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Thyroid Hormone-Otx2 Signaling Is Required
for Embryonic Ventral Midbrain Neural Stem Cells
Differentiated into Dopamine Neurons
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Midbrain dopamine (DA) neurons are essential for maintaining multiple brain functions. These neurons have also
been implicated in relation with diverse neurological disorders. However, how these neurons are developed from
neuronal stem cells (NSCs) remains largely unknown. In this study, we provide both in vivo and in vitro evidence
that the thyroid hormone, an important physiological factor for brain development, promotes DA neuron dif-
ferentiation from embryonic ventral midbrain (VM) NSCs. We find that thyroid hormone deficiency during
development reduces the midbrain DA neuron number, downregulates the expression of tyrosine hydroxylase
(TH) and the dopamine transporter (DAT), and impairs the DA neuron-dependent motor behavior. In addition,
thyroid hormone treatment during VM NSC differentiation in vitro increases the production of DA neurons and
upregulates the expression of TH and DAT. We also found that the thyroid hormone enhances the expression of
Otx2, an important determinant of DA neurogenesis, during DA neuron differentiation. Our in vitro gene
silencing experiments indicate that Otx2 is required for thyroid hormone-dependent DA neuron differentiation
from embryonic VM NSCs. Finally, we revealed both in vivo and in vitro that the thyroid hormone receptor
alpha 1 is expressed in embryonic VM NSCs. Furthermore, it participates in the effects of thyroid hormone-
induced Otx2 upregulation and DA neuron differentiation. These data demonstrate the role and molecular
mechanisms of how the thyroid hormone regulates DA neuron differentiation from embryonic VM NSCs,
particularly providing new mechanisms and a potential strategy for generating dopamine neurons from NSCs.

Introduction

MIDBRAIN DOPAMINERGIC NEURONS represent an impor-
tant neuronal subtype and provide the major source of
dopamine (DA) in the mammalian brain. These neurons have
critical functional roles for maintaining normal brain func-
tions [1]. They have also been implicated in many neuro-
logical and psychiatric disorders, including Parkinson’s
disease, depression, and schizophrenia [2,3]. DA neurons
arise from embryonic neuronal stem cells (NSCs) in the
ventral midbrain (VM) and are located in the substantia nigra
pars compacta (SNc), the ventral tegmental area (VTA), and
the retrorubral area [3].

Because of the physiological and clinical involvement of
this neuronal subtype in common neurological disorders and
normal brain functions, NSC differentiation toward DA
neurons is of key interest. Revealing the extrinsic signals
and intrinsic molecular mechanisms that control the gener-
ation of DA neurons during development is likely to facil-
itate the engineering of DA neurons from stem cells. These

data may be critical for the development of stem cell-based
therapies. However, much is still unknown regarding the
extrinsic signals and intrinsic molecules involved in DA
neuron differentiation from NSCs during brain development.

Thyroid hormones (the prohormone thyroxine T4 and its
active metabolite 3,5,3’-triiodothyronine T3) are well-known
essential factors for brain development [4]. Undiagnosed
hypothyroidism in pregnant women may adversely affect
their fetuses, resulting in severe mental retardation, spastic
diplegia, and extrapyramidal rigidity [5,6]. During brain
development, thyroid hormones are essential for embryonic
neurogenesis [7,8]. However, the mechanisms, by which the
thyroid hormone regulates the differentiation of NSCs into
specific subtypes of neurons in different brain regions, re-
main largely unknown. The investigation of thyroid hor-
mone actions and mechanisms underlying NSC biology may
uncover new roles for the classic hormone.

In previous studies, we showed that the thyroid hormone
promotes the differentiation of embryonic mouse cortex
NSCs into neurons [9]. The effects of the thyroid hormone
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on NSCs in the adult hippocampus and the subventricular
zone have also been well described [10,11]. However, the
role of the thyroid hormone on NSC biology in the midbrain
remains unclear.

A number of studies indirectly suggest that thyroid hor-
mones influence DA system development. T3 was reported
to affect the morphogenesis of DA neurons from the fetal
mouse mesencephalon [12]. Neonatal hypothyroidism mark-
edly decreases the concentration of DA and the activity of its
rate-limiting enzyme, tyrosine hydroxylase (TH) [13]. In a
genetic thyroid-stimulating hormone receptor mutant mouse
model, a reduction in the number of midbrain DA neurons
has been observed [14]. However, whether the thyroid hor-
mone regulates DA neuron generation by affecting NSC
differentiation directly is unknown. Examining this question
will increase our knowledge of DA system development and
reveal new mechanisms generating DA neurons from NSCs.

The development of DA neurons depends on a number of
intrinsic transcription factors and several identified extrinsic
signals. The identified intrinsic transcription factors, which
are called DA neuron determinants, control a cascade of
transcriptional machinery that regulates the cell fate and
differentiation of DA neurons. These factors include Otx2,
Nurrl, Pitx3, Enl, En2, Foxal, Foxa2, Ngn2, Lmxlo,
Lmx1p, Msx1, and Msx2, which enable stem and progenitor
cells to establish proper cell identity [15—17]. Extrinsic sig-
nals, such as Shh and Fgf8, specify DA progenitor identity;
these factors are important for the patterning and expansion
of DA neurons [3,18].

Previous studies suggested that there are interactions
between several of these intrinsic transcription factors and
thyroid hormones [19-21]. Whether the thyroid hormone is
an efficient extrinsic signal that governs DA neuron gener-
ation through these DA neuron determinants during brain
development is an unanswered question.

In this study, we identify a critical role of the thyroid
hormone and its receptor alpha 1 in DA neuron differenti-
ation from embryonic VM NSCs. In addition, we demon-
strate that Otx2 signaling is essential for the effects of
thyroid, hormone-dependent DA neuron differentiation. Our
studies reveal a critical role of the thyroid hormone in DA
neuron development and identify new mechanisms for
generating DA neurons from NSCs.

