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Abstract Ventral midbrain (VM) dopaminergic (DA)
neurons project to the dorsal striatum via the nigrostriatal
pathway to regulate voluntary movements, and their loss
leads to the motor dysfunction seen in Parkinson’s disease
(PD). Despite recent progress in the understanding of VM
DA neurogenesis, the factors regulating nigrostriatal
pathway development remain largely unknown. The bone
morphogenetic protein (BMP) family regulates neurite
growth in the developing nervous system and may con-
tribute to nigrostriatal pathway development. Two related
members of this family, BMP2 and growth differentiation
factor (GDF)5, have neurotrophic effects, including pro-
motion of neurite growth, on cultured VM DA neurons.
However, the molecular mechanisms regulating their
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effects on DA neurons are unknown. By characterising the
temporal expression profiles of endogenous BMP receptors
(BMPRs) in the developing and adult rat VM and striatum,
this study identified BMP2 and GDF5 as potential regula-
tors of nigrostriatal pathway development. Furthermore,
through the use of noggin, dorsomorphin and BMPR/Smad
plasmids, this study demonstrated that GDF5- and BMP2-
induced neurite outgrowth from cultured VM DA neurons
is dependent on BMP type I receptor activation of the
Smad 1/5/8 signalling pathway.

Keywords BMP2 - GDF5 - Ventral midbrain -
Dopaminergic neurons - Neurite growth - BMP receptor -
Smad signalling

Abbreviations
6-OHDA 6-Hydroxydopamine

BMP(s) Bone morphogenetic protein(s)

BMPR(s) Bone morphogenetic protein receptor(s)

caBMPRIb Constitutively active BMPRIb

CNS Central nervous system

DA Dopaminergic/dopamine

DIV Day(s) in vitro

E Embryonic day

FCS Foetal calf serum

GDEF(s) Growth differentiation factor(s)

GDNF Glial cell line-derived neurotrophic factor

N Number of repetitions

P Post-natal day

PBS Phosphate-buffered saline

PD Parkinson’s disease

RT-QPCR  Quantitative real-time PCR

RT-PCR Reverse transcriptase-polymerase chain
reaction

SC Spinal cord
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SNpc Substantia nigra pars compacta
TGF Transforming growth factor

TH Tyrosine hydroxlase

VM Ventral midbrain/mesencephalon
Introduction

In the central nervous system (CNS), more than three-
quarters of all DA neurons are found in the VM (Blum
1998; German et al. 1983; Pakkenberg et al. 1991). These
are subdivided into three distinct clusters, termed the AS,
A9 and A10 groups of VM DA neurons. The A9 group of
VM DA neurons, located in the substantia nigra pars
compacta (SNpc), projects to the dorsolateral striatum via
the nigrostriatal pathway (Dahlstroem and Fuxe 1964;
Bjorklund and Dunnett 2007). These A9 DA neurons, and
their striatal targets, are part of the basal ganglia circuitry
that regulates the control of voluntary movement. Their
functional importance is highlighted by the neurodegener-
ative disorder PD, the primary neuropathological signature
of which is the loss of these neurons and their striatal
projections, which results in the motor deficits that are the
characteristic of this disease (Toulouse and Sullivan 2008;
Lees et al. 2009).

During embryonic development, A9 DA neurons are
generated in the VM under the influence of two key sig-
nalling centres, the isthmus and the floor plate (Hynes et al.
1995; Crossley and Martin 1995; Liu and Joyner 2001).
Much work in recent decades has focused on elucidating
the molecular circuitry that is involved in the generation of
A9 VM DA neurons (Hegarty et al. 2013c); however, the
molecular mechanisms that regulate the growth and guid-
ance of the axonal projections of these DA neurons to their
appropriate target regions in the striatum are less well
understood.

VM DA neurons extend their axons towards the telen-
cephalon via the medial forebrain bundle in response to
extrinsic directional cues (both chemo-attractive and
chemo-repulsive) from the caudal brain stem, midbrain,
diencephalon, striatum and cortex (Gates et al. 2004; Na-
kamura et al. 2000). Despite the paucity of studies identi-
fying the regulatory molecules involved in the formation of
DA projections, a number of molecules have been impli-
cated. Cell surface ephrins and their Eph receptor tyrosine
kinases, which are important in axonal guidance (Egea and
Klein 2007), have been shown to play roles in target
innervation by nigrostriatal axons (Sieber et al. 2004;
Halladay et al. 2004; Van den Heuvel and Pasterkamp
2008; Calo et al. 2005; Yue et al. 1999; Cooper et al.
2009). Similarly, netrin signalling via the deleted colorectal
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cancer (DCC) receptor, which is known to actively regulate
axonal growth (Round and Stein 2007), has been strongly
implicated in the formation of the VM DA circuitry (Xu
et al. 2010; Flores et al. 2005; Manitt et al. 2011; Lin et al.
2005; Sgado et al. 2012; Vitalis et al. 2000). Additionally,
signalling between Slits and their Robo receptors (Bagri
et al. 2002; Dugan et al. 2011; Lin et al. 2005; Lopez-
Bendito et al. 2007), and by semaphorins (Hernandez-
Montiel et al. 2008; Torre et al. 2010; Tamariz et al. 2010;
Kolk et al. 2009), has been shown to regulate the formation
of DA projections from the VM to the striatum. These
identified molecules are well-established regulators of
axonal growth and guidance in other regions of the nervous
system. It is thus likely that further candidate molecules
with similar functions in other areas of the NS may con-
tribute to the regulation of DA axonal growth. One can-
didate group of molecules is the BMP family (Zou and
Lyuksyutova 2007; Bovolenta 2005).

BMPs are regulators of axonal growth in a number of
neuronal populations, with this role best characterised in
the dorsal spinal cord (SC) (Parikh et al. 2011; Hazen et al.
2012; Lein et al. 1995; Hegarty et al. 2013a; Gratacos et al.
2002). The two members of the BMP family of proteins,
BMP2 and a related molecule GDF5, have been shown to
regulate neurite growth in the dorsal SC (Parikh et al. 2011;
Hazen et al. 2011, 2012; Phan et al. 2010; Niere et al.
2006). GDF5 and BMP2 both activate a canonical signal-
ling pathway involving two types of serine/threonine
kinase receptors, type I and type Il BMPRs (ten Dijke et al.
1994; Koenig et al. 1994; Yamashita et al. 1996; Shi and
Massague 2003). Upon ligand binding, the constitutively
active BMPRII transphosphorylates the cytoplasmic
domain of the BMPRI (BMPRIa or BMPRIb), causing
phosphorylation of the receptor-regulated Smads, Smads
1/5/8, by the activated BMPRI. The phosphorylated Smads
1/5/8 then form a heterocomplex with the co-Smad,
Smad4, which mediates their nuclear translocation to allow
modulation of target gene expression (Miyazono et al.
2010; Sieber et al. 2009).

