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ABSTRACT
The progressive degeneration of dopaminergic neurons in the substantia nigra is
one of the major pathological events associated with Parkinson’s Disease. Dopaminergic
(DA) cell replacement therapy has emerged in recent years as a possible approach
towards treating Parkinsonism. However, the knowledge of intrinsic and extrinsic
regulators governing the development of DA progenitors for such strategies remains
limited. This thesis examines the function of two major signaling players, nuclear
receptors and Wnts and how they modulate DA development.
Nuclear receptors are important regulators of early developmental events and adult
physiology. The orphan nuclear receptor Nurr1 has previously been shown to be essential
for the acquisition of a dopaminergic neurotransmitter phenotype in the developing
ventral midbrain. Herein, we provide genomic and physiological evidence that Nurr1
coordinates the expression of genes involved in survival and resistance to oxidative stress.
We also found that the extracellular matrix protein, tenascin-C is strongly upregulated in
Nurr1-expressing neural stem cells and that tenascin-C null mice exhibit an accelerated
DA neurogenic program in vivo. These findings suggest that Nurr1 upregulates tenascinC and maintains the Nurr1 precursor population in vivo. Combined, our data unravel a
previously uncharacterized function of tenascin-C to delay the differentiation of Nurr1
precursors.
In another study, we investigated the function of two other nuclear receptors, liver
X receptors (LXRs) α and β, in developing midbrain DA neurons. We demonstrate that
loss of LXRα and LXRβ function results in diminished DA neurogenesis at the expense
of an increased number of neuroepithelial cells and enhanced gliogenesis in vivo.
Moreover, treatment of ventral mesencephalic, but not cortical progenitors with the LXR
ligand 22-hydroxycholesterol reduced the number of RC2+ radial glia cells while
simultaneously enhancing DA neurogenesis. These effects were completely abolished in
LXRα/β-/- cells. These data show that LXRα and LXRβ coordinate neuronal versus glial
cell-fate choices in ventral midbrain progenitors and illustrate a novel function for these
nuclear receptors in DA neuron development.
The Wnt signalling pathway controls patterning, proliferation, migration, and cell
differentiation events in the developing CNS. In this thesis we illustrate that ventral
midbrain (VM) glia, but not cortical glia, secrete high levels of the lipoprotein Wnt5a.
Additionally, VM glia express region-specific transcription factors such as Pax-2, En-1
and Otx-2 and increase the differentiation of cortical or VM Nurr1+ precursors into DA
neurons. Blocking experiments using a Wnt5a blocking antibody indicate that the effects
of ventral midbrain glia on Nurr1-positive neural precursors are partially mediated by
Wnt5a. In summary, our results indicate that VM glia induce a DA phenotype in Nurr1expressing neuronal precursors and that this effect is specific and involves the secretion of
Wnt5a.
Recent expression analyses have indicated that additional Wnts, including Wnt2,
may contribute to the development of DA neurons. However, the lack of available
purified Wnt to address this has precluded such efforts. We describe the first successful
purification and characterization of Wnt2. We find that purified Wnt2 promoted the
differentiation of ventral precursor cultures into DA neurons. Treatment of DA cells with
purified Wnt2 demonstrated that Wnt2 induced the accumulation of β-catenin and
phosphorylation of Dishevelled-2. These signals could be inhibited by enzymatic removal
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of the post-translational lipid modification. Additionally, mice containing a targeted
deletion of Wnt2 exhibit DA deficits at the onset of DA neurogenesis. These observations
indicate that Wnt2 activates canonical Wnt signals and promotes the differentiation of DA
precursors in vivo.
In summary, our data broaden our knowledge on the function of nuclear receptors
and Wnts during DA development and raise the spectre of nuclear receptor and Wnt
ligands that may be of clinical utility for stem cell-replacement strategies for PD.
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INTRODUCTION
All cells are equipped with elaborate systems for receiving, integrating, and relaying
information to and from their local environment. Cell signaling occurs by a number of
different, often interacting, mechanisms. The importance of the mechanisms involved in cell
signaling is crucial for understanding the development of multicellular organisms and
disease. Ligands often serve as mediators of the proximal events in signaling systems and
bind to receptors at the cell membrane or inside the cell. Signaling molecules such as Wnts,
bind to integral membrane proteins. This initial step results in the transduction of information
from the cell surface to inside the cell by initiating a cascade of events that include the
production of secondary messengers or activation of protein kinase cascades that converge to
amplify steps and result in a rapid response. Cells often contain similar receptors but
differentially respond to the same ligand. Typically, target proteins lead to alterations in gene
regulation. In contrast to Wnt ligands, membrane soluble ligands, such as steroid hormones
and metabolites, instead diffuse through the cell membrane and bind to nuclear receptors
(NRs) in the cytosol. Following their translocation to the nucleus, activated NRs bind to
DNA and regulate the transcription of target genes. While many of the signaling mechanisms
for both Wnt and NRs have been described, studies assessing their functional contributions
during early development remain unclear. The following thesis focuses on the use of
genomic, biochemical, and mouse knockout approaches to assess the contribution of NRs and
Wnts to dopaminergic neuron development.

Parkinson’s Disease and Stem Cells
Parkinson’s Disease
Parkinson’s Disease is the second most common neurodegenerative disease, affecting
approximately 4-4.5 million people worldwide. PD is characterized by several motor
impairments including tremor, rigidity, bradykinesia and postural instability, that becomes
increasingly incapacitating with advanced age (Jankovic 2005). In addition to the
aforementioned motor impairments that are often considered the hallmark symptoms of the
disease, symptoms such as depression, insomnia, and dysphagia become more frequent
during late stages of PD. In agreement with its progressive nature, the severity of PD
symptoms increases with time. However, the progression and its associated symptoms vary
considerably between patients (Morrish et al. 1996).
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The principal pathology of PD results from the selective and progressive degeneration of
dopaminergic cells in the substantia nigra pars compacta (SN), projecting to the caudate
nucleus and putamen (striatum). A 10-fold higher rate of cell loss is observed in the SN of PD
patients compared to that seen in non-affected, aging individuals (Marsden and Olanow
1998). Another pathological feature of the disease is the presence of Lewy bodies, primarily
localized to SN dopaminergic neurons. Lewy bodies are comprised of small spherical
inclusions that contain α-synuclein and ubiquitin, Parkin, and synphilin-1, that accumulate
and aggregate to form cytoplasmic inclusions (Dawson and Dawson 2003). Dysfunction of
the mitochondria and impairment of ubiquitin proteasome system have also been thought as
leading causes of DA neuron degeneration (Tatton and Olanow 1999). Other cell populations
affected in PD include cells in the entorhinal cortex, cholinergic neurons, noradrenergic locus
coeruleus neurons, and serotonergic neurons (Jellinger 1991). These populations and others
have been correlated with dementia and depression, respectively.

Current treatments and putative approaches
Notably, the onset of PD symptoms is not observed until a 75% loss of DA neurons occurs.
The early diagnosis of PD is based on clinical recognition of symptoms and functional
imaging such as F-DOPA PET, whereby fluoro-DOPA (an analogue of L-DOPA) is taken up
by the remaining DA cells (Jankovic 2005). In addition to sporadic PD, an increasing number
of genetically-defined forms of PD have been reported (Liste et al. 2004; Vila and
Przedborski 2004). To date, none of the currently available pharmacological therapies has
successfully halted the progress of PD symptoms in patients. The best described treatment for
Parkinsonism has focused on substitution of dopamine with L-dihydroxyphenylalanine (LDOPA), a precursor of dopamine that replenishes DA terminals and restores the tissular
dopamine levels in humans. However, one of the limitations of this pharmacological
approach is that over time, L-DOPA treatment becomes less efficacious, resulting in
exacerbated motor problems and debilitating drug-induced side effects such as dyskinesias.
More recently, DA agonists have also been used alone or in combination with L-DOPA
(Turle-Lorenzo et al. 2006). Additional therapies based on neuroprotective and restorative
strategies aimed at preventing cell death and promoting cell survival have been tested in
human and/or in mice. These include the sustained delivery of:

glial cell-derived

neurotrophic factor (GDNF), nitric oxide synthase inhibitors, Bcl-xL, and inhibitors of JNK
(Gill et al. 2003) (Klivenyi et al. 2000; Liste et al. 2004; Rawal et al. 2006b)
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Cell replacement therapy
The development of additional regiments, including the use of dopaminergic cells derived
from stem cells for cell replacement therapies, represent a promising alternative to
pharmacological intervention for PD patients. Cell replacement strategies aim to use
dopamine-producing cells ectopically implanted in the striatum to substitute for dopamine
deficiency (Figure 1). This approach takes advantage of the fact that a constant baseline of
dopamine levels is largely sufficient to restore motor behaviour. This circumstance makes it
feasible for transplanted grafts to secrete dopamine into the striatum and thereby exert effects
on target cells of the striatum.

Figure 1 – Cell replacement therapy (CRT). Early steps in CRT involve the in vitro
expansion of ES cells, derived from the inner cell mass. These protocols involve the use
of soluble factors and mitogens or forced expression of candidate transcription factors to
prime and instruct the acquisition of a dopaminergic (DA) phenotype. These expanded,
committed neural stem cells or DA precursors can then be harvested and used for
transplantation into animal models of Parkinson’s Disease. Successful CRTs would
require such cells to survive transplantation, integrate into the host tissue and circuitries,
and restore function.

A prerequisite for devising such protocols requires a precise understanding of the
combination of transcription factors and soluble signals governing dopaminergic
differentiation. Recent developments indicate that cell preparations enriched in DA neurons
can be generated in vitro, but their functional integration in animal models of disease
requires improvement. Several approaches including different tissues, primary cells, and
genetically engineered cell lines, and embryonic stem (ES) cells have all been used in
3

Parkinsonian mouse models or in clinical trials in an attempt to restore dopaminergic function
in the striatum.

Fetal midbrain tissue for CRT
One of the earliest cell replacement strategies studied was the grafting of aborted fetal ventral
midbrain tissue into the striatum. PET scans of these trial studies in patients showed
significant increases in fluoro-DOPA uptake in the area surrounding the graft and in some
cases, the effects lasted for up to six-ten years (Wenning et al. 1997; Barker and Dunnett
1999; Lindvall and Hagell 2000). Symptomatic improvement has also been reported in some
grafted patients, and in few cases, L-DOPA treatment could be withdrawn. While
encouraging, these positive effects have been met with several setbacks including
reproducibility issues, only partial symptomatic recovery and efficacy, and the onset of
dyskinesias (Bjorklund et al. 2003; Winkler et al. 2005). Several double-blind studies have
documented minimal beneficial effects of similar grafts compared to sham-treated patients
(Freed et al. 2001; Olanow et al. 2003). At best, it has been estimated that only 5-20% of the
grafted material survive (Schierle et al. 1999; Hagell and Brundin 2001). While several
contributing factors have been proposed to account for the stark differences amongst these
studies, the differences in the preparation of the tissue used for the grafts and age of patients,
have emerged as important indicators for success.