Materials and Methods
Animal treatments

Timed pregnant BALB/c mice were used in the experi-
ments. Hypothyroidism was induced by propyl-thio-uracil
(PTU; Sigma-Aldrich) treatment, as previously reported
[22,23]. Briefly, PTU was added daily to the drinking water
(500 mg/L PTU) throughout the pregnancy. In addition, an
intraperitoneal injection of PTU (10 mg/kg) was given at
embryonic day O (E0). For thyroid hormone treatment, a
physiological combination of T4 and T3 was added to the
drinking water (0.2 pg T4/mL and 0.03 pg T3/mL; Sigma-
Aldrich) based on previous reports [24].

The serum-free T3 (FT3) and FT4 levels were measured
by a radioimmunoassay in the pregnant mice and their
offspring to monitor the effects of PTU and thyroid hormone
treatment, as previously described [9]. All the experiments
conformed to the guidelines on the handling and training of
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laboratory animals of both the National Institutes of Health
and the Third Military Medical University.

Behavioral testing

Open field test. The open field test was conducted with a
TM-Vision system, as previously described [25]. Briefly, it
contains a 50 x50 x 30-cm black box, a computer controlled
camera, and a surrounding curtain. In each trail, the mouse
was placed in the center of the apparatus at the beginning of
the test. The time spent moving and the total distance moved
were measured during the 5-min trial.

Pole climbing test. This test was carried out as previously
described [26]. Briefly, the pole test consisted of a 50-cm-high
and 0.5-cm-diameter wooden pole. The pole was wrapped in
gauze to prevent slipping, and the base was positioned on the
floor. The mice were placed on the top of the wooden pole and
allowed to climb down without interference. The time that the
animal required to climb down the pole was measured. Each
animal performed three successive trials with a 5-min inter-
trial interval. The average of the three trials was used for
statistical analyses.

Wire suspension test. The wire suspension test was carried
out as described previously [27]. Mice were hung from a
horizontal wire by the forepaws and observed for 30s. The
mouse was scored according to the following scheme: 0, fell
off; 1, hung onto the bar with two forepaws; 2, in addition to
1, attempted to climb onto the wire; 3, hung onto the wire
with two forepaws and one or both hind paws; 4, hung onto
the wire with all four paws with tail wrapped around the
wire; 5, escaped to one of the supports.

Rotarod test. Briefly, the mice were first trained on a ro-
tating rod at 10 revolutions per minute (rpm) for 2 days. On
the third day, the mice were tested on the rotarod at 16 rpm
for 300s. The latency (s) to fall from the rod was measured.
For each animal, the latency to fall was recorded for three
trials, and the average was used for statistical analysis.

Cell culture, differentiation, and T3 treatment

NSCs were cultured in vitro from the VM of mouse
embryos at E13.5, as described previously [28-31], with
some modifications. Briefly, dissected brain tissues were
mechanically triturated and plated at a final concentration of
2.5%10° cell/mL in 6- or 24-well plates. Embryonic VM
NSCs were grown in a serum-free complete medium com-
posed of a 1:1 (v/v) mixture of Dulbecco’s Modified Eagle’s
Medium and F12 medium (Gibco) supplemented with the
basic fibroblast growth factor (bFGF, 20ng/mL; Sigma-
Aldrich), EGF (20ng/mL; Sigma-Aldrich), and N2 (1X)
supplements (Gibco) under the floating condition. The me-
dium was changed every other day.

For differentiation, VM NSCs were dissociated and ad-
hered to 24-well plates. Cell differentiation was induced by
withdrawing the bFGF and EGF from the medium, and T3
was added to the culture medium every 3 days to a final
concentration of 0.3 nM.

Cell proliferation assay

The effects of T3 on the proliferation of embryonic
neural stem cells (eNSCs) were studied by a Colorimetric
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Cell-Counting Kit-8 (CCK-8; Dojindo) assay and 5-bromo-
2-deoxyuridine (BrdU) incorporation, as previously de-
scribed [32].

High-performance liquid chromatography analysis
of DA and its metabolites

The midbrain and striatum tissue levels of DA and its
metabolite DOPAC were measured by high-performance
liquid chromatography (HPLC) using an electrochemical
detector (L-3500 A; Merck) following established methods
[33]. In brief, midbrain tissues were rapidly dissected,
weighed, homogenized, and centrifuged. The final super-
natant was stored at —70°C until the HPLC assay. The
HPLC data were obtained as an average of three measure-
ments for each determination. The results are expressed in
terms of pg of DA and DOPAC per g of wet tissue. For
detecting the DA and DOPAC levels in cultured cells, cell
lysates were used instead of tissue lysates. The results were
expressed in terms of pg DA and DOPAC per mg of protein.

RNA isolation and real-time polymerase chain
reaction analysis

Total RNA was extracted from mouse midbrain tissues or
cultured cells using the TRIzol reagent (Takara). Reverse
transcription—polymerase chain reaction (RT-PCR) was used
to identify the expression of thyroid hormone receptors
(TRs) using the following primers: TRa fwd 5'-ttcagcgagtt
taccaagatca-3” and rev 5’-gtcatccaggttaaaggcagag-3’ and
TRP fwd 5’-aaaagcaaggactctgacttgg-3” and rev 5'-ggatgga
gacttttctgaatgg-3’. The gene-specific primers used for real-
time PCR were B-actin fwd 5'-agattactgctctggcetcctage-3” and
rev 5’-actcatcgtactcctgettget-3’, TH fwd 5'-cctttgacccagaca-
cagcag-3” and rev 5’-tggatacgagaggcatagttcc-3’, and the do-
pamine transporter (DAT) fwd 5’-cctggttctacggtgtccag-3’
and rev 5’-gctgaccacgaccacataca-3’.