BMP2 and GDF5 are expressed in the developing rat
VM during the period of DA axogenesis, suggesting that
they may play a role in this process (Krieglstein et al. 1995;
O’Keeffe et al. 2004b; Storm et al. 1994; Chen et al. 2003;
Jordan et al. 1997; Soderstrom and Ebendal 1999; Hegarty
et al. 2014). In support of such a suggestion, both GDF5
and BMP2 have been shown to promote the survival of rat
VM DA neurons (O’Keeffe et al. 2004a; Reiriz et al. 1999;
Jordan et al. 1997; Sullivan et al. 1997) and induce neurite
growth of rat VM DA neurons in vitro (O’Keeffe et al.
2004a; Reiriz et al. 1999). Despite these studies, the
expression patterns of the BMP receptors (BMPRs) in the
VM and the target striatum during nigrostriatal pathway
development are unknown. Furthermore, the mechanisms
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by which GDF5 and BMP2 mediate their neurite growth-
promoting effects on VM DA neurons remain to be
determined. However, these effects have recently been
proposed to occur via the canonical Smad signalling
pathway in a cell line model of dopaminergic neurons
(Hegarty et al. 2013b).

To address the gaps in our current knowledge of BMP-
mediated DA neuronal growth, this study examined the
expression of BMP receptors over the developmental per-
iod between embryonic day (E) 14 and post-natal day
(P) 90 in rats, since the generation and maturation of
nigrostriatal dopaminergic neurons, the invasion and ar-
borisation of their striatal targets, and the refinement of
these connections occur over this time period (Van den
Heuvel and Pasterkamp 2008). Furthermore, the molecular
mechanisms by which BMP2 and GDF5 regulate axonal
growth of VM DA neurons were investigated.

Materials and Methods
Cell Culture

For the preparation of E14 rat VM cultures, E14 embryos
were obtained by laparotomy from date-mated female
Sprague-Dawley rats following decapitation under termi-
nal anaesthesia induced by the inhalation of isoflurane
(Isoflo®). Dissected VM tissue was centrifuged at
1,100 rpm for 5 min at 4 °C. The tissue pellet was incu-
bated in a 0.1 % trypsin—Hank’s balanced salt solution for
5 min, at 37 °C with 5 % CO,. Foetal calf serum (FCS)
was then added to the tissue followed by centrifugation at
1,100 rpm for 5 min at 4 °C. The resulting cell pellet was
resuspended in 1 ml of differentiation media (Dulbecco’s
modified Eagle’s medium/F12, 33 mM b-glucose, 1 %
L-glutamine, 1 % FCS, supplemented with 2 % B27) using
a P1000 Gilson pipette and carefully triturated using a
sterile plugged flame-polished Pasteur pipette, followed by
a 25-gauge needle and syringe, ensuring not to add air
bubbles into the cell suspension. Cell density was estimated
using a haemocytometer. Cells were plated on poly-
D-lysine (Sigma)-coated 24-well tissue culture plates at a
density of 5 x 10* cells per well in 500 pl of differentia-
tion media at 37 °C with 5 % CO,. SH-SY5Y cells were
used as a model of human DA neurons in this study, and
their cell culture was performed as previously outlined
(Hegarty et al. 2013Db).

Cells were treated with 200 ng/ml of GDF5 (kindly
provided by Biopharm GmbH) or recombinant human
BMP2 (R&D Systems) and pre-treated (30 min prior to
GDF5 or BMP2 application) with 1 pg/ml of Dorsomor-
phin (Sigma), 200 ng/ml of Noggin (R&D Systems), or
0.3 U/ml of Heparinase III (R&D Systems). For the neurite

growth assay, cells were treated daily for 4 DIV. To test
Smad pathway activation, cells were treated for 0, 30 or
120 min.

Electroporation of E14 Rat VM Cells

Electroporation of E14 VM cells was carried out using the
Neon™ Transfection System (Invitrogen). E14 VM cell
suspensions were prepared for counting (as outlined
above), and the required volume of cells to give 200,000
cells per well was centrifuged at 4 °C at 1,100 rpm for
5 min. The cell pellet was washed twice with 10 mM
phosphate-buffered saline (PBS) (without CaCl, and
MgCl,) (Sigma) and then resuspended in the required
amount of the manufacturers resuspension buffer (12 pl per
transfection/plasmid) (Invitrogen). About 0.5 pg of a GFP
plasmid, 1 pg of plasmid DNA (caBMPRIb and/or Smad4
siRNA vector (Hegarty et al. 2013b)) and/or 1 pM of
desired siRNA (Control or BMPRIb; Life Technologies)
were added to the resuspended cells. About 10 pl of the
cell/plasmid mixture was then electroporated according to
the manufacturer’s protocol under specific parameters
(1,100 V; 30 ms; 2 pulses).

Immunocytochemistry

Cultures were fixed for 10 min using 100 % ice-cold
methanol. Following 3 washes in 10 mM PBS-T (0.02 %
Triton X-100 in 10 mM PBS) for permeabilization, cul-
tures were incubated in blocking solution (5 % bovine
serum albumin) for 1 h at room temperature. Cultures
were subsequently incubated in the following antibodies:
BMPRII (1:200; R&D Systems), BMPRIb (1:200; R&D
Systems), phopsho-Smad 1/5/8 (1:200; Cell Signalling),
tyrosine hydroxylase (TH; 1:200; mouse monoclonal;
Millipore, or 1:300; rabbit polyclonal; Millipore) and B-
actin (1:200; Sigma) diluted in 1 % bovine serum albu-
min in 10 mM PBS at 4 °C overnight. Following
3 x 5 min washes in PBS-T, cells were incubated in
Alexa Fluor 488- and/or 594-conjugated secondary anti-
bodies (1:500; Invitrogen) reactive to the species of the
primary antibodies and diluted in 1 % bovine serum
albumin in 10 mM PBS, at room temperature for 2 h in
the dark. Cultures were counterstained with bisbenzimide
(1:1,000 in 10 mM PBS; Sigma). Negative controls in
which the primary antibody was omitted were also pre-
pared (not shown). Cells were imaged under an Olympus
IX70 inverted microscope fitted with an Olympus DP70
camera and AnalysisD™ software. For densitometric
analysis, the fluorescence intensity of individual cells
stained for phospho-Smad 1/5/8 was measured using
Imagel analysis software (Rasband, WJ, http://rsb.info.
nih.gov/ij/). The relative fluorescence intensity was
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calculated for each individual cell after subtraction of the
background noise.