Embryonic stem cells, and other approaches for cell replacement
As an alternative to the ethical and logistical obstacles surrounding the gathering, availability,
and use of aborted fetal tissue, several laboratories have devised protocols to differentiate ES,
neural stem, and neural progenitor cells into cells with a DA phenotype. These approaches
offer one of the most promising applications by providing an unlimited and homogenous
source of tissue for replacement. Protocols for either method are based on two approaches:
(1) involving the addition of several soluble signals important for early dopaminergic
development (eg. Shh, and FGF8) and/or (2) coculture with bone marrow stromal cell lines
(Kawasaki et al. 2000; Lee et al. 2000)(Figure 1). While capable of generating high numbers
of dopaminergic neurons (60% enrichment), these protocols invariably produce alternative
neuronal subtypes and glial cells in their preparations. Additionally, several research groups
have been successful at generating large numbers of TH+ dopaminergic neurons by enforced
expression of “pro-dopaminergic” genes like Nurr1 in immortalized neural stem cells and ES
cells (Wagner et al. 1999; Kim et al. 2002). More refined approaches to acquire highly
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enriched populations of DA neurons have taken advantage of reporter-based transgenic
systems using the TH and Pitx3 promoters as well (Sawamoto et al. 2001; Maxwell et al.
2005). As the myriad of genes governing dopaminergic differentiation expands, these
factors will undoubtedly aid in a more comprehensive list of candidates to develop
protocols enforcing or diminishing their expression in neural progenitors or ES cells for
future CRTs.

Dopaminerigic Neuron Development

Transformation through gastrulation
The mammalian CNS is the most complex organ with regard to its development, structure,
maintenance, chemical composition, and function. As such, the CNS is responsible for a
diversity of functions that include the coordination of movement, thought, memory, and
sensation. To accomplish this enormous feat, the developing CNS utilizes different cell types
and chemical mediators that affect, for instance, neurons to communicate with other cells and
convey information or instructions. This complex organization and the integrative function it
serves, demand that the CNS follow a precise pattern of formation early in development.
In vertebrates, the process of gastrulation initiates a morphological structuring of the
developing embryo to form the three germ layers: endoderm, ectoderm, and mesoderm.
Through a series of convergent extension movements and invaginations, these layers are
formed so that the developing embryo contains an internal endoderm, an intermediate
mesoderm, and an external ectodermal layer. Both endodermal and mesodermal layers signal
to the overlying ectoderm to form the neural plate, which initially consists of a single layer of
epithelium that proliferates to generate neurons and glia of the brain and spinal cord. An
additional cluster of cells, neural crest cells, detach from the neural tube and migrate to other
regions of the embryo to give rise to the skin and what will later constitute part of the
peripheral nervous system (Bronner-Fraser and Fraser 1988; Bronner-Fraser and Fraser 1989;
Fraser and Bronner-Fraser 1991).

Genetic control of CNS development
The first step towards the generation of neurons is the transition of the neural plate into the
neural tube. The lateral ends of the neural tube roll up and fuse to each other to form the
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neural tube. Neural induction is attained primarily through a mechanism involving the
inhibition of bone morphogenic protein (BMP) activity. While this hypothesis has been well
described and established in Xenopus, whereby expression of known BMP inhibitors such as
noggin, chordin, and follistatin induce neurulation, the extent to which this occurs in
mammals remains less obvious (Lamb et al. 1993; Hemmati-Brivanlou et al. 1994; Sasai et
al. 1995; Chitnis 1999). Following neural induction, the developing CNS is regionalized
along a rostral-caudal axis to establish the main regions: the forebrain, midbrain, hindbrain,
and spinal cord (Lumsden and Krumlauf 1996). This segmented-type organization of the
neural tube is achieved through the expression of a combination of soluble signals and
transcription factors.

Development of the early midbrain
The successive expression of molecular markers permits the distinction of: early patterning
events for the preparation of dopaminergic (DA) development, ventral mesencephalic
neuroepithelial progenitors, more committed DA precursors, immature DA neurons, and
terminally differentiated and mature DA neurons. Recently, a series of new transcription
factors that are expressed in DA progenitors have provided additional markers to address the
issue of heterogeneity among DA progenitors. Several of these markers are candidate
regulators for promoting the specification and differentiation of progenitors into DA neurons
and are discussed in more detail below.

The organizer and floorplate
The early midbrain is generated by the concerted actions of two signaling centers, the isthmus
and floorplate, which arrange the generation and position of DA neurons along the anteriorposterior (A-P) and dorsal-ventral (D-V) axis, respectively. In the developing neural tube, the
isthmic organizer demarcates the boundary between the midbrain and hindbrain. This
organizing activity develops between the expression interface of two transcription factors,
orthodenticle homologue 2 (Otx2), which is expressed rostrally to the organizer, and
gastrulation brain homeobox 2 (Gbx2), which is expressed caudally to the organizer.
Accordingly, loss of Gbx2 function results in the alteration of isthmic markers and a caudal
extension of Otx2 expression (Millet et al. 1999). Moreover, the midbrain and forebrain in
Otx2 mutant mice are absent, underscoring the necessity of Otx2 and Gbx2 in early
regionalizing events (Rhinn et al. 1999). Another important component of the organizer are
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the fibroblast growth factors. Expression of Fgf8, for instance, can ectopically induce an
isthmus (Martinez et al. 1999).
Additionally, the organizing activity of the isthmus activates and coordinates the expression
of several genes including Wnt1, whose expression is anterior to Fgf8 in the organizer and
along the dorsal midline. Early Wnt1 expression is critical for the maintenance of Otx2
expression in the midbrain and vice versa. Other transcription factors such as the
homeodomain proteins paired-box 2 (Pax2) and Engrailed-1/2 (En1/2) expressed in
decreasing gradients from the isthmus, are dependent on proper Otx2 expression, and
necessary for the formation of the dorsal midbrain and cerebellum (Joyner 1996; Rhinn and
Brand 2001) While an early role for the Engrailed genes has been shown, several reports have
also documented an important role for this gene family in the survival of post-mitotic DA
neurons (Alberi et al. 2004). In addition to the Fgf8-mediated inductive properties of the
isthmus along the A-P axis, the floorplate exerts its inductive activity in the D-V axis instead,
by expression of sonic hedgehog (Shh). Accordingly, Shh is detected thoughout the ventral
axis to aid in the acquisition of ventral tissue identity in several brain regions including the
midbrain, hindbrain, and spinal cord (Ye et al. 1998).

Development of ventral midbrain dopaminergic neurons
Following the proper formation of the isthmus, soluble signals from the floor plate and roof
plate divide the midbrain into dorsal and ventral portions. As such, each region possesses its
own temporal and developmental “competence” and removal or ectopic expression of such
molecules can induce ventral cell types in dorsal regions or vice versa. Sonic hedgehog is
essential for inducing the ventral part of the midbrain and is expressed early on in the floor
plate region. This expression provides both instructional and positional information along the
D/V-axis (Placzek and Briscoe 2005). Several early reports have documented the synergistic
signaling by Shh and Fgf8 from the isthmus to induce DA cells (Marchand and Poirier 1983;
Hynes et al. 1995a; Hynes et al. 1995b; Ye et al. 1998; Hynes and Rosenthal 1999; Lin and
Rosenthal 2003)(Figure 2). As such, Shh signals are critical, since overexpression of Gli1,
one of the downstream effectors of Shh, is able to induce DA cell-markers dorsally (Hynes et
al. 1997). Although it remains likely that all of the molecular players important for DA
development have yet to be discovered and characterized, the following players have been
identified: the transcription factors Sox2 (Graham et al. 2003), Ngn2, and Mash1 (Kele et al.
2006), En1/2 (Simon et al. 2004), Pax2/5/8 (Ye et al. 2001), Hes1/3 (Hirata et al. 2001),
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Otx1/2 (Simeone et al. 2002), Hnf-3β (Placzek and Briscoe 2005), Lmx1b (Smidt et al. 2000;
Matsunaga et al. 2002) Fgf8 (Ye et al., 1998), Shh (Placzek and Briscoe, 2005 and Ye et al.,
1998), Wnt1,Wnt3a, and Wnt5a (Castelo-Branco et al. 2003; Prakash et al. 2006) and TGF-β
(Farkas et al. 2003).

Figure 2 – The specification of ventral mesencephalic dopaminergic neurons.
A. Saggital view of E11 mouse brain. Mesencephalic dopaminergic (DA) neurons are
generated in ventral midbrain under the influence of two major signaling centers, the
floor plate (FP) and isthmus. Sonic hedgehog (Shh) determines the location of DA
neurons, whereas Fgf8 positions the mesencephalic DA neurons anterior-posterior (A-P)
to the isthmus. B. Coronal view of the E11 ventral midbrain.The development of DA
neurons proceeds along three main areas, a ventricular zone (VZ) where neuroepithelial
DA progenitors divide, and a subventricular zone (SVZ) where these progenitors become
more restricted DA precursors. Terminally committed DA precursors differentiate and
migrate ventrally and laterally to their final positions in the mantle zone, to populate the
substantia nigra and ventral tegmental areas.

In a degenerate PCR screen to identify homeodomain proteins relevant to early dopaminergic
development, the Ericson laboratory identified Msx1 and Lmx1a (Andersson et al. 2006).
The Lmx1a gene is expressed in ventral midline cells of the floor plate of the E9 midbrain,
prior to the onset of Msx1 expression. Through a series of knockdown experiments using the
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chicken electroporation system, it was observed that diminished Lmx1a expression resulted
in the failure of post-mitotic DA neurons to express Nurr1, TH, and Pitx3 (Andersson et al.
2006). These experiments also described that Lmx1a was necessary for the expression of
Msx1. These expression events lead to the concomitant downregulation of Nkx2.6 and
induction of Ngn2 to give rise to DA neurons and highlight a novel role for Lmx1a and Msx1
in the induction of DA neurons.

Migration and terminal differentiation of DA precursors
Early DA progenitors that reside in the neuroepithelium can be distinguished by their
expression of the cell cycle marker phospho-histone H3 and expression of the transcription
factor Sox2 (Kele et al. 2006). In early stages of DA development, post-mitotic precursors
derived from DA progenitors lining the neuroepithelium migrate ventrally along radial glia
and laterally to their final destinations in the mantle zone (Hanaway et al. 1971; Shults et al.
1990; Kawano et al. 1995; Hall et al. 2003). This migration event is marked by the expression
of aromatic amino acid decarboxylase (AADC), Nurr1 (Zetterstrom et al. 1997), and
engrailed 1 and 2 (En1/2) (Simon et al. 2001; Thuret et al. 2004). Nurr1 is essential for the
direct regulation of tyrosine hydroxylase (TH), the rate limiting enzyme in dopamine
synthesis and for the acquisition of a DA phenotype (Zetterstrom et al. 1997; Castillo et al.
1998; Saucedo-Cardenas et al. 1998; Smits et al. 2003). On the other hand, Lmx1b null
mutants have been shown to display many abnormalities in the midbrain-hindbrain region
including both DA and serotonergic neuron deficits (Smidt et al. 2000; Ding et al. 2003).
Lmx1b regulates Pitx3, a homeodomain transcription factor required for the survival of DA
neurons (Smidt et al. 2000; Ding et al. 2003). Additionally, expression of the vesicular
monoamine transporter 2 (VMAT2) is observed. DA differentiation terminates with the
onset of expression of TH and Pitx3, and β III-tubulin along with that of the dopamine
transporter (DAT) (Sacchetti et al. 1999; Smits et al. 2003) and c-Ret (Wallen et al. 2001;
Nunes et al. 2003; van den Munckhof et al. 2003; Smidt et al. 2004).

