.17) (Fig. 81-0). Altogether, these results indicate that
Foxal/2 is not required for the maintenance of expression of
Otx2, calbindin, and calretinin in adult VTA neurons.

Reduced binding of Nurr1 to TH promoter region in the
absence of the Foxal and Foxa2 genes

The nuclear orphan receptor transcription factor, Nurrl, plays an
important role in the generation and maintenance of mDA neu-
rons (Kadkhodaei et al., 2009). Deletion of Nurrl in DAT<™;
Nurr"°% embryos also leads to a severe reduction in the
expression of dopaminergic markers, including DAT, TH,
AADC, and to a lesser extent the expression of Pitx3 and Lmx1b,
in mDA neurons starting at E15.5 (Kadkhodaei et al., 2009). This
loss of dopaminergic properties persisted and was accompanied
by loss of these neurons in adult mutant mice that was shown
using FluoroGold retrograde labeling experiments (Kadkhodaei
et al., 2009). Together these findings indicate that Nurrl is ini-
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Figure 9. A, Insitu hybridization staining of Nurr1, TH, and AADC on coronal sections from

E18.5 Foxa 1™/ Foxa2™" (F/F F/F) and DAT™ ™ ;Foxa /2 cko mice midbrain, demonstrate
the maintenance of Nurr1 expression, and the reduction in TH and AADC. ChIP analysis suggests
that the reduction of TH and AADC expression may result from a reduction of Nurr1 binding
to the Th and Aadc promoters. No significant change was observed in Nurr1 binding to the
Vmat2 promoter. B, C, Independent ChIP-qPCR experiments were performed with chromatin
prepared from E18.5 ventral midbrain tissue from WT or DAT™®* ;Foxa1/2 cko, where enrichment is
shown as percentage of WT percentage input. *p << 0.05; **p << 0.01. Scale bar, 100 em.

tially required for the maintenance of TH expression and then
cell survival. Combined with published data showing that Nurrl
can directly bind and activate the TH promoter in cell lines by
chromatin immunoprecipitation (Kim et al., 2003), these results
suggest that Nurr1 regulates expression of TH by direct binding.
We found that Nurrl was maintained in the VM of DAT"“";
Foxal/2 cko embryos, whereas TH and AADC were severely re-
duced (Fig. 9A). Because we have previously shown that Foxa2
also binds to the TH promoter (Lin et al., 2009), we determined
whether Foxa2 and Nurrl cooperate to bind this DNA fragment
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by chromatin immunoprecipitation using chromatin isolated
from the midbrain of E18.5 control or DAT"";Foxal/2 cko em-
bryos. Interestingly, our results show that Nurrl binding to Th
promoter is significantly reduced in mutant chromatin com-
pared with WT chromatin (p = 0.0058) (Fig. 9B). Because the
neuronal promoter of Aadc is bound by both Foxa2 and Nurrl
(Raynal et al., 1998; Ye et al., 1999; Jacobs et al., 2009), we also
determined whether the ability of Nurrl to bind this promoter
element depends on Foxal/2 proteins. We also found a signifi-
cant reduction in Nurrl binding to the Aadc neuronal promoter
in the DAT"**;Foxal/2cko embryos (p = 0.041) (Fig. 9B). In
contrast, no significant change was detected in Nurrl binding to
the Vmat2 promoter previously described by Jacobs et al. (2009)
with or without Foxal/2 (p = 0.128) (Fig. 9B). These results
strongly suggest a role for Foxal/2 in recruiting Nurrl to the Th
and Aadc promoters but not to the Vmat2 promoter.

Discussion

The expression of Foxa genes in mDA neurons

There have been some conflicting reports surrounding the ex-
pression pattern of the Foxa genes in the mDA neurons. For
example, Cai et al. (2009) observed a decrease in Foxa2 expres-
sion in mDA neurons during development, resulting in no de-
tectable expression of this gene at E15.5. The authors reported a
reappearance of expression of Foxa2 at E18.5 and robust expres-
sion in the mDA neurons in the adult brain. In addition, although
Wijchers et al. (2006) failed to detect Foxal in the VM using
RT-PCR, they did observe Foxal expression in the adult mDA
neurons using in situ hybridization. They also failed to detect
Foxa2 with both RT-PCR and in situ hybridization (Wijchers et
al., 2006). Thus, there have been some differences in opinion
about the expression pattern of the Foxa genes in the mDA neu-
rons at various time points. We found no variation over time in
Foxa gene expression in mDA neurons using both antibody stain-
ingand in situ hybridization. We analyzed numerous embryonic,
early postnatal and adult time points and found both genes to be
robustly expressed by the mDA neurons, in agreement with other
publications (Thuret et al., 2004; Kittappa et al., 2007). Our con-
clusion is that Foxal and Foxa2 are expressed in mDA progeni-
tors, immature and mature neurons during embryogenesis. In
adults, Foxal expression becomes restricted to mDA neurons as
development progresses, whereas Foxa2 exhibits a broader pat-
tern of expression, being present in both mDA neurons and other
surrounding nuclei in the VM.