Immunohistochemistry

Four adult (8- to 12-week old) female Sprague—Dawley rats
were killed by terminal anaesthesia (150 mg/kg sodium
pentobarbitone, i.p.) and perfused intracardially with
100 ml of 10 mM PBS, pH 7.4, containing 500 Units of
heparin sulphate, followed immediately by 200 ml of
freshly prepared 4 % ice-cold paraformaldehyde in PBS.
The brains were removed and placed in 4 % paraformal-
dehyde overnight, cryoprotected in 30 % sucrose in PBS,
and then snap-frozen in isopentane on liquid nitrogen.
Three pairs of coronal cryosections (15 pum; Cryostat
manufacturer: Leica—model CM1900) were collected at
each of three levels through the midbrain (AP —4.8, —5.6,
—6.4 relative to bregma; (Paxinos and Watson 1988)). The
sections were mounted on gelatine-coated slides and then
stained immunocytochemically for TH and/or BMPRIb or
BMPRIIL. Firstly, endogenous peroxidase was inactivated
by incubation in 20 % methanol, 0.2 % Triton X-100,
1.5 % hydrogen peroxide in 10 mM PBS for 10 min.
Sections were incubated in blocking solution (3 % normal
goat serum, 0.2 % Triton X-100 in 10 mM PBS) for 1 h at
room temperature and then in a solution (1:1,000) of
antiserum to TH (rabbit) and/or BMPRIb or BMPRII
(mouse) overnight at 4 °C. After four washes in 0.02 %
Triton X-100 in 10 mM PBS for 10 min each, sections
were incubated in Alexa Fluor 488- and/or 594-conjugated
secondary antibodies (1:500) reactive to the species of the
primary antibodies diluted in 10 mM PBS, at room tem-
perature for 2 h in the dark. Sections were then cover-
slipped in PVA-DABCO before fluorescent imaging.

Reverse Transcription Polymerase Chain Reaction (RT-
PCR)

The VM and striatum from E14 to P90 rats were dissected,
and following the extraction and purification of total RNA,
semi-quantitative RT-PCR for a variety of genes involved
in DA development and maintenance (TH, Nurrl, Lmx1b
and Pitx3) (Hegarty et al. 2013c) was performed on the
midbrain samples to confirm the accuracy of the dissection
at each age. RT-PCR was also performed on E11-E14 rat
VM tissue for BMPRII and BMPRIb, as well as on SH-
SHS5Y cells for BMPRIb.

Dissected embryonic and adult tissue in ice-cold Hank’s
balanced salt solution was centrifuged at 500 rpm for
2 min, the supernatant discarded and the tissue pellet stored
immediately at —80 °C until RNA extraction. Cultured
SH-SH5Y cells (~1 x 10° cells) were centrifuged at
10,000 rpm for 10 min before storage/usage. RNA was
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isolated using an RNeasy mini extraction kit (Qiagen). An
ImProm-II Reverse Transcription System (Promega) was
used to synthesise cDNA using 1 pg of RNA in an 11.5 pl
reaction volume for 90 min at 37 °C. Amplification was
carried out using a GoTaq Flexi DNA Polymerase system
(Promega) as per the manufacturer’s instructions. Each
reaction mixture consisted of 2 pul cDNA, 2 ul forward and
reverse primer mix, 5X PCR buffer, 1.5 mM MgCl,,
1.25 mM PCR dNTPs, 0.25 pl Taq polymerase and made
up to a total volume of 25 pl with nuclease-free water.
Forward and reverse primer pairs for TH (275 bp), Nurrl
(434 bp), Lmx1lb (485 bp), Pitx3 (193 bp), BMPRIb
(425 bp), BMPRII (349 bp) and GAPDH (388 bp) are
listed in Supplementary Fig. 1.

Quantitative Real-Time PCR (RT-QPCR)

Midbrain and striatum samples were disrupted and
homogenised in 1 ml of QIAzol Lysis Reagent (Qiagen).
After the addition of 200 pl chloroform, homogenates were
separated into aqueous and organic phases by centrifuga-
tion at 13,000 rpm for 15 min. The upper aqueous phase
was mixed with an equal volume of 70 % ethanol, to
precipitate the RNA, and then transferred to an RNeasy
Mini spin column placed in a 2-ml collection tube. Total
RNA was purified using the Qiagen RNeasy Lipid Tissue
Mini extraction kit and RNase-free DNase set, according to
the manufacturer’s instructions. Following purification,
total RNA was reverse transcribed using Stratascript
reverse transcriptase (Agilent Technologies), for 1 h at
45 °C, in a 30 pl reaction according to the manufacturer’s
instructions.

In order to amplify cDNAs encoding the normalising
reference genes, glyceraldehyde 3-phosphate dehydroge-
nase (GAPDH), succinate dehydrogenase complex, subunit
A (SDHA) and ubiquitin C (UBQC), 2.5 pl of cDNA was
amplified in a 25 pl PCR containing 1X FastStart Universal
SYBR Green Master Mix (Rox) (Roche) and 150 nM
forward and reverse primers. In the case of amplifying
cDNAs encoding TH, BMPRIb and BMPRIIL, 2 pl of
cDNA was amplified in a 20 pl PCR containing 1X of
Brilliant IIT Ultra-Fast QPCR Master Mix (Agilent Tech-
nologies), 150 nM each forward and reverse primers and
300 nM cDNA-specific FAM/BHQ1 dual-labelled hybrid-
ization probe (Eurofins), and 3 nM ROX reference dye.

Quantitative real-time PCR amplification was performed
using the Stratagene MX3000P thermal cycler. GAPDH,
SDHA and UBQC quantitative real-time PCR amplifica-
tion products were verified as being correct by melting
curve analysis (melting temperatures 83.5, 80 and 85 °C,
respectively) of the completed PCR. The initial quantities
of each cDNA in each PCR were determined by compar-
ison to a standard curve incorporated into the PCR run and
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constructed from serial dilutions of cDNA reverse tran-
scribed from RNA extracted from P11 striatum and mid-
brain samples. Values for each gene of interest were
normalised to the geometric mean of the three reference
genes.

Primer and probe sequences for the amplification of
each cDNA are listed in Supplementary Fig. 1. Cycling
parameters for GAPDH, SDHA and UBQC were 10 min at
95 °C followed by 40 cycles of 95 °C for 30 s; 55 °C for
I min; 72 °C for 1 min. Cycling parameters for TH,
BMPRIb and BMPRII were 3 min at 95 °C followed by 45
cycles of 95 °C for 13 s and 60 °C for 30 s.

Analysis of Neuronal Complexity

The total neurite length of individual E14 VM neurons was
measured at 1 and 3 DIV using Sholl analysis as previously
described (Gutierrez and Davies 2007; Collins et al. 2013).
Traces of GFP*/TH™ neurons were carried out using the
CoreIDRAW x4 software and analysed as previously
described (O’Keeffe et al. 2004a). Briefly, neurite length
(NL) was calculated using the following formula: NL =
o x T x (n/2), where o is the number of times the neurite
intersects the grid lines, and T is the distance between the
gridlines on the magnified image (taking into account the
magnification factor). VM neurons with intact processes
were analysed from 20 random fields per condition, where
any neuron with a process that was at least one and half times
the length of the soma was determined as an intact process
(which precludes the analysis of apoptotic neurons). For SH-
SYSY cells, cellular morphology was assessed as previously
described (Hegarty et al. 2013b).