Nuclear Receptors
Nuclear receptors (NRs) comprise a superfamily of ligand-inducible transcription factors that
include the steroid, retinoid, and thyroid hormone receptors in addition to the “orphan”
receptors for which ligands have not yet been identified. Members of this family play pivotal
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roles both during development and in adult physiology. NRs are modulated by small
lipophilic molecules that include steroid hormones, fat-soluble vitamins, fatty acid and
cholesterol metabolites. Some of the earliest evidence for the existence of such receptors
came in the early 1960s from pioneering studies that detected the presence of radiolabelled
estrogen in the nuclei of uterine cells (Toft and Gorski 1966). Additional studies more
directly linking steroid signalling and gene activation came with the observations of Ulrich
Clever whose experiments described the “puffing” of polytene chromosomes upon treatment
with the insect steroid hormone ecdysone (Clever 1965). Subsequent experiments showing
estrogen-induced transcription of the ovalbumin gene by Bert O’Malley in 1975 and the
eventual cloning of several steroid receptors including the glucocorticoid and estrogen
receptors in the mid 1980’s further supported these initial studies and served as the basis for
the vigorous amount of nuclear receptor research that continues today (Means et al. 1975;
Greene et al. 1980; Payvar et al. 1981).

Nuclear receptor structure and function
DNA-Binding Domain
Structural biology has aided the nuclear receptor biology field enormously by helping to
elucidate the structural basis for specific DNA recognition, agonism and antagonism,
molecular determinants of receptor-ligand specificity, interactions with other proteins, and
rational drug design. Most NRs contain four distinct domains that confer unique functional
attributes to the three dimensional structure of the entire receptor (Figure 3). The ligand
independent activation function-1 (AF-1) domain located within the amino-terminal domain
serves as the primary transactivation domain in NRs. The AF-1 domain of NRs can vary in
size and activity. Deletion and/or mutations of portions of this domain have been shown to
result in a dramatic loss in the transcriptional activity of the NR (Pendaries et al. 2002; Wansa
et al. 2002; Gianni et al. 2003; Maira et al. 2003; Nordzell et al. 2004; Chen et al. 2005).
In contrast to the AF-1 domain, the DNA-binding domain (DBD) of NRs are highly
homologous and conserved throughout the superfamily. The DBD is comprised of 66 highly
conserved amino acids, includes two non-repetitive motifs, and incorporates two zinc finger.
Each zinc finger consists of a zinc ion whose position is coordinated by four cysteine
residues, followed by a pair of alpha helices. One of these helices mediates sequence-specific
recognition of the nuclear receptor response element (NRE) sequence via major groove
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contacts. The DBD often binds as a dimer with each monomer recognizing a six base-pair
sequence of DNA known as a NRE.

Figure 3 – All nuclear receptors share a common architecture. It consists of a
variable N-terminal domain (AF-1), a conserved central DNA-binding domain (DBD)
which binds to a response element in target genes, a flexible linker region, and a Cterminal ligand-binding domain (LBD) that is important for dimerization and ligand
binding. The ligand-dependent activation function-2 (AF2) domain located in the Cterminus of nuclear receptors is important for transcriptional activation and functions to
recruit coregulators.

Despite the different physiological effects elicited by ligands, there are strong similarities in
the DNA sites recognized by their respective receptors. For example, the consensus response
element identified for the glucocorticoid receptor (GRE) is a palindromic repeat of the 5’TGTTCT-3’ half site separated by three base pairs. The same GRE is also recognized by the
androgen, progesterone, and mineralocorticoid receptors. The sequence conservation of the
DBD, together with the wide use of a similar response element, raises the question as to how
diversity in recognition is achieved, particularly when more than one receptor is present. The
identity of a response element resides in three features that help achieve diversity: (1) the
sequence of the base pairs in the half-site, (2) the number of base pairs between the half-sites,
and (3) the relative orientation of the two half-sites. NRs can exist as homodimers or
heterodimers with each partner and thus each receptor protein dimer that binds DNA has to
discriminate the sequence, spacing, and orientation of the half-sites within the response
element.

Ligand Binding Domain
The domain responsible for ligand binding is called the ligand-binding domain (LBD) (Figure
3). The LBD participates in several activities including hormone binding, homo- and
heterodimerization, formation of heat shock complexes, and transcriptional activation and
repression. The binding of a ligand induces conformational changes that seem to control these
properties and influence gene expression. The conformational changes that accompany the
transition between the liganded and unliganded forms of NRs dramatically affects their
affinity for other proteins. Structural studies have also been invaluable in understanding the
binding mechanism by which the ligand induces conformation changes. However,

11

ascertaining the crystal structures of some orphan receptors remains a difficult process as the
ligand often stabilizes the three dimensional conformation of the receptor. Specifically, the
LBD is comprised of a structure that creates a hydrophobic cavity in which various ligands
can bind. The C-terminal most helix (helix 12) extends away from the LBD core in the
absence of ligand and undergoes a significant repositioning in response to binding ligand and
acts as a lid on the ligand binding pocket (Bourguet et al. 1995; Egea et al. 2000; Svensson et
al. 2003). Additionally, this sealing of the LBD creates a hydrophobic surface on the LBD
that can be recognized by coactivators (Heery et al. 1997) (see below).

Coregulators
In recent years, there has been a dramatic increase in the number of characterized proteins
known as coregulators. Coregulators have been further divided into subgroups based on their
assumed function or structure: coactivators and corepressors. These proteins assemble into
different complexes that cooperate with NRs to regulate transcriptional activity. Coregulators
function as bridges between the DNA-bound NRs and the basal transcription machinery. The
mechanisms behind the interaction between all coregulators, NRs, and the basal
transcriptional machinery are complex. In general NRs function as transcriptional regulators
that, together with coactivators and corepressor, activate and suppress target gene expression.

Coactivators
NR coactivators are defined as cellular factors recruited by activated NRs that complement
their function as mediators of the cellular response. Many of the identified coactivators
possess intrinsic histone acetyltransferase activity (HAT) (Unno et al. 2005). Acetylation of
amino acid residues in histone proteins leads to a disruption of the compact nucleosomal
structures, resulting in a more open structure for easier accessibility of transcription factors to
promote transcription. In a majority of coactivator molecules, a common hydrophobic
LXXLL recognition motif (the NR box) is present, which is necessary and sufficient to
mediate the interactions between a coactivator and the AF2 motif in the LBD (McInerney et
al. 1998). Furthermore, it has been suggested that the sequences flanking the LXXLL motif in
a number of coactivators determine nuclear receptor selectivity (Ko et al. 2002). HAT activity
and the LXXLL motif have been identified in several well characterized coactivators such as
steroid receptor coactivator-1 (SRC-1), p300/CBP-associated factor (pCAF), and cAMP
response element binding protein (CBP/p300).
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Corepressors
Corepressors generally suppress promoter activity when recruited to NRs. During receptormediated transcriptional repression, chromatin remodelling by histone deacetylases (HDACs)
has been shown to play an important role. Fewer corepressors have been characterized
compared to coactivators. However, the first corepressors to be cloned were the related
nuclear receptor co-repressor (N-CoR) and silencing mediator of retinoic acid and thyroid
hormone receptors (SMRT) (Chen and Evans 1995; Horlein et al. 1995). Corepressors also
associate with NRs through a specific motif called CoRNR, which resembles the NR box
found in coactivators (Hu and Lazar 1999). Furthermore, Hu et al identified sequences
flanking the CoRNR box as important determinants of NR specificity. Coregulator functions
are determined by several variables, such as tissue specific distribution, different expression
levels among different cell types, specific receptor and ligand identity, and promoter context.
Notably, both N-CoR and SMRT have been show to bind to the LBD of the liver X receptor
and dissociate upon ligand binding (Hu et al. 2003). Moreover, these repressors interact with
Nurr1 as well (Codina et al. 2004). Both N-CoR and SMRT interact with the adaptor proteins
Sin3 and HDAC1, -3, and 4. Thus local histone deacetylation represents a critical factor for
the basal repressive activities by nuclear receptor.

Nuclear Receptors In The Midbrain
Retinoid X Receptor: A partner for Nurr1 and LXR
RXR is a unique nuclear receptor in that not only can it bind and become activated by
ligands, but it also serves as a common heterodimerization partner for several nuclear
receptors including Nurr1 and LXR (Willy et al. 1995; Aarnisalo et al. 2002; Sacchetti et al.
2002). In the developing CNS, RXRα and β are detected ubiquitously whereas RXRγ is
restricted to post-mitotic neurons. As development proceeds, this expression is extended to
include much of the ganglionic eminence, the striatum, and spinal cord (Dolle et al. 1994).
However, at the time of birth of dopaminergic neurons (E10.5-11), only RXRα and RXRγ
transcripts are detected (P. Sacchetti, personal communication). Through the use of gene
targeting techniques, RXRα mice have been generated and shown to die in utero between
E10.5-E17.5 with severe ocular and cardiac malformations (Kastner et al. 1994; Sucov et al.
1994). Both RXRβ and γ null mice are viable (Kastner et al. 1996; Krezel et al. 1996). These
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studies suggested that RXRα is a the predominant isoform and is sufficient to perform most
functions during development.

Nurr1
The NR4A nuclear receptor family consists of three members, Nur77, Nurr1, and NOR1. All
three are orphan nuclear receptors. Nurr1 was originally cloned and identified from a
neonatal mouse brain cDNA library hybridized with a probe encoding the DBD of the orphan
nuclear receptor COUP-TF (Law et al. 1992). Nurr1 is expressed predominantly in the central
nervous system, particularly in the substantia nigra (SN), ventral tegmental area (VTA), and
midbrain and limbic areas (Zetterstrom et al. 1996). In addition, Nurr1 is expressed highly in
the olfactory bulb, hippocampus, temporal cortex, cerebellum, and posterior hypothalamus
(Saucedo-Cardenas et al. 1998).
Nurr1 is one transcription factor critically involved in the acquisition of a dopaminergic
phenotype, often described as the expression of the prototypical DA marker, tyrosine
hydroxylase (TH+). Expression of the orphan nuclear receptor Nurr1 is initiated in postmitotic midbrain DA neuron precursors at embryonic day 10.5 in the mouse, just preceding
expression of TH. Accordingly, the machinery to produce and transport DA such as tyrosine
hydroxylase, aromatic amino acid decarboxylase, VMAT, and DA transporter is severely
down-regulated in Nurr1 knockout mice (Zetterstrom et al. 1997; Castillo et al. 1998;
Saucedo-Cardenas et al. 1998). Moreover, the overexpression of Nurr1 has been shown to
increase TH expression and other DA markers in several types of progenitor and stem cells
under various culture conditions (Sakurada et al. 1999; Wagner et al. 1999; Kim et al. 2002;
Kim et al. 2003).