Real-time PCR was performed on a CFX96™ real-time
system using SYBR® Master Mix (Life Technologies). Fold
change in gene expression was calculated using the 2 - AACT
method [34]. All gene expression values were normalized to
endogenous B-actin. Subsequently, relative expression levels of
the target genes were calculated using the control as a reference.

Western blot analysis

Western blot analysis was performed and quantified with an
Odyssey system (LI-COR), as previously described [32]. The
primary antibodies used for western blot analysis were the
rabbit anti-mouse TH antibody (1:1,000; Abcam), rabbit or
goat anti-mouse DAT antibody (1:1,000; Santa Cruz), rabbit
anti-mouse Otx2 antibody (1:1,000; Santa Cruz), rabbit anti-
mouse Ngn2 antibody (1:1,000; Santa Cruz), rabbit anti-mouse
Nurrl antibody (1:1,000; Santa Cruz), and mouse anti-mouse
B-actin antibody (1:5,000; Sigma-Aldrich). The secondary
antibodies used were Odyssey-specific IRDye® 680 or 800
donkey anti-rabbit, donkey anti-goat, and donkey anti-mouse
antibodies (1:5,000; LI-COR).

Immunohistochemistry and quantification
of TH* cells in vivo

Histology and immunohistochemistry were performed as
described previously [35,36]. Briefly, heads or dissected
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brains (E13.5-P0) of mice were immersion fixed overnight
with 4% paraformaldehyde (PFA) in phosphate-buffered
saline (PBS) at 4°C. Postnatal day 14 (P14) mice were
transcardially perfused with 0.9% saline followed by 4%
PFA. Mouse brains were sectioned at a thickness of 30 um.
Sections were blocked in PBS containing 5% normal serum
and 0.25% Triton X-100 before incubation with antibodies.
Sections were incubated overnight at 4°C with the appro-
priate primary antibody and then extensively washed in PBS
and incubated for 1 h at room temperature with a secondary
antibody.

The rabbit anti-mouse TH primary antibody (1:100; Ab-
cam) was used to identify DA neurons. The mouse anti-mouse
Nestin antibody (1:100; Millipore) was used to identify NSCs.
For Nestin and TRal double staining, the rabbit anti-mouse
TRal (1:100; Thermo) was used. Appropriate Alexa Fluor
488-597- or 647-1abeled secondary antibodies were used for
visualization. Cell nuclei were visualized by staining with
Hoechst33342 (5 pg/mL; Sigma-Aldrich). All images were
collected with a Leica TCS SP5 confocal microscope.

StereoLogic analysis was performed under blinded con-
ditions according to previously reported methods [35,36].
The total number of TH* neurons in the midbrain was
calculated bilaterally for each animal using an optical
fractionator, an unbiased cell counting method. To minimize
bias (ie, systematic error) in stereologic estimates, appro-
priate protocols were adopted as summarized by Schmitz
and Hof [37].

Briefly, every fifth consecutive section (30 um) through
the entire midbrain from the anterior to posterior was col-
lected for quantification. Six animals were counted for each
condition. For each section, the entire VTA and SNc¢ were
identified as the region of interest. Each section was viewed
with a 4 X objective and outlined. The numbers of TH™ cells
were counted with a 60 xoil objective using a 50x 50-um
counting frame in a systematic manner. The average total
numbers of TH™ cells were estimated using a previously
established equation: N=total cells counted X t/h x 1/asfx 1/
ssf [14]. In this equation, t/h is the thickness of the section
divided by the height of the counting frame, asf is the area of
the counting frame divided by the area of the programmed
stage movements in the x- and y-axis, and ssf is the sam-
pling fraction of the tissue sections.

Immunocytochemistry and cell counts

For immunocytochemistry, cells were allowed to adhere
to poly-L-lysine-coated round glass coverslips (12mm in
diameter) and differentiated for an appropriate number of
days, as indicated. The cells were then fixed in 4% PFA and
stained as previously described [9]. The primary antibodies
and secondary antibodies used were the same as those de-
scribed in the Immunohistochemistry and Quantification of
TH* Cells In Vivo section. In addition, the following pri-
mary antibodies were used for double staining: rabbit anti-
mouse Otx2 (1:100; Santa Cruz), rabbit anti-mouse beta-III
tubulin (Tujl, 1:100; GeneTex), and rabbit anti-mouse DAT
(1:100; Santa Cruz). The mouse anti-mouse TH (1:100;
GeneTex) antibody was used for TH double staining with
TRoal and Otx2.

For cell counts, Hoechst33342 (Sigma-Aldrich) staining
was used for identification, and TH* Tujl™, Tujl™, and
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Hoechst™ cells were counted. The cells were counted in six
different fields of each coverslip using a 20 x objective. Each
condition was analyzed in duplicate for every experiment,
and three to four independent experiments were performed
for every condition. Quantification was performed by an
independent observer in a blinded manner. The TH™* neurons
were expressed as a percentage of total cells determined by
Hoechst33342 staining and also as a percentage of the total
number of Tujl* neurons.

Cell transfection and RNA interference

SiRNAs against Otx2 were purchased from Sigma-
Aldrich (EMUO014781). TRal-specific siRNAs were pur-
chased from GenePharma, as reported previously [9]. The
siRNAs were transfected into NSCs using Lipofectamine
2000 (Invitrogen). An oligonucleotide that was not ho-
mologous to any known gene was used as a negative
control. The effect of siRNA silencing was identified by
detecting the mRNA and protein expression of specific
genes.

Statistics

All data were collected from at least four independent
duplicate experiments unless otherwise stated. Data are ex-
pressed as the mean * standard error of the mean. The results
of different groups were compared by one-way ANOVA
followed by Fisher’s post hoc test using the SPSS13.0 soft-
ware package. When only two sets of data were compared,
Student’s 7-test was used. A P-value <0.05 was considered
statistically significant.