Western Blotting

Western blotting was carried out as previously described
(Crampton et al. 2012). The cells were lysed in RIPA
buffer, and insoluble debris was removed by centrifugation.
Samples were run on an agarose gel and transferred to
nitrocellulose membranes using a Mini Trans-Blot Elec-
trophoretic Transfer Cell (Bio-Rad, CA, USA). The
membranes were incubated with primary antibodies against
BMPRIb (1:1,000) or B-actin (1:1,000) overnight at 4 °C,
washed, incubated with horseradish peroxidase-labelled
anti-rabbit IgG (1:2,000; Promega), washed and developed
with ECL-Plus (Amersham).

Statistical Analysis

Unpaired Student’s ¢ test or one-way ANOVA with a post hoc
Tukey’s test was performed, as appropriate, to determine sig-
nificant differences between groups. Results were expressed as
means with SEM and deemed significant when p < 0.05.

Results

BMPRs are Expressed in the Rat VM and Striatum
During Embryonic and Post-natal Development

If BMP-Smad signalling promotes the neurite growth of
VM DA neurons, then the BMP receptors, BMPRII and
BMPRIb, should be expressed in the VM and possibly the
striatum, during the period of DA axogenesis. To examine
this, RT-QPCR was used to quantify the expression levels
of TH, BMPRII and BMPRIb transcripts in the VM and
striatum during embryonic and post-natal development,
having confirmed the accuracy of the VM dissections by
examining DA gene expression at each age (Fig. la—d). In
the VM, TH mRNA levels are highest from E14 to P1
(Fig. 1b). A significant drop in TH transcript levels occurs
between P1 and P11, after which the expression of TH
mRNA remains stable through to adulthood (P90)
(Fig. 1b). In the striatum, TH mRNA levels are signifi-
cantly lower than those in the midbrain throughout the
developmental period studied (Fig. 1b).

BMPRII mRNA levels are relatively stable throughout
development in the VM (Fig. 1c), while in the developing
striatum BMPRII mRNA levels increase 1.5-fold between
E14 and P1. Between P1 and P31, the level of BMPRII
transcripts expressed in the striatum falls almost threefold
and this lower expression level is maintained through to
adulthood (Fig. 1c). BMPRII mRNA levels in P90 mid-
brain are similar to those in P90 striatum (Fig. 1c). In the
midbrain, BMPRIb mRNA levels increase threefold
between E14 and P1, and thereafter remain unchanged until
adulthood (Fig. 1d). In the developing striatum, BMPRIb
mRNA levels increase by twofold between E14 and P1,
before increasing a further twofold between P1 and P60
(Fig. 1d). BMPRIb striatal mRNA levels remain relatively
steady thereafter through to P90 and are comparable to that
of the adult midbrain at this time point (Fig. 1d). The
expression levels of BMPRII and BMPRIb transcripts in
the adult midbrain (P31-P90) are very similar. Indeed, RT-
PCR and in situ hybridization showed that BMPRII and
BMPRID are strongly expressed in the adult rodent SNpc
(Fig. le—j). Furthermore, approximately 75 % of DA neu-
rons in the adult rat midbrain expressed BMPRII and
BMPRIb (Fig. 1k, 1).

Since the initial phase of DA axogenesis begins at E11
in the rat (Gates et al. 2004; Nakamura et al. 2000), this
study also showed that BMPRII and BMPRIb are expres-
sed in the developing rat VM from Ell to E14 VM
(Fig. 2a). Western blotting and immunocytochemistry were
then used to confirm that the effector part of the BMP
receptor complex, the BMPRID protein, is expressed in the
rat VM during this developmental period (Fig. 2b, c). To
determine whether these receptors are expressed on DA
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Fig. 1 BMP receptors are expressed in the midbrain and striatum
during embryonic and post-natal development. a RT-PCR of TH,
Nurrl, Lmx1b, and Pitx3 in E14 and adult rat VM (SN = substantia
nigra). b—d Quantitative RT-QPCR data showing the levels of (b) TH,
(c) BMPRII and (¢) BMPRIb mRNA in the developing midbrain and
striatum, from E14 to P90, relative to the levels of the reference
mRNAs GAPDH, SDHA and UBQC. Each data point represents
pooled data from four samples from three separate litters/animals, and
all data are presented as the mean = SEM. e RT-PCR showing the
expression of BMPRII and BMPRIDb in the adult rat SN. f, g In situ
hybridization images taken from the Allen Developing Brain Atlas

neurons, immunocytochemical analysis was used to con-
firm protein expression of BMPRII and BMPRIb on TH-
positive neurons in E14 rat VM cultures (Fig. 2d, e and
data not shown). The co-localisation of BMPRII and
BMPRIb immunostaining with TH immunostaining indi-
cates that these receptors are expressed by DA neurons,
although there is also expression of these BMPRs on TH-
negative, non-DA cells (Fig. 2d, e).
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(©(Allen) Developing Mouse Brain Atlas, 2012) showing BMPRII
and BMPRIb expression (purple colour) in sagittal sections of the P56
adult mouse brain. h Atlas showing the major nuclei in the midbrain
region, including the SNpc, substantia nigra pars reticulate (SNpr)
and subthalamic nucleus (STN). Corresponding in situ hybridization
images of this region showing strong expression of i BMPRII and
in the SNpc (identified by red arrows).
bar = 2103 pm. k Quantification of the percentage of DA neurons
in the adult rat SN expressing BMPRII and BMPRIb. 1 Photomicro-
graphs showing immunostaining for BMPRII and BMPRIb co-
expressed with TH in the adult rat SNpc
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BMP2 and GDF5 Promote Neurite Growth
and Activate Canonical Smad Signalling in VM DA
Neurons

Following the characterisation of BMPR expression in the
VM and striatum during development, we next assessed the
effects of BMP2 and GDF5 on the promotion of neurite
growth from cultured E14 VM DA neurons. Treatment
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Fig. 2 BMPRs are expressed
on DA neurons during the peak (a)
period of DA axogenesis. a RT-

PCR of BMPRII, BMPRIb and 300bp -
GAPDH in El1 to E14 rat VM. 400bp -
b Western blotting showing 400bp -

BMPRIDb protein expression in
the developing rat VM.

¢ Photomicrographs showing
immunostaining for BMPRIb (c)
co-expressed with DAPI and the
relevant negative controls ((—)
control) in cultures of the E14
rat VM after 24 h in vitro.
Photomicrographs showing
immunostaining for d BMPRIb
with e being the negative
control, co-stained with DAPI
and TH, in cultures of E14 rat
VM after 24 h in vitro. Scale
bar = 50 pm

BMPRIb

DAPI

()} BMPRIb

(O (-) control

with either BMP2 or GDF5 for 4 DIV resulted in a sig-
nificant increase in the neurite length of TH-positive neu-
rons in E14 VM cultures, when compared to untreated
controls (Fig. 3a, b).

BMPs are well-known activators of a canonical signal-
ling pathway involving activation of Smad 1/5/8 (Miyaz-
ono et al. 2010; Sieber et al. 2009). Densitometric analysis
of the nuclear levels of phospho-Smad 1/5/8 showed that
both BMP2 and GDF?5 significantly increased the amount
of phospho-Smad 1/5/8 in the nucleus of TH-positive DA
neurons at 30 and 120 min, compared to the untreated

E11 E12 E13 E14

..