Nurr1: A post-mitotic marker
In order to define the molecular events associated with its expression, the function of Nurr1
has been assessed in cell-based models. Transient Nurr1 expression in the MN9D
neuroblastoma cell line has previously been associated with arrest in the G1 phase of the cell
cycle (Castro et al. 2001). Accordingly, expression of Nurr1 induced a dramatic decrease in
cell proliferation in these studies that was followed by morphological changes reminiscent of
maturation. While the inhibition of the cell cycle is almost always considered a prerequisite
and checkpoint control for a developing cell to differentiate, inhibition of the cell cycle with
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the cell cycle inhibitor rapamycin did not result in the maturation of MN9D cells. More
recent studies have shown that Nurr1 does in fact physically interact with CDK inhibitors
such as p57 to promote maturation, but the functional consequences of this interaction remain
unclear (Joseph et al. 2003). However, it is important to note that almost all of the
proliferation studies regarding Nurr1 overexpression have been performed in immortalized
cell lines and data regarding their cell cycle behavior must be interpreted cautiously. This is
particularly important to note, when taking into account conflicting observations where
retroviral overexpression of Nurr1 in primary ventral mesencephalic cells resulted in the
acquisition of an immature, not mature TH+/TuJ- phenotype, and significant increases in cell
death (Kim et al. 2006).

Dopaminergic dysfuntion in Nurr1 knockout mice
Nurr1-/- newborn pups die within hours of delivery (Zetterstrom et al. 1997). This is in
contrast to tyrosine hydroxylase deficient mice which survive for about two weeks prior to
displaying signs of hypoventilation (Zhou and Palmiter 1995). In fact, these mice only
survive if supplemented with L-DOPA, suggesting that dopamine is required for neonatal
feeding. Further analysis of these Nurr1 null mice revealed severe respiratory deficiencies
(hypoventilation) and an inability to respond to oxygen-related stress (Nsegbe et al. 2004).
The viability of Nurr1+/- mice have provided a unique opportunity to study the correlation
between altered Nurr1 levels and dopaminergic function. Early studies analyzing Nurr1 null
mice revealed that these mice failed to acquire the TH+ DA phenotype at the onset of
dopaminergic neurogenesis. Also, changes in locomotor activity, thought to be related to
reduced and/or altered dopamine levels have been also reported in adult Nurr1+/− mice.
Moreover, Nurr1+/− mice have been found to have increased vulnerability to MPTP-induced
nigral injury and cell death (Saucedo-Cardenas et al. 1998; Le et al. 1999). In contrast,
overexpression of Nurr1 in mouse neuronal stem cells has been found to have
neuroprotective effects against oxidative stress in 1,2,3,6-methyl-phenyl-tetrahydropyridine
(MPTP)-induced cell death (Lee et al. 2002) (see Paper I).
Nurr1 functions in the ventral midbrain via its interaction with RXR. The importance of this
interaction was underscored following the detection of reporting activity in dimerization
competent Nurr1-Gal4 mice, but not in dimerization-deficient Nurr1-Gal4 mice. This
pioneering study indicated, that RXR-Nurr1 dimerization is necessary for transactivation in
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vivo (Wallen-Mackenzie et al. 2003). The reporting activity in these mice was detected in the
VM in a region where DA neurons are born and where DA precursor cells express Aldh1a1,
an enzyme involved in retinoid synthesis. Furthermore, RXR ligands were found to increase
the survival of primary DA neurons.

The Liver X Receptors
The Liver X Receptors (LXRs) are metabolic receptors activated by oxysterol ligands that
were named based on their high level of expression in the liver. To date, two LXR isoforms
have been identified, LXRα (NR1H3) and LXRβ (NR1H2), which share 77% in their amino
acid sequences (Repa and Mangelsdorf 2000). The most pronounced differences between the
two LXR isoforms occurs with respect to differences in their expression patterns. LXRα
transcripts are primarily detected in the liver and other tissues in lipid metabolism. By
contrast, LXRβ is expressed ubiquitously with highest expression in the adult central nervous
system (Zhang and Mangelsdorf 2002). Several studies focused on the role of LXRs in
cholesterol metabolism have resulted in the generation of mice lacking one or both isoforms
of the receptors. Initially, LXR null mice were described to exhibit no obvious physical or
histological abnormalities. However, LXRα mice accumulate high cholesterol levels upon
challenge with a high fat diet, displaying a loss of resistance to cholesterol loading that
wildtype mice exhibit (Peet et al. 1998; Schuster et al. 2002). Similar findings were described
in LXRβ null mice, however, to a far less degree raising suspicion that LXRβ may be
involved in alternative aspects of cholesterol metabolism. These observations also suggest a
significant level of redundancy between both receptors (Costet et al. 2000; Alberti et al.
2001).

LXRs as cholesterol sensors
LXRs function as transcription factors by forming obligate heterodimers with the RXR.
These heterodimers can be activated by a combination of oxysterol or retinoid ligands.
Engagement of these receptors initiates heterodimerization and the interaction of the
LXR/RXR complex with LXR response elements (LXREs) of a target gene. Several LXR
target genes have been identified including: the ATP-binding cassette (ABC) transporters,
lipoprotein lipase (LPL), glucose transporter GLUT4, and genes involved in bile acid
synthesis (CYP7a1) (Repa et al. 2000a; Chiang et al. 2001; Dalen et al. 2003). Synthetic
LXRα/β agonists induce cholesterol efflux and reverse cholesterol transport, improve glucose
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metabolism, inhibit macrophage-derived inflammation, and suppress the proliferation of
vascular smooth muscle cells. By regulating the expression of multiple genes involved in
these pathways, LXR agonists prevent the development and progression of atherosclerosis.
Given these observations, LXRs have become attractive targets for the treatment of
cardiovascular diseases.

LXRs in the central nervous system
Although LXRs have been described as mediators of cholesterol metabolism, their role in the
central nervous system is unclear. The laboratory of Jan-Åke Gustaffson was the first to
document the CNS abnormalities in mice lacking both LXR isoforms. In these studies, it was
found that LXRβ knockout mice exhibit a loss of motor neurons in the adult spinal cord
concordant with impaired motor function (Andersson et al. 2005). Additionally, adult
LXRα/β null mice have been analyzed and show impaired lipid homeostasis, reactive gliosis,
and a loss of MAP2+ neurons in the substantia nigra (Wang et al. 2002) . While this loss has
been attributed to the progressive accumulation of lipids in the brain during aging, it remains
to be determined if these deficits reflect alterations during early neurogenic events (see Paper
II).

Nuclear Receptor Ligands
NR ligands share a common characteristic in being largely liphophilic, despite variability in
size. This variation in size underscores the challenge faced with recognition by a variety of
LBDs. As a result, the LBD has evolved to accommodate changes in ligand size and structure
(Escriva et al. 2004). Generally, ligands that bind receptors with high affinity contain small
LBDs while receptors that are less restrictive and more permissive to binding several types of
ligand with lower affinity contain much larger LBDs. These types of receptors can also bind a
variety of ligands in different conformations. By contrast, the cavity of the Nurr1, is instead
occupied by bulky hydrophobic side chains that preclude binding of ligand (Wang et al.
2003). This lack of cavity suggests that this receptor is not regulated by conventional ligand
binding mechanisms and may instead be regulated by alternative mechanisms including
phosphorylation events (Sacchetti et al. 2006).
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Retinoids
Retinoids are vitamin A derivatives essential for both normal embryonic development and the
maintenance of post-natal differentiation events. In the absence of sufficient vitamin A,
embryo segmentation and growth fail, vascularization stops, and often developing embryos
are reabsorbed (Means and Gudas 1995). For the most part, these abnormalities are prevented
by inclusion of vitamin A into the diet. In contrast, excess vitamin A results in teratogenic
effects that together with its effects on limb development led to the hypothesis that RA serves
as a morphogen. However, it should be noted that despite the large number of scientific
reports documenting the effects of RA in development, retinoids have been extremely
difficult to detect in vivo (Horton and Maden 1995). In addition to 9-cis-RA, several
compounds have been shown to modulate RXR activity (Heyman et al. 1992). The long chain
polyunsaturated fatty acid docosahexaenoic acid (DHA) and other fatty acids were recently
identified as low affinity ligands for RXR (de Urquiza et al. 2000; Radominska-Pandya and
Chen 2002). Interestingly, DHA accounts for up to 50% of the total fatty acid content in the
adult brain (Green et al. 1999). High affinity synthetic RXR ligands have also been produced
and have been key to understanding the mechanisms of RXR signaling (Lehmann et al. 1992;
Lala et al. 1996). The synthetic RXR ligands SR11237 and LG100268 (commonly referred to
as LG268) are two specific RXR agonists that have been shown to aid in both the
differentiation and survival of dopaminergic neurons (Wagner et al. 1999; Wallen-Mackenzie
et al. 2003). In contrast to RXRs, the retinoic acid (RAR) receptors are activated by both alltrans and 9-cis RA. The discovery of the retinoic acid receptors (RAR) and retinoid X
receptors (RXR) have provided a conceptual basis to explain how these compounds preside
over large gene activation processes.

Oxysterols
Oxysterols are oxygenated derivatives of cholesterol. In addition to their documented effects
on membrane dynamics, oxysterols are well known for their inhibitory role on the
biosynthesis of cholesterol. This milestone was demonstrated by Kandutsch and Chen who
determined that certain oxygenated derivatives of cholesterol, but not cholesterol itself,
caused an inhibition of sterol biosynthesis by lowering levels of 3-hydroxy-3-methylglutaryl
coenzyme A (HMG-CoA) reductase activity in mammalian cells (Kandutsch et al. 1978).
Oxysterols are also intermediates in a number of hepatic pathways, which generate watersoluble bile acids as final products. Oxysterols demonstrate a shorter half-life relative to
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cholesterol and are often observed in concentrations in excess of 104-fold lower than
endogenous cholesterol levels.
The identification of oxidized derivatives of cholesterol (oxysterol) as ligands for the liver X
receptors was deduced from examining lipid extracts from bull testis and testing their ability
to transactivate LXRs at physiological concentrations (Janowski et al. 1996). While
cholesterol itself has no effect on LXR transcriptional activity, a specific group of oxysterols
and ketocholesterols have been shown to activate LXRs. The most potent activators being the
native

ligands

22(R)-hydroxycholesterol,

20(S)-hydroxycholesterol,

and

24(S),25-

epoxycholesterol (Lehmann et al. 1997). To date, most of the endogenous LXR ligands
identified activate both LXRα and LXRβ, underscoring the need to develop isoform specific
agonists and antagonists for pharmacological applications.
Of the few synthetic LXR ligands commercially available, the most commonly used is a
potent nonsteroidal LXR agonist called GW3965. T0901317 is also a potent and selective
agonist for both LXRα and LXRβ, with an EC50 of about 50nM (Repa et al. 2000b).
T0901317, like GW3965 acts through LXR, and in concert with its RXR heterodimerization
partner, induces the expression of the ABC1 reverse cholesterol transporter (Repa et al.
2000b). This acts to increase the efflux of cholesterol from enterocytes and thus inhibit the
overall absorption of cholesterol.