Foxal and Foxa2 are required to maintain dopaminergic
properties in mDA neurons

Our data showed that when Foxal and Foxa2 are deleted in mDA
neurons from E13.5 onward, these cells failed to maintain their
dopaminergic properties, such as expression of TH, VMAT2,
AADC, and DAT. However, these neurons continue to express
other mDA neuron markers such as Lmxla, Lmx1b, and Nurrl.
Despite the absence of characteristic dopaminergic proteins,
mDA neurons remained in the midbrain at least until 18 months
of age, and continued to express the neuronal marker, NeuN. The
mDA neurons in the Nurrl cko mice exhibit a similar phenotype,
i.e., failure to maintain their dopamine phenotype. However,
these mDA neurons progressively disappear in adult mice, sug-
gesting a role for Nurrl in regulating survival of these neurons
(Kadkhodaei et al., 2009). Because Nurrl is still expressed in
Foxal —/Foxa2— mDA neurons in DAT"**;Foxal/2 cko ani-
mals, expression of Nurrl may contribute to the survival of these
neurons. Alternatively, Foxal/2 may contribute to the regulation
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of genes essential for cell death thereby leading to survival of
the mutant mDA neurons in DAT"**;Foxal/2 cko adult mice.
Determining downstream target genes in mDA neurons by
expression profiling studies will help to distinguish these two
possibilities.

The remaining mDA neurons in DAT"**;Foxal/2 cko adult
mice appear to maintain the expression of VTA specific markers,
such as Otx2 and calbindin, although losing the expression of
SN-related proteins, for example, Girk2 and ALDH1ALI. This re-
sult suggests that SN mDA neurons are more severely affected in
DAT™";Foxal/2 cko adult mice. As Foxal and Foxa2 are simi-
larly deleted in Otx2+ VTA-specific mDA neurons as in the total
mDA population, the specific requirements for maintenance of
genes expressed in SN mDA neurons is interesting and is not a
consequence of region-specific deletion of Foxal/2. In contrast to
the sparing of Otx2, calbindin, and calretinin expression, the ex-
pression of dopamine-specific genes such as TH, AADC, and
Vmat are affected cell-autonomously in almost all mDA neurons
in DAT"";Foxal/2 animals. Further studies are needed to de-
termine how Foxal/2 contributes to the regulation of Girk2 and
Aldhlal expression in SN mDA neurons.

Foxal/2 and Nurrl cooperate to regulate TH expression
AsNurrl and Foxal/2 genes are both required for TH expression
and they synergistically cooperate to activate TH expression in
forebrain neural progenitors (Lee et al., 2010), we examined po-
tential mechanism of transcriptional activation by both factors.
ChIP assays using chromatin prepared from DAT"*";Foxal/2
cko versus chromatin from WT embryos suggest that Foxa2 fa-
cilitate the interaction of Nurrl with DNA (both the Th and Aadc
promoters in this study). Reciprocally, Nurrl has been suggested
to facilitate binding of Foxa to its target sequences (Lee et al.,
2010). Our results did not show a synergistic interaction for bind-
ing to the Vmat2 promoter by Foxa2 and Nurrl. Either this in-
teraction is weaker and may require more cases to be tested for
the result to acquire statistical significance, or Foxa2 and Nurrl
regulate Vmat2 by a different mechanism that does not involve
cooperative binding to the same regulatory sequences.

Previous studies show that Foxal/2 are required for the ex-
pression of Nurrl (Ferri et al., 2007) and here we show that
Foxal/2 subsequently cooperate with Nurrl in a feedforward
manner to regulate common downstream target genes, such as
Th and Aadc in mDA neurons. We suggest that Foxal/2 are re-
quired for Nurrl to bind to its target sequence on the Thand Aadc
promoter. Interestingly, this function of Foxal/2 is similar to
established roles for Foxal in facilitating the binding of other
nuclear hormone receptors to their cognate DNA sites, such as
estrogen receptor in breast cancer cells (Carroll et al., 2005; Lag-
aniere et al., 2005) and androgen receptor in prostate cancer cells
(Wang et al., 2007), respectively. Given the common roles of
Foxal/2 and Nurrl in regulating the maintenance of the mDA
phenotype, it will be interesting in the future to determine what
are common target genes of Foxal/2 and Nurrl in mDA neurons.

Abnormal hopping gait in DAT ' *;Foxal/2 cko mice

Hopping behavior in mice has previously been associated with
spinal cord issues (such as the Ephrin-B3 '~ mouse) (Kullander
etal., 2001). The main dopaminergic projections down the spinal
cord originate in the diencephalic A11 dopamine population
(Bjorklund and Skagerberg, 1979). In the DAT"**;Foxal/2 cko
mice, we found no effect on this population of cells compared
with the WT A1l population and their projections down the
spine appeared normal (data not shown). It is interesting to note
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that a previous publication of the Foxa2™~ mouse reported that
the mice develop late-onset gait problems with incomplete pen-
etrance (Kittappa etal., 2007). In contrast to the severe reduction
in the number of mDA neurons reported in some Foxa2 ¥/~ mice
with abnormal gait (Kittappa et al., 2007), most of the Foxal/2-
deleted mDA neurons survive in adult DAT"**;Foxal/2 cko
mice. These differing phenotypes may be due to the different
genetic modifications in the two strains of mutant mice, i.e., loss
of one copy of Foxa2 at conception in Foxa2 */~ mice or a mosaic
deletion of Foxal and Foxa2 in approximately one-half of the
mDA neurons from E13.5 onward in DAT"*";Foxal/2 cko mice.
Future work examining the role of Foxal and Foxa2 in adult
mDA neurons will provide insights into understanding these dis-
tinct phenotypes.
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