FIG. 1. Hypothyroidism during pregnancy
decreases the number of midbrain dopamine
(DA) neurons in the offspring. (A, B)
Pregnant mice were treated with propyl-
thio-uracil (PTU), and the midbrain DA
neurons in the offspring were stained with
tyrosine hydroxylase (TH) and quantified as
described in the Materials and Methods
section. (A) Representative images of TH
staining in the midbrain of the PO offspring
are shown. Row 2 is the amplification of the
dotted rectangles. Arrow shows the sub-
stantia nigra pars compacta (SNc) and ven-
tral tegmental area (VTA) of the midbrain.
Scale bar: 200 um. E13.5 and P14 repre-
sentative images are shown in Supplemen-
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Results

Thyroid hormone deficiency impairs midbrain
DA neuron generation in vivo

To investigate the effects of thyroid hormone on DA
neuron development in vivo, a model of hypothyroidism in
pregnant mice was established with PTU treatment, as
previously reported [22,23]. Serum FT3 and FT4 levels
were monitored to detect the effects of PTU treatment.
The expression of TH and DAT, critical components
of DA synthesis and transport, was used as markers to
identify and analyze the differentiation of DA neurons.
DA and DOPAC levels in brain tissues of the offspring
were assessed to analyze the function of the DA neurons.

The results of serum FT3 and FT4 levels suggested a
successful induction of thyroid hormone deficiency during
the embryonic phase (Supplementary Table S1; Supple-
mentary Data are available online at www.liebertpub.com/
scd). Subsequently, the number of midbrain DA neurons
was calculated by immunostaining with the TH antibody.
We found that PTU treatment robustly decreased the num-
ber of midbrain TH* cells at E13.5, PO, and P14 (Fig. 1A, B
and Supplementary Fig. S1A, B). In addition, both DA and
DOPAC levels in the midbrain tissues were reduced by PTU
treatment in the PO offspring (Fig. 1C).

We also found that the mRNA and protein expression of
TH and DAT in the PTU-treated offspring remained sig-
nificantly lower than the controls, as detected at E13.5 and
PO (Fig. 2A-F). Together, these results suggest that thyroid
hormone deficiency during the development impairs DA
neuron differentiation.
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FIG. 2. Hypothyroidism during pregnancy

decreases the expression of TH and dopa-
mine transporter (DAT) in the midbrain.
Pregnant mice were treated with PTU, and
the midbrain mRNA and protein expression
- of TH and DAT was detected in the off-
spring at E13.5 and PO. The graphs show the
fold change of mRNA and protein levels
with respect to the control. (A) TH mRNA
levels in each condition. (B) DAT mRNA
expression detected at E13.5 and PO. (C)
Representative images of TH western blots.
(D) Statistical results of the fold change in
TH protein expression. (E, F): DAT protein

PO

PO expression detected at E13.5 and PO. Data
are presented as the mean* SEM, n =6, one-
way ANOVA followed by Fisher’s post hoc

- test, **P<0.01.
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Thyroid hormone deficiency during pregnancy
impairs offspring DA neuron-dependent
motor behavior

To further confirm the effects of thyroid hormone de-
ficiency on DA system development, behavioral tests were
carried out in the offspring of PTU-treated and control
mice at 1 and 2 months after birth to detect the DA neuron-
dependent motor ability. In the 1-month-old mice, a de-
crease in the center-area tracks, total distance, and loco-
motion time was detected in the offspring of PTU-treated
mice in the open field test (Fig. 3A—C). Compared with the
control, PTU-treated mice required a much longer time to
climb down in the pole test (Fig. 3D) and received lower
scores on the wire suspension test (Fig. 3E). Furthermore,
the offspring of PTU-treated mice exhibited much shorter
fall latencies in the rotarod test than the control offspring
(Fig. 3F).

At 2 months of age, although some of the parameters in
the behavioral tests recovered, these offspring still moved a
shorter total distance in the open field test and spent a longer
time on the pole test compared to control mice (Supple-
mentary Fig. S2A-D). These results demonstrated an im-
pairment of DA-dependent motor abilities in the offspring of
hypothyroid females and further confirm that thyroid hor-
mone deficiency during the embryonic phase impairs DA
system development and functions.

o —

Thyroid hormone induces DA neuron differentiated
from embryonic VM NSCs in vitro

Embryonic NSCs in the VM are the original source of
midbrain DA neurons. To study the role of the thyroid
hormone in DA neuron development, we cultured NSCs
from the embryonic mouse VM. The identification of NSC
characteristics confirmed that the cultured cells were NSCs
(Supplementary Fig. S3A). Next, the cells were induced to
differentiate with 0.3nM T3, a physiological level of the
thyroid hormone [38—40]. The percentage of differentiated
DA neurons was calculated by double-staining for TH and the
neuronal-specific marker Tujl after T3 treatment for 6 days.