(b) E12 E13 E14
BMPRI|

BMPRIb
GAPDH

(-) control

controls (0 min) (Fig. 3c—e). To determine whether this
effect of GDF5 and BMP2 on Smad phosphorylation was
specific to DA neurons, nuclear phospho-Smad levels were
also measured in TH-negative cells. BMP2 did not induce
Smad phosphorylation in these cells at any time point
examined (Fig. 3c). Although GDF5 did not activate Smad
phosphorylation in TH-negative cells at 30 min, it did so at
120 min (Fig. 3d). Using SH-SHSY cells as a model of
human DA neurons (Hegarty et al. 2013b), BMP2 and
GDF5 were both shown to significantly increase Smad-
mediated transcriptional activity (as measured by the
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Fig. 3 BMP2 and GDF5 promote neurite growth and activate
canonical Smad signalling in cultured DA neurons. a Total neurite
length of BMP2- and GDF5-treated (10 ng/ml daily for 4 DIV) DA
neurons in cultures of E14 rat VM. b Representative photomicro-
graphs of control and BMP2-treated DA neurons in cultures of E14 rat
VM at 4DIV, immunocytochemically stained for TH. Scale
bar = 100 pm. ¢, d Densitometric analysis of phospho-Smad 1/5/8
in ¢ BMP2- and d GDF5-treated DA neurons and non-DA neurons in
El4 rat VM cultures at 0 (control), 30 and 60 min, as indicated.
e Representative photomicrographs of phospho-Smad 1/5/8

relative levels of GFP expression) at 2 DIV in SH-SHS5Y
cells transfected with a Smad reporter plasmid (GFP under
the control of a Smad responsive element), compared to the
control (Fig. 3f, g). Collectively, these data show that
BMP2 and GDF5 promote neurite growth from DA neu-
rons in E14 VM cultures and activate the canonical Smad
signalling pathway in these neurons.

BMPR Inhibitors Prevent BMP2- and GDF5-Induced
Neurite Outgrowth in VM DA Neurons

To explore the possibility that the effects of BMP2 and
GDF5 on the neurite outgrowth from E14 VM DA neurons
are mediated through BMPR-dependent activation of the
canonical Smad 1/5/8 pathway, two approaches were
employed to inhibit BMP-BMPR signalling. Firstly nog-
gin, an extracellular inhibitor of BMPs, which blocks their
binding epitopes for BMPRs (Groppe et al. 2002; Smith
and Harland 1992), and secondly dorsomorphin, a small

@ Springer

immunostaining (yellow arrow heads), co-localised with TH immu-
nostaining, in DA neurons treated BMP2 or GDF5 for 60 min in E14
rat VM cultures. Scale bar = 100 pm. f Smad-dependent transcrip-
tional activity in BMP2- and GDF5-treated SH-SYSY cells 48 h after
transfection with a Smad-GFP reporter. g Photomicrographs showing
increased Smad-GFP reporter fluorescence in SH-SHSY cells treated
with BMP2 or GDF5 for 2DIV. Scale bar = 10 pm. (*P < 0.05,
*#*P < 0.01, ***P < 0.001 vs. control; ANOVA with post hoc
Tukey’s test; 50 cells analysed per group per experiment; N = 3
experiments)

molecular inhibitor of BMPRI (Yu et al. 2008), were used.
It has previously been shown that dorsomorphin is an
effective inhibitor of BMP2 and GDFS5 signalling in SH-
SYSY cells (Hegarty et al. 2013b). The ability of noggin to
inhibit BMP2 and GDFS5 in these cells was assessed first,
and pre-treatment with either noggin or dorsomorphin
prevented BMP2- and GDF5-induced neurite growth in
SH-SYS5Y cells (Supplementary Fig. 2). Similarly, the pre-
treatment of E14 VM cultures with noggin or dorsomor-
phin completely prevented the BMP2- and GDF5-induced
increases in the neurite length of TH-positive cells at 4 DIV
(Fig. 4a, b). It has been suggested that the neurotrophic
effects of GDF5 on DA neurons may be mediated indi-
rectly through the action of glial cell line-derived neuro-
trophic factor (GDNF) (Sullivan and O’Keeffe 2005). To
test this possibility, we adopted a similar approach to Orme
et al. (2013) who prevented the DA neurotrophic effects of
GDNF by blocking its heparan sulphate-dependent sig-
nalling (Barnett et al. 2002; Iwase et al. 2005; Orme et al.
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Fig. 4 Noggin and dorsomorphin prevent the promotion of DA
neurite growth by BMP2 and GDF5. a Total neurite length of noggin-
or dorsomorphin-pre-treated and/or BMP2- or GDF5-treated (daily
for 4 DIV) DA neurons in El14 rat VM cultures, as indicated
(*¥**P < 0.001 vs. control; ANOVA with post hoc Tukey’s test; 50
TH-positive neurons analysed for each group per experiment; N = 3
experiments). b Representative photomicrographs of noggin- and
dorsomorphin-pre-treated and/or BMP2- or GDF5-treated DA neu-
rons in E14 rat VM cultures, immunocytochemically stained for TH.
Scale bar = 100 pm. Data are expressed as mean &= SEM

[

2013). The pre-treatment of SH-SHSY cells with Hepa-
rinase III did not affect BMP2- and GDF5-induced neurite
growth in SH-SY5Y cells (Supplementary Fig. 3). Col-
lectively, these data show that the neurite growth-promot-
ing effects of BMP2 and GDF5 on VM DA neurons are
directly mediated through a BMPR-dependent pathway.

Canonical BMPR-Smad Activation Promotes Neurite
Outgrowth in VM DA Neurons

It is well established that BMP2 can signal through both
BMPRIa and BMPRIb, whereas GDF5 predominantly
signals through BMPRIb (Nishitoh et al. 1996), which
suggests that BMP2 and GDF5 may signal through BMP-
RIb to exert their neurotrophic effects on VM DA neurons.
To test this possibility, E14 VM neurons were transfected
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Fig. 5 Overexpression of constitutively active BMPRIb promotes
neurite outgrowth in cultured VM neurons. a Neurite length of
control- or caBMPRIb-transfected neurons in E14 rat VM cultures at
1 and 3 DIV, as indicated (**P < 0.01; ##P < 0.01 vs. 1 DIV;
ANOVA with post hoc Tukey’s; 40 cells for each group per
experiment; N = 3 experiments). b Neurite length of control- or
caBMPRIb-transfected neurons and/or co-transfected with a Smad4
siRNA expression vector in E14 rat VM cultures at 3 DIV, as
indicated (***P < 0.001; ##P < 0.01, ##P < 0.001 vs. control;
ANOVA with post hoc Tukey’s; 40 cells for each group per
experiment; N = 3 experiments). ¢ Representative line drawing of
neurons from each of these groups at 3 DIV. All data are presented as
mean + SEM