The Wnt Family
The Wnt family of genes encode a highly conserved group of secreted, cysteine-rich, lipidmodified glycoproteins. Wnt signaling regulates cell proliferation, differentiation, polarity,
migration, and fate decisions throughout development and normal adult physiology (Cadigan
and Nusse 1997; Reya et al. 2003; Logan and Nusse 2004; Bennett et al. 2005; Lowry et al.
2005). Accordingly, aberrations in Wnt expression have profound effects and have been
associated with a number of pathologies including colon, skin, and lung cancers (Giardiello et
al. 1997; Taipale and Beachy 2001; Sancho et al. 2004).
Currently, 19 different Wnts have been identified in the mouse and human genomes,
(http://www.stanford.edu/~rnusse/wntwindow.html). Studies assessing Wnt function using
knockout strategies have been invaluable for dissecting Wnt-mediated signals. However,
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while several knockouts have been successfully generated, many Wnt null mice are
embryonic lethal, precluding the analysis of their physiological contributions. This
problematic issue has been simultaneously compounded by the lack of purified, biologically
active Wnt protein to examine Wnt signaling platforms to understand this gene family. While
the discovery that Wnts are lipid-modified by palmitoylation events has created an
opportunity for researchers to purify a particular Wnt of interest, this task has proven more
difficult in practice. In fact, to date, only 3 Wnts (Wnt3a, Wnt5a, and Wnt2 have been
successfully purified and shown to possess biological activity (Willert et al. 2003; Schulte et
al. 2005)(also see Paper IV).
In recent years, a multitude of coreceptors, soluble antagonists, and other effectors of the Wnt
signaling cascade have been identified, adding further complexity to understanding Wnt
signals. The following section of this thesis will discuss the separate Wnt pathways, highlight
the contribution of some of the individual Wnt components to the signaling cascade, and
discuss the two Wnt ligands, Wnt2 and Wnt5a, relevant to this thesis.

The Canonical Wnt pathway
Wnts exert their downstream effects through at least three known pathways, commonly
referred to as the canonical, non-canonical, and planar cell polarity (PCP) pathways (Figure
4). The most understood and documented pathway, the canonical Wnt pathway, is transduced
upon Wnt binding to members of two families of membrane receptors: Frizzleds (Fz) and low
density-related lipoprotein receptors (LRP) LRP5/6. Upon binding, the ligand/receptor
complex activates casein kinase 1ε, which binds to the protein interaction domain PDZ and
phosphorylates Dishevelled (Dvl) proteins (Davidson et al. 2005; Zeng et al. 2005)(Bryja et.
al, in press). Activated or phosphorylated Dvl, inhibits the activity of the glycogen synthase
kinase 3β (GSK3β) destruction complex. This inhibition, in turn prevents GSK3β from
phosphorylating β-catenin which would normally result in its ubiquitylation and targeting
for degradation. Thus, free nonphosphorylated β-catenin is stabilized and accumulates in
the cytosol permitting its translocation into the nucleus, where it can bind to transcription
factors of the LEF/TCF family (Hecht et al. 2000; Sun et al. 2000; Takemaru and Moon
2000). Thus β-catenin serves as the central effector for mediating canonical Wnt signals.
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The Noncanonical Wnt pathway
Noncanonical Wnt signaling describes Wnt signals that still bind Fz receptors to activate Dvl.
However, the downstream pathways activated by this binding are not mediated by GSK-3β
or β-catenin. The first evidence regarding the existence of β-catenin-independent Wnt
pathways was based upon the observation that overexpression of Wnt5a or Wnt11 in
Xenopus oocytes leads to an increase in intracellular calcium while having no effect on βcatenin levels. This landmark study and subsequent reports demonstrated that specific Wnts
and Fzs activate calcium/calmodulin-dependent kinase (CAMKII) and protein kinase C
(PKC) (Sheldahl et al. 1999; Kuhl et al. 2000). In addition, it has been shown that Fzs can
also activate heterotrimeric G proteins to activate phosphodiesterase and phospholipase C
to modulate increases in calcium concentrations (Liu et al. 2001; Wang and Malbon 2003).

Figure 4 – The Wnt signaling pathways. In the canonical Wnt pathway, stimulation
with Wnt ligand induces the dephosphorylation of β-catenin so that it becomes
sequestered from phosphorylation events of the GSK-3β destruction complex that
normally target it for degradation. This action permits the accumulation and translocation
of β-catenin to the nucleus where it initiates transcription together with the TCF/LEF
family of transcription factors. Upon activation of the Wnt/Ca2+ pathway, influxes of
Ca2+, possibly through G-proteins, activate, protein kinase C (PKC), calcium-calmodulin
dependent kinase II (CamKII). The nuclear factor activated in T-cells (NFAT) serves as a
transcriptional effector in this pathway. The planar cell polarity or PCP pathway utilizes
Frizzled (Fz) to activate Dishevelled (Dvl) and the subsequent small GTPase Rho and
Rho-associated kinase (ROCK). In addition, JNK can be activated in this pathway to
direct cytoskeletal reorganization and the polarization of cells.
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The Planar Cell Polarity pathway
An additional noncanonical pathway exists that utilizes Fz and Dvl, along with additional
components, to regulate the generation of planar cell polarity (PCP). PCP signals result in
the formation of uniform orientation of cells within a single plane. An example of this is the
process of convergent extension during gastrulation and neurulation (Darken et al. 2002;
Goto and Keller 2002; Shariatmadari et al. 2005). However, most data regarding the PCP
pathway have been gleaned from experiments analyzing the orientation and polarization of
hairs on the wing and body of Drosophila. While Fz and Dvl are important intermediaries
for its initial transduction, activation of Dvl does not lead to the stabilization of β-catenin or
changes in calcium concentrations in the PCP pathway. Instead, the PCP pathway functions
via the activation of small GTPases, the heterotrimeric G proteins, and, c-Jun N-terminal
kinase (JNK) (Choi and Han 2002; Habas et al. 2003)(Figure 4). To account for its
divergent signaling actions, the PCP pathway has evolved to feature a number of novel
signaling molecules including Vangl, Celsr, and PTK7, all of which have been reported to
interact with either Fz or Dvl (Dabdoub et al. 2003).

Wnt ligands
Wnt2
Human Wnt2 (also known as Int-1 related protein (IRP)) was first identified while searching
for genes associated with cystic fibrosis. While the genomic localization of Wnt2 is localized
in the vicinity of known CF genes, no evidence of its participation in the pathogenesis in CF
has been shown. However, Wnt2 expression has been described in the developing lung where
it plays a critical role in early lung morphogenesis (Bellusci et al. 1997). More recently,
several reports from the Jablons laboratory have described the development of Wnt2
antibodies and siRNAs to knockdown Wnt2 expression in both immortalized and primary
human lung cancer cell lines. These studies have shown that diminished Wnt2 expression
results in the downregulation of β-catenin and Dishevelled protein levels along with
decreased TOPFLASH reporter activity (You et al. 2004; Le Floch et al. 2005). In addition,
Wnt2 siRNA treatment leads to a robust increase in apoptosis. While the authors of this study
have hypothesized that Wnt2 mediates its pro-survival effects via its regulation of Survivin, it
remains to be determined whether this regulation is direct.
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Interestingly, Wnt2 transcripts are virtually undetectable in healthy gastrointestinal tracts, but
are strongly upregulated in metastatic tumors of the colon (Vider et al. 1996). This
upregulation of Wnt2 has been shown to be coincident with an upregulation of the β-catenin
and canonical Wnt signals. These data support a role for Wnt2 as an oncogene and have
raised the spectre of developing or identifying Wnt2-specific antagonists for the
chemoprevention and/or treatment of gastrointestinal cancers. Collectively, these studies
indicate that Wnt2 signals via canonical Wnt signals to coordinate several aspects of
proliferation and survival.
Wnt2 expression has also been detected in the developing vasculature and placenta.
Accordingly, targeted deletion of the Wnt2 gene results in severe defects in placentation and
a 50% perinatal lethality rate (Monkley et al. 1996). This lethality is most likely attributed to
inadequate circulation of the maternal and fetal blood. Supporting this hypothesis was the
observation of a reduced number of fetal capillaries. It must be noted that little histological
analysis was performed on these Wnt2 null mice and that most of the observations described
were a result of visualizing gross tissue abnormalities.

Wnt2 and the CNS
Despite being one of the first Wnts identified, few reports exist that provide insight into the
function of Wnt2 in the CNS. However, electroconvulsive treatment in adult rats have been
shown to significantly increase Wnt2 mRNA levels in the dentate gyrus, a known site of
neurogenesis (Madsen et al. 2003). Repeated administration of seizures also augmented βcatenin and BrdU immunoreactivity in the subgranular zone of the hippocampus. The specific
relationship between these two observations has not been established but these studies posit
that Wnt2 may represent a biologically relevant ligand that regulates β-catenin levels during
adult aspects of neurogenesis. Wnt2 has most recently been implicated in dendrite
development in cultured hippocampal slices. In a series of elegant experiments, the authors
describe that dendrite growth in response to KCl depolarization, requires the activation of
ERK and calmodulin-dependent protein kinases and subsequent triggering of CREBdependent Wnt2 transcription (Wayman et al. 2006). This report represents the first study to
directly link Wnt2 to alternative Wnt pathways, such as noncanonical calcium signals.
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Wnt5a
Prior to the identification of the three known Wnt pathways, Wnt proteins were initially
classified into two functional groups based on the ability or lack thereof, to induce secondary
axis formation in Xenopus embryos following ectopic expression. Wnt5a belongs to the class
of Wnts, along with Wnt4 and Wnt11 that lack axis dupilicating and transforming ability
(Wong et al. 1994; Torres et al. 1996; Shimizu et al. 1997). Experiments in zebrafish and
Xenopus embryos using mRNA injection to drive Wnt signaling have suggested that
expression of Wnt5a stimulates intracellular calcium (Ca2+) thereby leading to the
activation of Ca2+–dependent effector molecules such as CamKII, NFAT, and PKC
(Malbon and Karoor 1998). In addition to activating noncanonical signals, Wnt5a has also
been shown to inhibit canonical Wnt signaling. Notably, coexpression of Wnt5a with Wnt8
(a well described canonical Wnt) in Xenopus abolishes the ability of XWnt8 to induce
secondary axis formation (Torres et al. 1996; Chen et al. 2003).