We found a significant increase in the percentage of TH
and Tuj1 double-positive (TH*Tuj1™) cells in the T3-trea-
ted group compared with the control (Fig. 4A, B). This ef-
fect was due to an increase in DA neurons as opposed to an
increase in the general neuron number because the per-
centage of TH* Tujl ™ relative to the total neuron population
also increased after T3 treatment (Fig. 4C). This effect was
further confirmed by the results that T3-induced DA neuron
differentiated from cultured neurospheres (Supplementary
Fig. S3B, C). In addition, this effect is independent of in-
creased cell number, as demonstrated by the results that T3
slightly inhibited VM NSC proliferation (Fig. 4D-F). Fur-
thermore, all the T3-induced TH* cells coexpressed DAT,
another unique marker of DA neurons (Fig. 4G).
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FIG. 3. Hypothyroidism during pregnancy impairs the DA neuron-dependent motor function in the offspring. Pregnant
mice were treated with PTU, and the motor functions of their offspring were tested with the open field test, pole climbing
test, wire suspension test, and rotarod test 1 month after birth. (A) Movement traces of the mice in the open field test. (B)
The total distance travelled during a 5-min period in the open field test. (C) The movement time in the open field test. (D)
The time to descend the pole in the pole climbing test. (E) The score assigned in the wire suspension test. (F) The latency to
fall off the rod in the rotarod test. For all experiments, data are got from 12 animals and are presented as the mean + SEM.
Student’s #-test, *P <0.05, **P <0.01. Color images available online at www.liebertpub.com/scd

To further evaluate DA neuron differentiation, the levels
of DA and its metabolite DOPAC in the differentiated cells
were measured. Both were markedly increased in T3-treated
cells, as detected in cell lysates 9 days after differentiation
(Fig. 4H). Furthermore, T3 promoted neurite outgrowth in
differentiated TH™ neurons, as measured by increased
neurite length, number of primary neurites, and branch
points (Fig. 41-K). In addition, TH and DAT mRNA ex-
pression was markedly upregulated after T3 treatment for 3
days (Fig. 5A, B). The protein levels of TH and DAT were
notably increased at days 3, 6, and 9 after T3-induced dif-
ferentiation (Fig. SC-F). These results suggested that T3
robustly induced embryonic VM NSC differentiation into
functional DA neurons in vitro.

Otx2 signaling is required for thyroid
hormone-mediated DA neuron differentiation

To elucidate the molecular mechanism of T3-induced DA
neuron differentiation, the mRNA expression of previously
reported DA neuron development-related transcription fac-
tors was measured after T3 treatment for 2 days. We mea-
sured the mRNA levels of Otx2, Nurrl, Pitx3, Enl, En2,
Foxal, Foxa2, Ngn2, Lmxla, Lmx1p, Msx1, and Msx2.
Only Otx2, Ngn2, and Nurrl were found to be significantly
upregulated (Table 1).

It was previously reported that the expression of Ngn2
and Nurrl is dependent on Otx2 [41,42], indicating that
Otx2 may play a central role in T3-induced DA neuron
differentiation. To confirm this, we detected Otx2 expres-

sion in T3-induced DA neurons. We found that almost all of
the T3-induced TH* cells also expressed Otx2 (Supple-
mentary Fig. S4). In addition, the protein expression of Otx2
was increased robustly after T3 treatment for 1 and 2 days
(Fig. 6A). Furthermore, a significant reduction in both the
mRNA and protein expression of Otx2 was found in the
midbrain of the PTU-treated offspring at E13.5 and PO (Fig.
6B and Supplementary Fig. S5).

We then silenced Otx2 expression in cultured NSCs
and induced NSC differentiation with T3 for 6 days. The
mRNA and protein level of Otx2 was decreased robustly
after Otx2-siRNA transfection for 2 and 4 days, indicating
a high efficiency of RNA silence (Supplementary Fig.
S6). The percentage of differentiated TH* Tujl™ cells and
the TH protein levels were markedly decreased in Otx2-
silenced cells compared with the controls (Fig. 6C-E).
These results confirmed the critical role of Otx2 in T3-
mediated DA neuron differentiation from embryonic VM
NSCs.

Ngn2 and Nurrl also play a key role in DA neuron de-
velopment, as previously reported [43,44]. To investigate
the role of Ngn2 and Nurrl in T3-induced DA neuron dif-
ferentiation and their relationships with Otx2, we detected
the protein expression of Ngn2 and Nurrl during this pro-
cess. In accordance with Otx2, Ngn2, and Nurrl, protein
expression was also increased after T3 treatment for 1 and 2
days (Fig. 7A-C). In addition, in the midbrain of the PTU-
treated offspring, a significant reduction in both the mRNA
and protein expression of Ngn2 and Nurrl was found at
E13.5 and PO (Fig. 7D-F and Supplementary Fig. S4). These
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FIG. 4. T3 treatment promotes DA neuron differentiation from ventral midbrain neuronal stem cells (VM NSCs) in vitro.
(A-C) VM NSCs were treated with 0.3nM T3 and differentiated for 6 days in vitro. The differentiated DA neurons were
then identified by immunocytochemistry using antibodies against TH and Tujl. The images in (A) are representative from
four independent experiments (scale bar: 50 um). (B, C) Represent the statistical results (Ho, Hoechst33342). n=4, Stu-
dent’s r-test, **P<0.01. (D, E) VM NSCs were treated with 0.3nM T3 for 6 days. 5-bromo-2-deoxyuridine (BrdU) was
added to the culture medium during the last 24 h. Images in (D) are representative images of BrdU and Hoechst33342
staining cells (Scale bar: 50 um). (E) Statistical results of the percentage of BrdU™ cells in each group. BrdU™ cells were
quantified in four random fields in each culture well, and 12 wells from four independent experiments were quantified for
each condition. Student’s #-test, **P <(0.01. (F) VM NSCs were treated with 0.3nM T3 for indicated times. Cell prolif-
eration was assessed by the Cell-Counting Kit-8 (CCK-8) assay. n =4, one-way ANOVA followed by Fisher’s post hoc test,
**P<0.01. (G) The differentiated DA neurons were further identified by TH and DAT double staining. Scale bar: 50 um.
(H) DA and DOPAC content in the differentiated cells was detected after T3 treatment for 9 days. n=6, Student’s 7-test,
*P<0.05. (I-K) Neurite outgrowth in T3-induced TH" cells and control TH™ cells. n=32 from four independent ex-
periments; *P <0.05, **P <0.01 compared with the control, Student’s #-test. For all experiments, data are presented as the
mean = SEM. Color images available online at www.liebertpub.com/scd

results indicated that Ngn2 and Nurrl are also involved in  (Fig. 7G-I) after Otx2 silencing. The result confirmed that the
T3-induced DA neuron differentiation. promotive effect of T3 on the expression of Ngn2 and Nurrl

To detect the relationship among Otx2, Ngn2, and Nurrl, was dependent on Otx2. Taken together, these results reveal
we silenced Otx2 expression. We found that the effects of T3  that DA determinant Otx2 is required for T3-induced DA
on Ngn2 and Nurrl protein expression were largely reversed neuron differentiation from embryonic VM NSCs.