with a constitutively active BMPRIb (caBMPRIb) plasmid,
and the neurite growth of the neurons was assessed and
compared to that of neurons transfected with a control
plasmid. Transfection of E14 VM neurons with the caB-
MPRIb plasmid induced a significant increase in their
neurite length at 3 DIV, but not 1 DIV, when compared to
cells transfected with the relevant control plasmid (Fig. 5a,
c¢). Importantly, electroporation of E14 VM neurons with a
wild-type BMPRIb plasmid did not result in significant
increases in neurite length (data not shown), demonstrating
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Fig. 6 Overexpression of constitutively active BMPRIb promotes
neurite outgrowth in cultured DA neurons. a Photomicrograph of an
E14 rat VM culture transfected with ca-BMPRIb (GFP-positive) at
the time of plating, and immunocytochemically stained for TH at 3
DIV. b Higher magnification of the dashed area in (a), showing co-
localisation of TH and GFP to identify transfected DA neurons.
¢ Representative line drawing of control- or caBMPRIb-transfected
DA neurons at 3DIV. Scale bar = 50 pum. d Neurite length of
control- or caBMPRIb-transfected DA neurons in E14 rat VM

the importance of the activation of the BMPR for this
effect.

To determine a functional link between BMPRIb-
induced neurite growth and Smad 1/5/8 signalling, an
siRNA that targets the co-Smad Smad4, which has been
shown to be effective in inhibiting BMP2 and GDF5 sig-
nalling (Hegarty et al. 2013b), was used. The complex of
phosphorylated Smad 1/5/8 with Smad4 following BMP-
RIb activation is required for the nuclear translocation of
activated Smad 1/5/8 and thus their regulation of target
gene expression (Miyazono et al. 2010; Sieber et al. 2009).
To determine whether modulation of Smad4 expression
affected the growth of E14 VM neurons, the neurite length
of cells transfected with Smad4 siRNA or with Smad4
overexpression vectors was measured. Modulation of
Smad4 expression did not affect the neurite length of
transfected E14 VM neurons (data not shown). When E14
VM cells were co-transfected with the caBMPRIb and
Smad4 siRNA, Smad4 siRNA significantly reduced the
caBMPRIb promotion of El14 VM neuronal growth
(Fig. 5b, c). These data show that the activation of the
Smad signalling pathway by BMPRIb mimics the neurite
growth-promoting effects of BMP2 and GDF5 in E14 VM
neurons. To ensure that this effect was specific to DA
neurons, we immunostained the electroporated neurons at 3
DIV for TH. This allowed the identification of TH-positive/
GFP-positive DA neurons, indicating that they were
transfected (Fig. 6a, b). Traces of the TH-positive/GFP-
positive DA neurons were prepared for the analysis of
neuronal growth (Fig. 6¢), which showed that DA neurons
expressing caBMPRIb had significantly longer neurites
than their control counterparts (Fig. 6d). Finally, to further
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cultures at 3 DIV, as indicated. e RT-PCR showing BMPRIb mRNA
expression in SHSYSY cells at 24 h following transfection with either
a control or BMPRIb siRNA. f Neurite length and g representative
photomicrographs of control siRNA and BMPRIb siRNA transfected
SH-SYS5Y cells with or without GDF5 treatment, as indicated.
(***P < 0.001, vs. control; ANOVA with post hoc Tukey’s; 30 cells
for each group per experiment; N = 3 experiments). All data are
presented as mean + SEM

demonstrate the requirement of the BMPRIb for the neurite
growth-promoting effects of the BMP ligands, an siRNA
against BMPRIb was employed, which induced efficient
BMPRIb knockdown (Fig. 6e). The ability of GDF5 to
promote growth in cells transfected with either a control
siRNA or the BMPRIb siRNA was then investigated.
GDF5 promoted a significant increase in neurite length in
cells expressing the control siRNA, whereas this effect was
lost in cells expressing the BMPRIb siRNA (Fig. 6f, g).
Taken together, these data show that the activation of
canonical BMP-BMPRIb-Smad 1/5/8 signalling promotes
neurite outgrowth in VM DA neurons.

Discussion

Understanding the molecular signals that regulate the
development of DA neurons is crucial for advancing cell
replacement therapy for PD (Toulouse and Sullivan 2008;
Lees et al. 2009). While much progress has been made in
understanding the signals that control DA neuron devel-
opment, less is known about the molecules that promote
the growth of DA neurites, which is crucial for the func-
tional integration of transplanted cells into the host
parenchyma. However, some molecules, such as Ephs and
netrinl, have been identified as regulators of nigrostriatal
pathway development in recent years (Hegarty et al. 2013a;
Van den Heuvel and Pasterkamp 2008). In an attempt to
identify new candidate molecules and signalling pathways
that may be involved in nigrostriatal development, this
study focused on two BMPs, GDF5 and BMP2, since both
of these factors have been implicated in axonal growth in



Neuromol Med (2014) 16:473-489

483

other NS populations (Parikh et al. 2011; Hazen et al. 2011,
2012; Phan et al. 2010; Niere et al. 2006; Lein et al. 1995;
Hegarty et al. 2013a) and have been shown to have neu-
rotrophic effects on VM DA neurons, specifically survival-
and neurite growth-promoting effects (O’Keeffe et al.
2004a; Reiriz et al. 1999; Jordan et al. 1997; Sullivan et al.
1997; Hegarty et al. 2014). Despite these studies, the
downstream molecular mechanisms that mediate the
effects of GDF5 and BMP2 on VM DA neurons are
unknown. The present study thus aimed to define these
molecular mechanisms and to investigate the potential of
BMP2 and GDF5 as regulators of nigrostriatal
development.

To investigate this proposed role of BMP2 and GDF5 in
the neurite growth of DA neurons, this study first charac-
terised the temporal expression profiles of their receptors in
the rat VM and striatum during embryonic and post-natal
development. In the rat, the axons of the DA neurons in the
VM extend towards the forebrain via the medial forebrain
bundle from E13, and progressively innervate the striatum
shortly thereafter, reaching the dorsal striatum around E20
(Gates et al. 2004; Nakamura et al. 2000; Specht et al.
1981a, b; Verney 1999; Voorn et al. 1988). In the first three
post-natal weeks, striatal innervation becomes more
extensive, while naturally occurring cell death refines these
connections (Jackson-Lewis et al. 2000; Oo and Burke
1997; Burke 2003; Hegarty et al. 2013a; Van den Heuvel
and Pasterkamp 2008). This study found that BMPRII and
BMPRIb were expressed at steady levels in the VM
throughout embryonic development (from E14) and into
adulthood (until at least P90), with strong expression levels
being detected on DA neurons in the P56 SNpc. Crucially,
the expression of these BMPRs, both of which are required
for canonical BMP-Smad signalling (Miyazono et al.
2010; Sieber et al. 2009), in the VM from E14 onwards
correlates with the timing of the generation of nigrostriatal
projections. These data suggest that BMPs, such as BMP2
and GDFS5 that are expressed in the developing and adult
VM and striatum (Krieglstein et al. 1995; O’Keeffe et al.
2004b; Storm et al. 1994; Chen et al. 2003; Jordan et al.
1997; Soderstrom and Ebendal 1999; Hegarty et al. 2014),
may regulate the establishment of nigrostriatal projections
from VM DA neurons. In support of this suggestion, the
present study has demonstrated that both BMP2 and GDF5
promote neurite outgrowth from E14 VM neurons in cul-
ture. BMP2 and GDF5 may also act to orientate the axons
of VM DA neurons away from the VM, since other BMPs,
such as BMP7 and GDF?7, have been shown to orient the
commissural axons of dorsal SC interneurons via BMPRIb
(Butler and Dodd 2003; Dent et al. 2011; Phan et al. 2010;
Yamauchi et al. 2008; Wen et al. 2007). The sustained
expression of BMPRs in the VM during adulthood suggests
that they may function in the maintenance of DA neurons,