Wnt5a modulates canonical and noncanonical Wnt signals
A longstanding issue within the Wnt research community has been the question of how
signaling diversity is achieved with such a large group of similar ligands? For a long time,
diversity in Wnt signaling was thought to be achieved exclusively through multiple Wnt
ligands engaging multiple Fz receptors. However, this is clearly not the case since a high
degree of promiscuity exists between Wnt/Fz pairs. The identification of novel Wnt
machinery components in recent years, including a multitude of novel receptors, explains
one method to achieve diversity in Wnt signal. The identification of the orphan tyrosine
kinase receptor Ror2 represents a viable explanation to this problem (Oishi et al. 2003).
Both Ror2 and Wnt5a exhibit overlapping expression patterns, phenocopy one another
when deleted, and act together to activate JNK signals. Thus, Wnt5a may mediate its effects
through the activation of Ror2.
The explanation as to how a single Wnt ligand can modulate two different Wnt pathways
was definitively shown recently and made possible through the availability of purified,
biologically active Wnt5a. The Nusse laboratory demonstrated that purified Wnt5a directly
inhibited Wnt3a-mediated canonical Wnt signals (inhibition of the SuperTopFlash reporter
activity) in a dose-dependent manner in HEK-293 cells (Mikels and Nusse 2006). Oddly,
this decrease in reporter activity occurred with no observable changes in the cellular
localization of β-catenin or in calcium-dependent signals. However, based on similarities in
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the phenotypes of both Wnt5a and Ror2 null mice, the Ror2-CRD was found to be required
for Wnt5a’s repressive activities. These findings may well represent an alternative strategy
for effecting flexible responses under changing conditions that are present particularly during
development.
Wnt5a effects in a dopaminergic context
The discovery of Wnt5a as a regulator of dopaminergic differentiation was first described
following the detection of Wnt5a expression in the E10.5 VM (Castelo-Branco et al. 2003).
This study and the subsequent purification of Wnt5a by the same laboratory, highlighted an
important role for this Wnt in modulating noncanonical Wnt signals during dopaminergic
development (Schulte et al. 2005). Moreover, Wnt5a induced increases in c-ret (a GDNF
receptor required by early DA neurons for their survival), Otx-2, and En-1 mRNAs (CasteloBranco et al. 2003). Interestingly, some of the effects of Wnt5a could be inhibited upon
addition of a soluble form of the Fz8 cysteine-rich domain. With regard to DA differentiation,
Wnt5a has been shown to increase the proportion of Nurr1+ precursors that differentiate into
TH+ DA neurons, without increasing the total number of precursors, suggesting that its
effects are specific to the maturation process. While these reports support a role for Wnt5a in
developing DA precursors in vitro, it remains to be determined whether non-canonical
Wnts are biologically relevant players during DA development in vivo.

The mechanism of how individual Wnts are trafficked, distributed, and signal, in a spatial
context is not well understood. In fact, it has been shown that Wnts can regulate the
organization of tissue and growth by functioning locally, creating a gradient across a specific
tissue, or even by utilizing lipoproteins to transport Wnt ligands over long distances
(Panakova et al. 2005; Coudreuse et al. 2006). Nonetheless, it remains most likely that, given
their low abundance in lipoprotein fractions and their hydrophobic characteristics, most Wnts
are concentrated nearby cell surfaces and signal locally.

The Wnt receptors: Frizzleds and LRPs
Frizzleds and the modulation of Wnt signal at the cell surface
The first indication that members of the Frizzled family could serve as Wnt receptors came
with the discovery of the Drosophila Frizzled-2 (Dfz2) gene (Bhanot et al. 1996). In these
experiments from the Nusse lab, S2 cells were transfected with Dfz2, incubated with
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Wingless (Wg), and shown to stabilize Armadillo (the Drosophila homolog of β-catenin).
Since then, 10 Fz receptor genes and two members of the low-density lipoprotein receptorrelated protein (LRP) coreceptor genes have been identified in the mouse that encode
receptors for Wnt ligands. Fz receptors are localized at the plasma membrane and display a
dynamic pattern of expression in vivo (Zhao and Pleasure 2004; Rawal et al. 2006a). The
structure of Frizzled receptors is characterized by an extracellular cysteine-rich N-terminal
domain (CRD) that is responsible for binding Wnt ligand (Hsieh et al. 1999; Dann et al.
2001).
The Frizzled CRD is followed by seven predicted transmembrane domains. Due to the
availability of purified Wnt, few studies have determined the relative affinities between
particular Wnt ligand/Frizzled receptor pairs. However, several reports have indicated that
ligand affinity is at least one factor that determines the downstream effects of Wnt signals.
Additionally, knockout studies and axis duplication experiments in Xenopus have suggested a
high degree of promiscuity between the 19 Wnts and 10 Fzs. The precise mechanism by
which Fzs signal is unclear, although an interaction with the Dishevelled PDZ domain has
been documented (Wong et al. 2003).
The binding of Wnt to Fz can also be modulated via interactions with antagonists such as
soluble Frizzled-related proteins (sFRPs), Wnt-inhibitory factor-1 (WIF-1), and Cerebus.
These molecules squelch both canonical and noncanonical Wnt signals through a mechanism
that involves binding directly to Wnt ligand via their own CRDs. The interaction of these
antagonists with Wnt ligand, precludes their binding to a cognate Fz receptor, effectively
rendering any potential Wnt signal diminished or inactive. Recently, its been described via
cross-linking experiments that sFRPs exhibit biphasic properties whereby they potentiate Wnt
activity at low concentrations and inhibit at high doses (Uren et al. 2000). This observation is
unique but purports that concentrations of sFRPs might aid in the formation of concentration
clusters of Wnt over a given area that would result in cells of varying responsiveness to a
given Wnt signal. While this hypothesis is intriguing, it remains unknown whether sFRPs
bind to additional Wnt membrane components or additional receptors to regulate as yet
unknown signaling pathways.

Are Frizzleds G-protein coupled receptors?
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Based on several lines of evidence, it has long been postulated that Fzs may signal as GTPbinding protein coupled receptors (GPCRs). Upon agonist binding, GPCRs activate Gproteins to initiate a biochemical cascade that results in the hydrolysis of GTP to GDP. This
in turn may activate or inhibit adenylyl cyclase to regulate cAMP levels. Several compelling
lines of evidence suggest that Fzs behave as GPCRs: (1) sequence analysis describing the
presence of seven hydrophobic transmembrane domains, (2) significant homology to known
GPCRs, (3) the generation of functional Fz/β-adrenergic receptor chimeras, (4) the sensitivity
of Wnt signals to pertussis toxin, an ADP-ribosyltransferase that specifically inactivates G
proteins, (5) Regulator of G protein signaling (RGS)-mediated blocking of canonical Wnt
signals in Xenopus, and (6) the ability of Fzs to bind and signal via several different Wnt
ligands (Liu et al. 2001). Although still unclear, the aforementioned studies indicate that Fz
receptors could very well be regarded as a new class of GPCRs or cooperate with G-proteins
as a way to diverge from other downstream Wnt signals.

LRPS are coreceptors for Wnt
The LRP family of receptors constitute a group of high molecular weight LDL coreceptors
that can bind ligands such as ApoE and promote internalization. Although ten LDL receptors
have been discovered in mammals, LRP5/6 have been identified in vertebrates (orthologues
of the Drosophila receptor Arrow) as two additional Wnt receptors that form ternary
complexes with Wnt ligands and Fz receptors (Pinson et al. 2000; Mao et al. 2001). LRPs
contain extracellular EGF repeat domains that are important for Wnt binding. The binding of
Wnt triggers the phosphorylation of an intracellular PPPS/TP motif which is necessary for the
recruitment of Axin to the cell membrane in what is thought to squelch it from participation
in the destruction complex (Tamai et al. 2004).
Loss of function studies in mice have underscored the importance of the LRP coreceptors in
development. LRP5 deficient mice have been generated and despite their well-described role
in maintaining bone mass and regulating cholesterol metabolism, are remarkably viable
(Gong et al. 2001). In contrast, LRP6 homozygous mutant mice display developmental
defects some of which phenocopy those associated with loss of Wnt function including
partial deletion of the midbrain/hindbrain region (as observed in Wnt1 knockout mice), and
dorso-ventral patterning limb defects similar to those in Wnt7a null mice (Pinson et al. 2000;
Zhou et al. 2004; Zhou et al. 2006).
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Prior to the generation of LRP5 knockout embryos, several research groups surmised that loss
of LRP6 function may be associated with a specific Wnt ligand’s activity and the absence of
redundancy between the two LRPs. However, this speculation was later proved inaccurate
upon the generation of LRP5/6 double homozygous mice. Mice devoid of both LRP Wnt
coreceptors mice display embryonically lethal gastrulation defects (Kelly et al. 2004).
Interestingly, several combinations of LRP5/6 mutant were also generated in parallel
examining loss of one or both alleles of LRP5 or LRP6. These studies and those performed in
Xenopus, have since shown that several of the phenotypes observed in LRP5 and LRP6 null
mice are exacerbated in double mutants suggesting functional redundancy between both
receptors. Expression analysis of LRP5 and LRP6 from our laboratory have also suggested
redundant functions between both of these receptors in that LRP5 and LRP6 show a
remarkable overlap in expression in vivo and that LRP5 transcripts are increased in LRP6
hypomorphic mice (Castelo-Branco et. al, manuscript in preparation).

Wntless: another new Wnt receptor
Two very recent genetic screens have identified the transmembrane protein Wntless as acting
in the secretory pathway to promote the release of Wnts from producing cells. In Drosophila
and mammalian cells, RNAi-mediated knockdown of Wntless in cells overexpressing Wnt
inhibits the activation of a Wnt-responsive luciferase reporter in co-cultured responding cells.
These observations purport that Wntless acts in a cell non-autonomous manner (Banziger et
al. 2006; Bartscherer et al. 2006). Lack of Wntless results in inhibition of Wnt transport to the
cell surface and results in the failure of Wnt to be secreted.

Intracellular Wnt Mediators
Dishevelled
Dishevelled (Dvl) is a multi-module protein and an important intracellular mediator of Wnt
signals. In mammals there are three members of the Dvl family, Dvl1, 2, and 3, products of
three genes whose protein primary sequences differ significantly from one another, although
all possess several landmark motifs and docking site (Wharton 2003). To date, the precise
mechanism of action of Dvl is not known, however the modular structure of this protein and
studies analyzing its deletion in mice have provided clues. Three conserved domains
comprise the major hallmarks of Dvls: a Dishevelled and Axin (DIX) binding domain at the
N-terminus; a PDZ domain located in the middle of Dvl; and a DEP domain located midway
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between the PDZ domain and the C-terminus of Dvl. The DIX domain permits the
dimerization of Dvl with other members of the Dvl proteins and with Axin. The PDZ domain
provides a docking site for a large number of proteins that include protein kinases (eg.
CK1/2), phosphatases (PP2C), β-arrestins, and Fzs (Kay and Kehoe 2004). Finally, the DEP
domain enables protein–protein interactions between Dvl and Daam1, linking Dvl to the
small molecular weight RhoA family of GTPases (Boutros et al. 1998). In mammals, the
presence of three Dvls provides an obstacle to using functional readouts. However, mice
deficient for Dvl-1 are fertile and viable but do exhibit social interaction deficits (Lijam et al.
1997). Dvl-2 null mice have also been generated underscoring its importance for normal
cardiac morphogenesis, somite segmentation, and neural tube closure (Hamblet et al. 2002).
In addition, there is functional redundancy between Dvl1 and Dvl2 in somite development
and neural tube closure, as Dvl1/2 double mutants display more severe defects than the Dvl2
single mutants.