FIG. 5. T3 treatment upreg-
ulates TH and DAT ex-
pression from VM NSC-
differentiated cells in vitro.
(A) NSCs were differentiated
with T3 for 3 days, and the
mRNA expression of TH was
detected by real-time poly-
merase chain reaction. (B)
DAT mRNA expression after
T3 treatment for 3 days. (A,
B) n=4, Student’s t-test,
**P<0.01. (C, D) The pro-
tein expression of TH was
detected by western blot
analysis after T3 treatment
for the indicated number of
days. The images in (C) are
representative of four inde-
pendent experiments, and
(D) indicates the fold chan-
ges in protein levels com-
pared to the control. (E, F)
DAT protein expression after
T3 treatment for the indi-
cated number of days. (D, F)
n=4, one-way ANOVA fol-
lowed by Fisher’s post hoc
test, **P<0.01. For all ex-
periments, data are presented
as the mean+SEM.
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TABLE 1. FOLD CHANGE IN THE EXPRESSION LEVEL OF DOPAMINE NEURON DETERMINANTS AFTER T3 TREATMENT

Primer

Fold change

Symbol Gene name
Nurrl Nuclear receptor subfamily 4
Pitx3

Enl Engrailed 1

En2 Engrailed 2

Ox2 Orthodenticle homolog 2
Foxal Forkhead box Al

Foxa2 Forkhead box A2

Ngn2 Neurogenin 2

Lmxlo

Lmx1p

Msxl Homeobox, msh-like 1

Msx2 Homeobox, msh-like 2

Paired-like homeodomain transcription factor 3

LIM homeobox transcription factor 1 alpha

LIM homeobox transcription factor 1 beta

fwd 5'-atcagagggtgggcagagaag-3’
rev 5’-ctgggttggacctgtatgctaag-3’

fwd 5’-accctcegettccagaacat-3

rev 5'-cttcttcttcagagagcecgtect-3
fwd 5’-gactcacagcaacccctagtgtg-3’

rev 5’-cgcttgtcttecttetegttet-3
fwd 5'-cagtgggagtgtgtectgaa-3”
rev 5’-gattccaactcgctetgeca-3’

fwd 5’-ggacgacatttactagggcacag-3’

rev 5'-cggcacttagctcttcgattct-3

fwd 5’-actctccttatggegetacettg-3”
rev 5'-ggaagtatttagcacgggtctgg-3’

fwd 5’-agaagatggctttcaggcce-3’
rev 5’-aggtgagactgctcecttga-3’

fwd 5’-gtcatcctccaactccacgte-3

rev 5-aggcgcataacgatgcttcte-3’
fwd 5’-gcagcatcagcaaggttgtc-3”
rev 5’-gcaaccacctcatccacact-3

fwd 5’-gtgcaagggtgactatgagaagg-3’
rev 5’-catctccactgectttactctgg-3’
fwd 5'-actcggtgtcaaagtggaggact-3’
rev 5'-gctgaagggcaggagtgaag-3’

fwd 5’-gaaactccatgtcaggtcce-3’
rev 5'-tgtaccgtgtgaggactgatg-3’

1.88+0.25
1.11£0.26
0.85+0.12
0.91+0.22
2.98+0.59°
0.96+0.10
1.0340.07
1.9740.28"
1.08+0.34
1.17£0.26
0.89+0.09

0.96%0.11

Data are obtained from four independent experiments detected by real-time polymerase chain reaction analysis and are presented as the

mean * standard error of mean.

2P <0.05 compared with the control, Student’s ¢-test.
®P<0.01 compared with the control, Student’s #-test.
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FIG. 6. T3 induces DA neuron differentiation through Otx2 signaling. (A) VM NSCs were treated with T3 for 1 or 2 days,
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Pregnant mice were treated with PTU, and the protein level of Otx2 in the midbrain of the offspring was detected at E13.5
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(scale bar: 50 pm) of TH* and Tujl ™ staining. (D) Statistical results of the percentage of TH*Tujl™* cells. n=4, Student’s
t-test, **P<0.01. (E) NSCs were treated as described in (C), and the TH protein level was then detected. n=4, one-way
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images available online at www.liebertpub.com/scd

Thyroid hormone receptor alpha 1 participates
in T3-induced Otx2 upregulation and DA
neuron differentiation

To detect whether TR is involved in the effects of T3 on
Otx2 upregulation and DA neuron differentiation, the ex-
pression of TR was first characterized. There are two types
of TRs in mammals, TRa and TR, encoded by two dif-
ferent genes. We found that TRa mRNA is expressed in
cultured embryonic VM NSCs and VM NSC-differentiated
cells in vitro. We also observed that TRau mRNA is ex-
pressed in E13.5 mouse midbrain tissues. However, TR
mRNA was not found both in vivo and in vitro (Fig. 8A and
Supplementary Fig. S7A). Alternative splicing of TRa

mRNA gives rise to TRal and TRa2, but only TRal can
bind T3 and is considered to be a true TR. We detected the
protein expression of TRal in embryonic VM NSCs and
found that TRal is coexpressed with Nestin, both in cul-
tured VM NSCs and in midbrain tissues (Fig. 8B).
Furthermore, we found that TRal is coexpressed with
Otx2 in cultured VM NSCs (Fig. 8C). We also found that
the T3-induced TH* cells are immunoreactive to TRal
(Fig. 8D). To further detect the role of TRal in mediating
the effects of T3 on VM NSCs, we eliminated the TRal
protein expression using TRoal-specific siRNAs (Supple-
mentary Fig. S7B). We found that TRal silencing signifi-
cantly reduced the effects of T3 on DA differentiation (Fig.
8E). In addition, the effect of T3 on the mRNA expression
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of TH and Otx2 expression was also decreased robustly after
TRal silencing (Fig. 8F, G). These results suggested that
TRal participates in the effects of T3-induced Otx2 upre-
gulation and DA neuron differentiation.