with both BMP2 and GDF5 being shown to promote the
survival of VM DA neurons in vitro (O’Keeffe et al. 2004a;
Wood et al. 2005; Reiriz et al. 1999; Jordan et al. 1997) and
in vivo (Sullivan et al. 1997, 1998, 1999; Hurley et al.
2004; O’Sullivan et al. 2010; Espejo et al. 1999). This
study also demonstrated the expression of these BMPRs
from E11 to E14 in the rat VM, further supporting their
role in DA axogenesis, but also suggesting that BMPs may
function in adoption of a DA phenotype during DA neu-
rogenesis, which occurs during this period (Lumsden and
Krumlauf 1996; Lauder and Bloom 1974; Gates et al. 20006;
Hegarty et al. 2013c). In agreement with this proposal,
BMP-BMPR-Smad-dependent transcriptional activity is
found in the VM region during DA neurogenesis at E10.5
in mice (Monteiro et al. 2008), which also corresponds to
the time of DA axon extension. BMP-Smad signalling may
therefore concomitantly contribute to VM DA neuronal
specification and their subsequent neurite outgrowth, which
is the case for BMPs in the dorsal SC (Chizhikov and
Millen 2005; Ulloa and Briscoe 2007).

In the striatum, there is a peak of BMPRII mRNA
expression at P11, during the time period (P0-P20) when
naturally occurring cell death is occurring due to limitations
in the availability of target-derived neurotrophic factors
(Jackson-Lewis et al. 2000; Oo and Burke 1997; Burke
2003; Van den Heuvel and Pasterkamp 2008). Similarly,
BMPRIb is also expressed at relatively high levels in the
early post-natal (P1 to P11) striatum. These data suggest
that BMP2 and GDF5 may function as target-derived
neurotrophic factors for VM DA neurons at this stage of
development. Indeed, both factors have been shown to
promote the survival of VM DA neurons (O’Keeffe et al.
2004a; Wood et al. 2005; Reiriz et al. 1999; Jordan et al.
1997; Sullivan et al. 1997, 1998, 1999; Hurley et al. 2004;
O’Sullivan et al. 2010; Espejo et al. 1999). Furthermore,
BMPRII null mice have reductions in nigrostriatal neurons,
and striatal DA innervation, when examined in adulthood
(Chou et al. 2008), which is likely due to deficient neuro-
trophic support during this post-natal developmental per-
iod. There is a peak of BMPRIb expression during
adulthood in the striatum, which may point towards the
aforementioned potential role of BMPs in the maintenance
of VM DA neurons. Furthermore, it may suggest that
BMPRIb functions in promoting the arborisation of DA
axons that survive the period of naturally occurring cell
death. The sustained expression of BMPRs in the adult rat
brain (up to P90) demonstrated in this study suggests a role
for BMP2 and GDF5 in the maintenance of the nigrostriatal
system during adulthood. In support of this role, BMPs
(including BMP2) and BMPRs have been shown to be
expressed in the midbrain and striatum from 6-24 months
in the adult rat (Chen et al. 2003). Furthermore, in animal
models of PD, exogenous GDF5 delivery into the
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nigrostriatal pathway has potent survival-promoting effects
on adult nigral DA neurons (Sullivan et al. 1997, 1999;
Hurley et al. 2004; O’Sullivan et al. 2010; Sullivan and
Toulouse 2011). Disruption to the normal expression of
BMPRs may thus render nigrostriatal DA neurons more
vulnerable to degeneration and increase the risk of the
development of PD. The phenotype of the BMPRII null
mouse supports this suggestion, while haploinsufficiency
of other transforming growth factor (TGF)B superfamily
members, such as GDNF and TGF(2, causes an accelerated
decline of midbrain DA neurons during normal ageing
(Boger et al. 2006; Andrews et al. 2006). Interestingly, after
a 6-hydroxydopamine (6-OHDA)-induced lesion of the
adult rat nigrostriatal pathway, BMPRs were significantly
downregulated in the nigra, but upregulated in the striatum
(Chen et al. 2003). These findings likely reflect the loss of
BMPR expression by nigral DA neurons, which are
destroyed by 6-OHDA, and a potential compensatory
mechanism by the striatum to restore BMP-mediated sur-
vival-promoting effects on innervating VM DA neurons
through upregulation of BMPR expression. The BMPR
expression in the developing striatum may also reflect
autocrine or paracrine trophic influences on cells within the
striatum, since the BMPs have been shown to play roles in
striatal neuronal development (Gratacos et al. 2001, 2002).

The present study found that TH mRNA levels in the
VM are maximal at E14, which is expected as this is the
time point at which the greatest amount of post-mitotic DA
neurons are present in the VM (Lumsden and Krumlauf
1996; Lauder and Bloom 1974; Gates et al. 2006). There
was a subsequent significant decline in TH expression from
birth onwards, reaching the lowest levels at P11, which
correlates with the onset of programmed cell death for
nigrostriatal DA neurons. TH mRNA expression was found
to remain stable in the adult VM, reflecting the established
population of A9 DA neurons.

Following the demonstration of the expression of
BMPRs in the VM and striatal regions during embryonic
and post-natal development, we next demonstrated that
BMPRs are expressed on both DA and non-DA cells in E14
rat VM cultures, indicating that BMP2 and GDF5 may act
in either an autocrine or paracrine manner to exert neuro-
trophic effects on DA neurons. Immunocytochemical
staining for phospho-Smad 1/5/8 showed that both DA and
non-DA cells express these transcription factors, and the
nuclear location of phospho-Smad 1/5/8 indicated that
these VM cells also express Smad4, which is required for
the nuclear translocation of Smad 1/5/8 following their
activation. These results demonstrate that VM DA neurons
have the machinery to carry out canonical Smad 1/5/8
signalling in response to BMPs.