β -catenin
The central player in the canonical Wnt cascade is β-catenin, a cytoplasmic protein whose
stability is controlled by the destruction complex. Within this complex, the scaffold protein
Axin provides a platform for β-catenin to interact with the adenomatous polyposis coli
(APC), a tumor suppressor protein, and two kinase families (CK1α, -δ, - and GSK3α and –
β) (Lee et al. 2003). When Wnt receptors are not engaged by ligands, CK1 and GSK3
sequentially phosphorylate β-catenin at its N-terminus along several highly conserved
Ser/Thr residues. Subsequently, phosphorylated β-catenin is recognized by β-TrCP, a E3
ubiquitin ligase, and targeted for degradation by the proteasome (Aberle et al. 1997). In
contrast, upon stabilization of β-catenin in the presence of ligand, the intracellular pool βcatenin translocates to the nucleus to modulate several transcriptional events. This shuttling is
mediated by Axin and APC (Wiechens et al. 2004) and the nuclear protein Pygopus (Kramps
et al. 2002). Most downstream transcriptional events are mediated through interactions with
the TCF/LEF family of transcriptional factors that regulate several target genes including
cyclin D1, Engrailed-1/2, c-myc, fibronectin, Pitx-2, neurogenin-1, c-ret, FGF-18 (Logan and
Nusse 2004). The diversity and multitude of target genes for β-catenin are matched by
several observations describing its function, including, its role in CNS proliferation (Chenn
and Walsh 2003; Zechner et al. 2003), the differentiation of DA precursors (Castelo-Branco
et al. 2003) and dendritic morphogenesis (Yu and Malenka 2003).
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AIMS OF STUDY
The knowledge of intrinsic and extrinsic regulators governing the development of
dopaminergic neurons remains limited. However, Wnt and nuclear receptor signals have been
described to be critical regulators of this process. This thesis examines the function of two
major signaling players, nuclear receptors (Nurr1 and LXR) and Wnts (Wnt2 and Wnt5a),
and how they modulate dopaminergic development.

Determine the physiological contribution of the nuclear receptors Nurr1
and LXR to dopaminergic development
• Identification of Nurr1-regulated genes by analyzing the transcriptomes of Nurr1expressing c17.2 neural stem cells using Affymetrix cDNA microarrays. (Paper I)
• Investigate the function of LXRα and LXRβ in developing dopaminergic neurons of the
embryonic ventral midbrain. (Paper II)

Evaluate the effects of Wnt2 and Wnt5a in developing dopaminergic
neurons
• Determine whether ventral midbrain glia represent a source of Wnt5a that mediates the
differentiation of dopaminergic precursors. (Paper III)
•

Investigate the function of Wnt2 in the development of VM DA neurons. (Paper IV)

• Purify the Wnt2 protein to characterize its effects in developing ventral midbrain
dopaminergic precursors. (Paper IV)
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RESULTS

Paper I
Microarray analyses support a role for Nurr1 in resistance to oxidative
stress and neuronal differentiation in neural stem cells
Our laboratory has previously shown that Nurr1-transfected neural stem cells grown in the
presence of ventral mesencephalic type 1 astrocytes, generate dopamine-secreting neurons
(Wagner et al. 1999). These early findings led to the working hypothesis that both intrinsic
and extrinsic factors are required for the induction of a dopaminergic phenotype. While many
studies have documented the importance of Nurr1 in the acquisition of the dopaminergic
neurotransmitter phenotype, the molecular mechanisms whereby Nurr1 promotes the
differentiation of midbrain DA cells are largely unknown (Zetterstrom et al. 1997; Castillo et
al. 1998; Saucedo-Cardenas et al. 1998).
In the context of these studies, it is important to note beforehand that Nurr1 transcriptional
activity was detected shortly after transfection but has no longer been detected in these clonal
lines, suggesting that Nurr1 expression has been downregulated during the process of clonal
expansion (Wagner et al. 1999) (unpublished results). However, consistent with our
hypothesis that the neurogenic competence brought about by Nurr1 expression has been
preserved, we have continually observed differential expression of genes GFRα1, GFRα2,
Engrailed-1 only in the Nurr1 clones and the cells have retained their capacity to differentiate
into DA neurons in co-culture with VM astrocytes (Wagner et al. 1999; Sousa et al. 2006).
Thus the instructive competence conferred at earlier stages by Nurr1 seem to have been
maintained making this cell line an appropriate cell model to study downstream aspects of
DA differentiation. In this paper, we described the analysis of the genomic profiles of c17.2Nurr1 neural stem cells.

Transcriptional profiling of Nurr1-expressing neural stem cells
In this study, the v-myc immortalized c17.2 neural stem cell line stably expressing Nurr1 was
used as a model. The Nurr1-expressing clones (clone 42 and clone 48) used in these studies
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were chosen for genomic analysis based on several observations. Not only do these cells
express neuronal specific markers, but they also possess the ability to be induced into neurons
with a dopaminergic phenotype in vitro and following transplantation in wildtype or
Parkinsonian mouse models (Wagner et al. 1999; Yang et al. 2002) (S. Sousa et al,
manuscript in preparation).
After performing microarray analysis on these two clones and their respective control cell
lines, we found an upregulation in a number of genes including Engrailed-1, β tubulin III,
TGF-β. These genes were indicative of a positive effect of Nurr1 on the neuronal and
dopaminergic differentiation process. In vitro experiments analyzing the neurogenic
characteristics of these cell lines confirmed this portion of our genomic analysis. Even in the
presence of proliferating conditions, only Nurr1 clones prematurely expressed these markers
compared to their controls while still maintaining some of their stem cell characteristics
(Nestin+) (unpublished results). Surprisingly, Nurr1 expression had a strong effect in favor of
a neuronal phenotype. The relevance of this observation remains unclear since Nurr1
expression occurs at a relatively late stage of neuronal differentiation in vivo. However, it
has recently been shown that deletion of the basic-loop-helix transcription factor Neurogenin2 (Ngn-2) results in a dramatic loss in the number of Nurr1+ cells and that Ngn-2 is sufficient
for the initiation of a generic neurogenic program (Kele et al. 2006). These findings suggest
that the ability of Nurr1 to enhance differentiation along the neuronal lineage might be due to
concerted effects between it and Ngn-2.

Nurr1 protects against oxidative stress
In addition to these findings, a significant fraction of Nurr1-regulated genes were involved in
the survival response to either apoptotic events or oxidative stress. We assessed this by
challenging control and c17.2-Nurr1 clones with a peroxide-induced oxidative stress model.
We found that following exposure to peroxide, a significant decrease in cell death was
observed in both Nurr1 clones. Additional experiments indicated that this resistance to cell
death was mediated through cell intrinsic mechanisms. Indeed, pre-treatment of control cells
with conditioned media from Nurr1 clones failed to rescue the death of control cells. This
finding was also accompanied by observations showing decreased cleaved-caspase-3
immunoreactivity in Nurr1 clones in these conditions as well. Our results are consistent with
increased rates of cell death observed in Nurr1 heterozygous mice (Imam et al. 2005).
Moreover, our findings that Nurr1 functions in a protective role against genotoxic damage in
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conditions of oxidative stress are of great interest considering the well-documented role of
mitochondrial dysfunction in Parkinson’s Disease models (Tatton and Olanow 1999).

What is the biological meaning of Tenascin-C in the dopaminergic program?
Our microarray analysis showed that tenascin-C (TN-C) is strongly upregulated (up to 17x)
in neural stem cells overexpressing Nurr1. Our initial interest in TN-C came with previous
observations describing dopamine-related behaviours such as hyperlocomotion in these mice
(Fukamauchi et al. 1997). We chose to pursue the analysis of TN-C null mice based on
several lines of evidence, including: (1) the high (17X) increase in TN-C mRNA and protein
in Nurr1 overexpressing clones, (2) its premature expression in proliferating Nurr1 clones, (3)
the exclusive presence of TN-C in differentiated c17.2 stem cells, and (4) decreased levels of
TN-C mRNAs in E11 Nurr-/- VM. Oddly, tenascin-C knockout mice displayed an excess
number of TH+ dopamine cells at the onset of dopaminergic neurogenesis, but this phenotype
normalized by E15. To account for these changes, we examined whether changes in the
proliferative potential of these mice or if alternative cell types were generated. However, we
were unable to detect any changes in proliferation (BrdU+ or phospho-histone H3+ cells) or
in the number of radial glia, a cell type with neurogenic capabilities. We also observed no
change in the number of Nurr1+ cells in TN-C nulls. Thus our data seem to suggest a
phenotype of premature or accelerated differentiation of Nurr1+ precursors into TH+ neurons
in the absence of TN-C at E11.5.
This in vivo analysis proved difficult and as a result we utilized alternative means to try to
explain the biological effects of loss of TN-C function on dopaminergic differentiation. We
made several attempts at using RNAi-mediated downregulation of tenascin-C in the c17.2Nurr1 cells to determine if tenascin-C enhances TH-positive neuronal differentiation with
or without the coculture of VM glia. While we were able to achieve knockdowns
approaching 70%, we were unable to sustain good viability and high knockdown rates in
Nurr1 clones for 14 days, the required time for c17.2 cells to decrease BrdU incorporation
and become post-mitotic (Wagner et al. 1999) (unpublished data). It should be noted,
however, that cells treated with TN-C siRNAs clearly adopted a more neuronal like
morphology but failed to express TH (unpublished data). These results are in agreement
with other reports showing an increased probability of generating neurons when TN-Cdeficient granule cells and SVZ progenitors are grown in culture (Garcion et al. 2004;
Garwood et al. 2004). Therefore, with respect to the differentiation of Nurr1 expressing
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cells, TN-C seems to function temporally to maintain Nurr1+ precursors in a TH- state and
inhibit premature neuronal differentiation. In sum, our findings indicate that the
transcriptional functions of Nurr1 establish a dynamic range of pro-neuronal and antiapoptotic gene networks.

Paper II
Liver X Receptors regulate neuronal versus glial cell-fate choices in
ventral midbrain progenitors
Nuclear receptors are one of the most abundant classes of transcriptional regulators in
metazoans. A large number of nuclear receptors have been identified by homology with
conserved DBDs and LBDs (Janowski et al. 1999). As nuclear receptors bind small
molecules which can easily be modified by drug design, and control functions associated
with major pathologies, they represent promising pharmacological targets. The liver X
receptors α and β (LXRα and LXRβ) are nuclear receptors and heterodimeric partners of
RXR. LXRs are activated by oxysterol ligands in vitro and regulate the expression of genes
involved in fatty acid and cholesterol metabolism in vivo (Janowski et al. 1996; Forman et al.
1997; Lehmann et al. 1997).

LXRs are novel players in dopaminergic development
At the onset of DA neurogenesis, we observed a very substantial loss in the number of DA
neurons detected in LXR null mice, particularly LXRα/β-/- embryos. We found that the only
residual TH+ neurons remaining in LXR null mice were those found in the lateral position.
However, when we assessed this phenotype at E13.5, all of the LXR knockout genotypes
recovered to some extent but interestingly, exhibited large increases in the population of
RC2+ radial glia. The exacerbated phenotypes observed in LXRβ null embryos suggest a
preferred role for this receptor in the CNS. The excess gliogenesis we observe later in
development at the expense of diminished neurogenesis earlier, likely reflects LXRs role in
regulating neuronal versus glial cell-fate choices. The precise mechanism as to how this
occurs remains unclear but is explained in part, by a decrease and/or shortening of the
neurogenic competence and/or an increase in premature gliogenic competence of early
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proliferating progenitors. Future analysis using microarrays of E11 LXR knockout animals
may shed light on this issue.
This study documents the first evidence for LXR function in the developing CNS and
midbrain. Our ongoing efforts include gain of function experiments to complement these loss
of function studies. These include: (1) in ovo electroporations overexpressing wildtype or
constitutively active forms of LXRs (VP16-LXR) and (2) pregnant wildtype mice fed diets
spiked with LXR agonist.