Discussion

The thyroid hormone is critical for brain development.
However, the role and mechanisms of the thyroid hormone
in DA neuron development are still not well established. In
this study, we found that the thyroid hormone plays a vital
role in DA neuron differentiated from embryonic VM NSCs
and that Otx2 signaling is essential for thyroid hormone-
dependent DA neuron differentiation. The thyroid hormone
increases Otx2 expression during DA neuron differentiation
and upregulates Nurrl and Ngn2 expression through Otx2.
These effects together promote DA neuron differentiated
from embryonic VM NSCs (Fig. 9). To our knowledge, this
is the first report on the role and mechanism of the thyroid
hormone in DA neuron differentiation from embryonic VM
NSCs.

The thyroid hormone has diverse actions on brain de-
velopment, exhibiting region-specific effects, and acting on

specific cellular targets [45]. Previous studies have identified
the role and mechanisms of the thyroid hormone in the
development of the cerebellum and cortex [7,46]. However,
much is still unknown regarding the effects of the thyroid
hormone in midbrain. Some investigations indicate that the
thyroid hormone influences TH activity and SNc DA neuron
number [13,14]. Our results provide comprehensive evi-
dence that the thyroid hormone is critical for DA neuron
differentiation from embryonic VM NSCs.

In this study, we used PTU to generate an animal model
of hypothyroidism during pregnancy. This model induces
thyroid hormone deficiency only during the embryonic
phase, a critical period of NSC fate determination, as
measured by FT3 and FT4 levels. We found a decrease in
the DA neuron-specific proteins, TH and DAT, in the off-
spring of PTU-treated mice. In addition, we observed a loss
of DA neurons and a decrease in DA and DOPAC levels in
the midbrain.

We also demonstrated an impairment of the DA neuron-
related motor ability in the offspring of PTU-treated mice.
Some of the motor abilities recovered at 2 months of age,
likely due to undetected compensatory mechanisms after
thyroid hormone levels returned to normal in the offspring.
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FIG. 8. Thyroid hormone receptor alpha 1 (TRal) participates in T3 regulation of Otx2 expression and DA neuron
differentiation in VM NSCs. (A) TRa mRNA is expressed in VM NSCs and the embryonic midbrain, while TR is not. M,
marker. Lane 1, fresh VM NSC population. Lane 2, VM NSCs differentiated with T3 for 3 days in vitro. Lane 3, E13.5
midbrain tissues. (B) TRa1 protein is expressed in Nestin ™ cells in the E13.5 midbrain and in cultured VM NSCs. Scale bar:
50 um. (C) TRal is coexpressed with Otx2 in VM NSCs. Scale bar: 50 um. (D) TRal is expressed in T3-induced VM NSC-
differentiated TH™ cells. Scale bar: 50 um. (E) VM NSCs were treated with TRa1-siRNA for 3 days to silence TRal
expression. The T3-induced DA neuron differentiation was then detected. Data from four independent experiments. Scale
bar: 50 um. Student’s ¢-test, *P <0.05. (F, G) TRal silencing inhibited the effects of T3 on Otx2 and TH expression. n=4,
one-way ANOVA followed by Fisher’s post hoc test, *P <0.05, **P <0.01. For all experiments, data are presented as the
mean = SEM. Color images available online at www.liebertpub.com/scd

Nevertheless, the impairment of neurobehavior indicates
injury of the DA system. Together, the above findings reveal
that the thyroid hormone is essential for the development of
the DA neurons.

Loss of midbrain DA neurons was also observed in a
genetic generated hypothyroidism rat model [14]. However,
little focus has been placed on the influence of the thyroid
hormone on the generation of DA neurons from VM NSCs
during the embryonic phase. It is reported that hypothy-
roidism during brain development decreases the volume of
the brain. The volume of neocortex and hippocampus is also
decreased in thyroid hormone-deficient mice [7,47,48].

These results suggested that the thyroid hormone has gen-
erally positive effects on brain development.

We conclude that the thyroid hormone benefits DA neu-
ron development by promoting embryonic VM NSC dif-
ferentiation into DA neurons. This conclusion is based on
our in vitro findings: first, increased TH* neuron was ob-
served when the thyroid hormone was applied to undiffer-
entiated VM NSCs; second, the percentage of TH™ neurons
relative to the total differentiated neuron population was
increased after thyroid hormone treatment, suggesting that
the effect was not due to an increase in general neuronal
differentiation; third, induction of DA and DOPAC was
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FIG. 9. Model for the mechanism of thyroid hormone-
induced DA neuron differentiation. During embryonic VM
NSC differentiation, thyroid hormone-TRol upregulates
Otx2 expression and enhances the expression of Ngn2 and
Nurrl through Otx2. The upregulation of these three DA
determinants finally leads to DA neuron differentiation and
enhanced the expression of TH and DAT.

found in differentiated cells. These findings strongly indi-
cate that the thyroid hormone leads to the differentiation of
DA neurons from VM NSCs.