The current study has demonstrated that both BMP2 and
GDF5 induce the neurite outgrowth of E14 VM DA
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neurons, which is consistent with previous studies on
BMP2 (Reiriz et al. 1999) and GDF5 (O’Keeffe et al.
2004a) in rat VM cultures. The molecular mechanisms
mediating this neurite growth-promoting effect were then
assessed. BMP2 and GDF5 were both shown to activate
canonical Smad 1/5/8 in VM DA neurons, as demonstrated
by nuclear accumulation of phosphorylated Smad 1/5/8.
Interestingly, GDFS5, but not BMP2, activated Smad 1/5/8
signalling in non-DA cells. This finding is not surprising
considering that the numbers of astrocytes are dramatically
increased in GDF5-treated E14 rat VM cultures (Kriegl-
stein et al. 1995; O’Keeffe et al. 2004a; Wood et al. 2005).
It has thus been suggested that GDF5 may have an indirect
neurotrophic action on VM DA neurons, possibly by
stimulating glial-derived growth factor(s) production, such
as GDNF, that might be involved in the neurotrophic
response (Sullivan and O’Keeffe 2005). To test this pos-
sibility, this study investigated whether GDF5 and BMP2
were capable of promoting neurite growth in the absence of
heparan sulphate-dependent GDNF signalling and showed
that GDF5 and BMP2 did not require GDNF for this effect.
Similarly, Wood et al. (2005) showed that the inhibition of
the GDF5-induced increase in astrocytes does not prevent
the neurotrophic effects of GDF5 on DA neurons in E14 rat
VM cultures, suggesting that GDF5 has a direct neuronal
action. Similarly, Reiriz et al. (1999) used the gliotoxin o-
aminoadipic acid to demonstrate that the neurotrophic
effects of BMP2 on El4 rat VM DA neurons were not
mediated by astrocytes. These data, along with the present
finding that BMP2 specifically activates Smad signalling in
VM DA neurons, suggest that BMP2 and GDFS5 act
directly on DA neurons to induce axonal growth. The
neurotrophic and gliogenic effects of GDF5 in VM cultures
may thus be independent of one another. Similarly, BMP—
Smad signalling has previously been shown to have such a
dual-inductive role in enteric neural crest cells (Chalazo-
nitis et al. 2004, 2011; Chalazonitis and Kessler 2012).
Collectively, these data suggest that canonical Smad sig-
nalling mediates the neurotrophic effects of BMP2 and
GDF5 on VM DA neurons.

To explore this premise further, the effects of BMP2 and
GDF5 were assessed following the inhibition of their
binding to BMPRs. BMPR activation by BMP2 and GDF5
was blocked by using noggin, an extracellular inhibitor of
BMPs, which blocks their binding epitopes for BMPRs
(Groppe et al. 2002; Smith and Harland 1992), or dorso-
morphin, a small molecular inhibitor of BMPRI (Yu et al.
2008). Pre-treatment with either noggin or dorsomorphin
inhibited the neurite growth-promoting effects of BMP2
and GDF5 on E14 VM DA neurons. Noggin and dorso-
morphin have both previously been used to prevent BMP-
induced neurite outgrowth in other neuronal populations
(Parikh et al. 2011; Li and LoTurco 2000), and the current
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study also demonstrated their inhibition of BMP-induced
neurite growth in SH-SHSY cells. BMPR activation is
therefore crucial to BMP-induced axonal growth from VM
DA neurons. BMP2 can signal through both BMPRIa and
BMPRIb, whereas GDF5 predominantly signals through
BMPRIb (Nishitoh et al. 1996), suggesting that BMPRIb is
responsible for mediating the neurotrophic effects of BMP2
and GDFS. To test this hypothesis, E14 VM cultures were
electroporated with a constitutively active BMPRIb, which
has been previously shown to activate the Smad 1/5/8
signalling pathway (Hegarty et al. 2013b). E14 VM neu-
rons expressing the caBMPRIb were significantly larger
than those transfected with the control plasmid, suggesting
that BMP2 and GDF5 activate BMPRIDb to induce neurite
extension. These findings are in agreement with a previous
study in SH-SHSY cells, a model of human DA neurons
(Hegarty et al. 2013b). Furthermore, the application of
GDFS5 at the time of plating, when BMPRI1b is expressed,
results in neurotrophic effects on VM DA neurons; how-
ever, application after six days in vitro, when the BMPRIb
is no longer expressed, has no effect (O’Keeffe et al.
2004a). The present study next demonstrated that the
transcriptional activity of Smad 1/5/8 is required for this
BMP-induced neurite growth of VM neurons. The inhibi-
tion of the nuclear translocation of the Smad 1/5/8 tran-
scription factors, using siRNA to target Smad4,
significantly inhibited neurite outgrowth of E14 VM neu-
rons induced by caBMPRIb. Finally, this study confirmed
that the neurite growth-promoting effects of the caBMPRIb
are specific for VM DA neurons. The caBMPRIb therefore
mimics the effects of BMP2 and GDF5 on E14 VM DA
neurons. Furthermore, siRNA knockdown of the BMPRIb
also prevented GDF5-induced neurite growth in SH-SH5Y
cells. Collectively, these data show that BMPRIb activation
of Smad 1/5/8 is the mechanism by which these BMPs
promote the neurite growth of VM DA neurons.

This study has identified BMP2 and GDFS5 as bona fide
candidates to be regulators of nigrostriatal pathway
development. The expression profiles of their BMPRs in
the VM and striatum, and their neurotrophic effects on
cultured VM DA neurons, propose roles for BMP2 and
GDFS5 in the extension/projection of DA axons from the
VM. They may act as target-derived neurotrophic factors
for innervating nigrostriatal fibres, and/or as factors that
maintain the integrity of nigrostriatal projections during
adulthood. However, the analysis of mice with deficiencies
in GDF5 and/or BMP2 is essential to further establish
these factors as regulators of nigrostriatal pathway devel-
opment. It is not unlikely that these morphogens may play
multiple roles during nigrostriatal system development,
since locally expressed factors are employed throughout
NS development to regulate multiple steps of particular
developmental processes, with temporally regulated

functions. A relevant example of this is seen during chick
dorsal SC development, in which BMP-Smad signalling
promotes neuronal specification rather than astrocytic
specification at E5, but at E6 has the opposite effect
(Agius et al. 2010). The present study has thus contributed
to the growing body of knowledge regarding the devel-
opment of the A9 pathway. A detailed, well-characterised
understanding of nigrostriatal pathway development is
vital, to provide important information regarding devel-
opmental abnormalities or age-related defects that may
lead to the progressive degeneration of this pathway in PD.
Furthermore, cell replacement therapy is one of the most
promising therapies for the treatment for PD (Orlacchio
et al. 2010; Bonnamain et al. 2012; De Feo et al. 2012;
Toulouse and Sullivan 2008; Hedlund and Perlmann
2009). Due to the importance of the establishment of
functional connections by transplanted DA cells in the host
striatum, factors that promote neurite outgrowth are being
considered as adjuncts to transplantation therapy. GDF5
and BMP?2 are thus ideal candidates to be used as growth-
promoting factors, with their survival-promoting effects on
VM DA neurons being beneficial also. The present study
has, for the first time, demonstrated that the downstream
molecular mechanisms mediating the neurite outgrowth-
promoting effects of GDF5 in VM DA neurons are
dependent, upon BMPRIb-mediated activation of canoni-
cal Smad 1/5/8 signalling.
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