Previous studies on the effects of the thyroid hormone
were mostly conducted on postmitotic neurons after cell
differentiation [4,49]. The effect of T3 on the morphogenesis
of DA neurons has been studied on a mouse mesencephalic
neuron model. T3 was found to increase the perikarya,
without affecting the neurite density of mesencephalic DA
neurons [12]. Parts of these results are in contrast with our
research. The differences might be due to the higher plasticity
of embryonic VM NSCs than mesencephalic neurons, in-
dicating that the thyroid hormone plays an important role
during the early stage of DA system development.

The effects of the thyroid hormone on embryonic NSCs
from the E16 hippocampus were also investigated previ-
ously [50]. It was found that T3 promotes the differentiation
of glial cells, including oligodendrocytes and astrocytes, but
markedly decreased the neuronal population. The differ-
ences might be due to the fact that NSCs derived from the
late stage of the embryonic phase are much more likely to
differentiate into glial cells, as demonstrated before [51-53].

In addition, NSCs derived from different brain regions
may have different characteristics [54,55]. As demonstrated
by our group and others, the thyroid hormone is known to be
a critical factor in promoting the neural differentiation of
NSCs, both in the early stage of embryonic cortex and in the
adult hippocampus [7,9,11]. These results suggested that the
thyroid hormone probably acts in a different manner during
different developmental stages.

In addition, the effect of the thyroid hormone in different
brain regions might be inequable during brain development.
Thus, revealing the effects of the thyroid hormone during
embryonic VM NSC development and DA neuron differ-
entiation is critical for understanding the role of the thyroid

CHEN ET AL.

hormone on brain development. Our findings are important
for understanding the role of the thyroid hormone on DA
system development and the mechanisms underlying DA
neuron differentiation from embryonic VM NSCs.

The development of DA neurons depends on a number of
intrinsic transcription factors and several identified extrinsic
signals. Our results suggest that the thyroid hormone is an
efficient extrinsic signal that governs DA neuron differentiation.
The thyroid hormone is necessary for embryonic DA neuro-
genesis in vivo and can act efficiently to generate DA neurons
from embryonic VM NSCs in vitro. How the extrinsic signals
and intrinsic transcription factors interact with each other is
important not only for understanding the regulatory network
of DA development but also for optimal stem cell engineering
for cell replacement therapy in neurological diseases.

In our experiments, we explored the relationship between
the thyroid hormone and transcription factors related to DA
neuron development. We found that Otx2, which is acti-
vated by T3, plays a critical role in T3-induced DA neuron
differentiation from embryonic VM NSCs. DA determi-
nants, Ngn2 and Nurrl, were also activated by T3 treatment,
which are Otx2 dependent, as shown by our results and
demonstrated previously [41,42].

The transcript factor Otx2 is critical for the proliferation
and differentiation of embryonic VM NSCs [41]. It also
plays a crucial role in DA neuron subtype specification,
regionalization, and differentiation [56-58]. The orphan
nuclear receptor, Nurrl, and the proneural gene, Ngn2, are
highly expressed in the developing VM, and mice lacking
these two genes exhibit a specific loss of midbrain DA
neurons [59-61]. Otx2, Nng2, and Nurrl are all essential
transcripts for the induction of DA neurons. Our results
confirmed the critical role of these three DA determinants,
Otx2, Nurrl, and Ngn2, in DA neuron generation.

In addition, we revealed that the thyroid hormone pro-
motes DA neuron differentiation by upregulating the ac-
tivity of Otx2 signaling. Our data provide evidence for the
role of the thyroid hormone in the regulation of the intrinsic
transcription factors that determine midbrain DA neuron
differentiation. It is reported that Otx2 defines subpopulations
of DA neurons already at the neural progenitor cell stage
[62]. Otx2 and Ngn?2 are both transcripts that play functions
in the early stage of DA progenitor proliferation and differ-
entiation, while Nurrl is a late determinant of DA neurons
[41,63]. Thus, we speculate that the thyroid hormone affects
multiple stages of DA neuron development. Further investi-
gation is required to elucidate the mechanistic details.

Previous studies revealed that TRs appear in the mam-
malian fetal brain early before embryonic neurogenesis and
are critical for thyroid hormone functions in the brain [4,64].
The appearance of TRal in DA neurons has been reported
before [65]. We found that TRal is expressed in embryonic
VM NSCs, both in vivo and in vitro. We also found that
TRal is expressed in T3-induced TH™ cells. However, the
functions of TRal during DA neuron development are un-
clear. In this study, we revealed that TRal participates in
the effects of T3-induced DA neuron differentiation, a novel
physiological relevance to TR in DA system development.

Coexpression of TRP and Otx2 is observed in retina
progenitors [66]. However, there is no evidence to suggest
that TRa1 or TR could direct regulate Otx2 transcription.
In addition, we did not detect the binding site for TRal in
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the Otx2 gene. Thus, from our experiments, we could not
get a conclusion that the thyroid hormone directly regulates
Otx2 expression through TRol. In addition, Nurrl is a
member of the steroid/TR family, suggesting that interactions
between Nurrl and the thyroid hormone exist. Thus, further
studies are still needed to explore the interactions among the
thyroid hormone, TRs, and DA neuron determinants. Both the
genomic and nongenomic effects of the thyroid hormone on
DA development need to be further identified.

Understanding the molecular and physiological mecha-
nisms underlying midbrain DA neuron differentiation in
cultured NSCs in vitro and in endogenous NSCs in vivo is
critical for the development of therapies for DA neuron-
related disorders. Consequently, our studies reveal the crit-
ical role of thyroid hormone-Otx2 signaling in DA neuron
differentiation from embryonic VM NSCs. These results
increase our understanding of the molecular mechanisms of
thyroid hormone regulation during midbrain DA neuron
development and probably provide a new strategy for gen-
erating DA neurons from NSCs.
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