Oxysterols are potential reagents for cell replacement therapies
Our initial in vitro observations found that both natural and synthetic oxysterol ligands were
capable of inducing robust increases in (1) reporter assays assessing LXR transcriptional
activity in a DA cell line and (2) in the number of E11 VM precursors acquiring a TH+
phenotype. We also observed that these compounds simultaneously decreased the number of
RC2+ radial glia in culture, suggesting that LXR ligands are capable of regulating cell-fate
choices. The ability of oxysterol ligands to induce DA differentiation has considerable
potential with regard to cell replacement therapies. In the future, experimental regiments
utilizing combinations of these ligands (both LXR and RXR) in ES cells will be used for
transplantation in Parkinsonian mouse models. One issue that often limits the success of CRT
protocols is the presence of excess gliogenesis. In this regard, LXRs would contribute to
decrease gliogenesis (see Paper IV).

Are LXRs regulating metabolism in the VM?
Only recently has compelling evidence emerged providing confirmation that oxysterols act as
endogenous ligands for LXR. First, forced expression of cholesterol sulfotransferase, an
enzyme that metabolizes oxysterol ligands, leads to inactivation of LXR signalling in several
cell contexts including: HEK293 cells, CHO cells, RAW macrophages, and primary
hepatocytes (Chen et al. 2007). Second, the genetic elimination of three oxysterol
biosynthetic enzymes attenuates the expression of LXR target genes (Chen et al. 2007).
Third, we have observed that the oxysterol-mediated effects in VM precursors are completely
dependent on the presence of intracellular LXR (see Paper II). This tight regulation ensures
that excess signalling does not take place. Notably, expression of the cholesterol
sulfotransferase enzyme has been detected in the brain (Shimizu et al. 2003). Therefore,
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modulation of this enzymes’ expression could be exploited as one method to diminish LXR
activity (by depleting endogenous oxysterol production) in vivo.
While our studies do not support a metabolic role for LXRs in developing VM progenitors,
we cannot definitively rule out this possibility. However, we have conducted genomic
analysis of E11 VM from all LXR null genotypes and found no evidence on a genomic level
that substantiates a metabolic function of these receptors (unpublished data). Additionally, no
accumulation of lipids was observed in the VM of any of E11 LXR null animals
(unpublished data). It should be mentioned that we have made several attempts at quantifying
endogenous cholesterol levels in E11 VM tissue, that might be a prerequisite for lipidassociated toxicity, but the large amounts of tissue required for accurate measurements has
impeded these efforts.

What LXR ligands are present in the developing ventral midbrain?
Most data with regard to the identification of oxysterols in the rodent brain has been gleaned
from postnatal animals, a time period that differs markedly in plasticity compared to
embryonic development (Meaney et al. 2003). Nonetheless, future efforts are underway to
identify endogenous oxysterols. One approach to this involves the use of descriptive in situ
hybridization studies assessing the expression of oxysterol-producing enzymes in the
developing ventral midbrain. However, more quantitative approaches will require mass
HPLC-coupled mass spectrometry (Griffiths et al. 2006). The identification and
quantification of oxysterols in the E11 ventral mesencephalon is indeed a difficult task due
(1) their ability to be rapidly oxidized (2) and the enormous amount of histological specimen
for accurate measurements. In addition to these issues, all tissue isolation and preparative
measures require the constant removal of oxygen, usually by saturation with the inert gas
argon. Although difficult, these studies will provide a comprehensive list of physiologically
relevant candidate LXR ligands in vivo.

Paper III
Ventral midbrain glia express region-specific transcription factors and
induce dopaminergic differentiation through Wnt-5a secretion
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Our laboratory has previously observed that the differentiation of mouse c17.2 neural stem
cells into dopaminergic neurons requires (1) the overexpression of Nurr1 and (2) co-culture
with E15-P1 ventral mesencephalic glia (Wagner et al. 1999). Prior to the publication of this
manuscript, the identity and specific source of the factor(s) secreted by VM glia that could
explain these observations has remained elusive. The subsequent finding that Wnts, including
Wnt1 and Wnt5a, were expressed in the developing midbrain at a time coincident with
dopaminergic neurogenesis, led us to consider these proteins as candidate factors that mediate
the inductive properties of P1 VM glia (Castelo-Branco et al. 2003).

Wnt5a is expressed in VM glia and induces dopaminergic differentiation
To address this, we first sought out to characterize in more detail the properties of P1 VM
astrocytes. We initially observed that our cultures of P1 VM glia contained not only GFAP+
astrocytes, but also 3CB2 and vimentin immunoreactive radial glia. This observation is
especially notable given that radial glia are the only glial population present at the time of
dopaminergic neurogenesis. Radial glia also serve as an integral component to the developing
VM cytoarchitecture, and can undergo asymmetric division to give rise to neurogenic
precursors (Doetsch et al. 1999; Malatesta et al. 2000). To ascertain whether VM glia may
serve additional instructive functions, we compared its ability to induce TH+ dopaminergic
differention with other well-characterized mitogens and survival signals, including GDNF,
FGF2, and FGF8 (Lin et al. 1993; Casper et al. 1994; Ye et al. 1998). Following treatment of
E14.5 VM rat primary cultures with conditioned media from VM glia, we observed that the
capacity of VM glia to increase TH+ neurons in culture was greater than glia from the cortex
and the aforementioned mitogens and survival factors. We posited that the observed increase
in TH+ neurons could reflect an expansion of DA precursors. This hypothesis was validated,
by observations of increased cyclin D3 mRNA along with an increase in the number of
Nurr1+ DA precursors incorporating BrdU following treatment with VM glia conditioned
media. Coincident with increased proliferation effects was an increase in the CDK inhibitor
p21 mRNA. These findings suggested that in addition to its proliferation effects, VM glia
exert its effects, in part, by instructing the acquisition of a TH+ dopaminergic phenotype.
These results are in agreement with published reports describing that in breast cancer cells
with simultaneously elevated levels of cyclin and p21 mRNAs, cyclins can overcome the
inhibition of cell cycle progression by p21 (Russell et al. 1999). More importantly, these
observations mimicked to some extent, the differentiation and minor proliferation effects
exhibited by Wnt5a treatment on similar rat primary cultures (Castelo-Branco et al. 2003).
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Virtually all data regarding the effects of VM glia on DA differentiation have been obtained
from treatment of neuronal precursors with glial conditioned media from the post-natal brain.
While these findings undoubtedly provided the initial impetus for the experiments described
herein, they are not representative of the temporal and developmental niche present in vivo.
To this end, we also examined the expression of Wnt during DA neurogenesis (E13.5 in the
rat) in precursor cultures and assessed whether any Wnt expression could account for our
previous observations with P1 VM glia. Our expression analysis revealed a low expression of
Wnt1 and a high level of Wnt5a mRNA in glial preparations. Wnt5a was also detected by
Western blot. In addition to the expression of Wnt5a, VM glia also expressed region-specific
transcription factors, including Pax2, Pax6, and Otx2. These data suggest that secretion of
Wnt5a is part of a region-specific developmental program retained by VM glial cells in
culture.
Having established that VM glia are indeed a source of endogenous Wnt5a, we performed
co-culture experiments with rat E13.5 VM primary cultures and found that the proportion of
DA precursors that differentiate into DA neurons (%TH+/Nurr1+ neurons) of VM glia alone,
were of a similar magnitude that addition of Wnt5a conditioned media alone. In line with our
earlier results describing low Wnt1 expression in VM glia, treatment of co-cultures with
Wnt1 conditioned media led to a modest increase in the number of Nurr1+ precursors
acquiring a TH+ DA phenotype.

Inhibition of VM glial-derived Wnt5a activity
To definitively prove that the inductive properties of VM glia-derived Wnt5a were specific to
Wnt5a, we utilized a series of extracellular blocking reagents. These reagents included a
Wnt5a-specific antibody and a soluble form of the cysteine-rich domain of Frizzled-8 (data
not shown). The Fz-8 CRD has previously been shown to diminish the pro-differentiation
effects of Wnt5a in Nurr1 precursors (Castelo-Branco et al. 2003). Accordingly, cocultures of
VM glia and E14.5 primary VM cultures treated with an anti-Wnt5a antibody resulted in over
25% reduction in the number of TH+ neurons. Although treatment with the Fz8-CRD tended
to inhibit the differentiation of DA neurons, less conclusive results were obtained
(unpublished observations). This finding may be explained by the preferential affinity of Fz8CRD for other Wnts or the presence of other Wnt-related factors binding to the CRD. It is
also important to note that while the Wnt5a antibody was capable of blocking the effects of
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VM glia, the partial blocking effects observed suggest the presence of additional components
to the VM glia pro-differentiation properties. This issue was further addressed and validated
in E12.5 rat neurosphere cultures expanded with FGF2 and treated with FGF8 and Shh as
described by Studer et al. 1998. Cells were subsequently differentiated for 5 days in serum
free media with or without indirect coculture of VM glia. As expected, neurosphere cultures
treated under the coculture conditions with VM glia, resulted in significantly increased
numbers of TH+ neurons (unpublished observations). In similar experiments, treatment with
a Wnt5a blocking antibody blunted this response by 50%. In summary, these results indicate
that VM glia (1) express Wnt5a and (2) mediate part of their instructive effects via Wnt5a.

Additional VM glial-derived signals?
The concept of astrocytes as sources of inductive and survival signals has recently been
highlighted by studies describing their role in rescuing cell death, and directing neurogenic
events (Takeshima et al. 1994; Song et al. 2002; Roy et al. 2006). Our results are largely in
agreement with those described by Song and colleagues. In both studies, astrocytes appear to
work by increasing the rate of proliferation of the stem cell or precursor populations, and
simulatenously steering their progeny towards becoming neurons, rather than simply
enhancing the survival of new neurons. Whether these differences reflect redundant
mechanisms between adult and embryonic neurogenic programs remains unclear.
In this study we have identified Wnt5a as one component of the instructive signals derived
from VM glia. However, our results clearly underscore the need to identify factors that
constitute additional components of the VM glial-derived activity. Our laboratory has
recently performed a large scale expression analysis examining the expression of the entire
Wnt family of proteins in the developing VM (Rawal et al. 2006a). In this analysis, it was
observed that 13 out of the 19 known Wnts are expressed at time point coincident with
dopaminergic neurogenesis. This large number of Wnts, reflect the dynamic nature of gene
expression in the developing VM. However, future experiments examining differential Wnt
expression in glial and neuronal fractions, will undoubtedly prove useful. Alternatively, the
use of proteomic strategies could be employed using glial enriched cultures as previously
described. This approach would permit the enrichment and direct examination of the radial
glia proteome.
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Paper IV
Purified

Wnt2

activates

β-catenin

and

enhances

dopaminergic

differentiation
The Wnt family consists of secreted extracellular glycoproteins that induce multiple
intracellular signaling pathways. More than 19 genes in mammals encode various Wnt
ligands. The study of Wnt biology has been complicated by the biochemical nature of Wnts,
which makes purification of biologically active protein a difficult task. One clever strategy to
overcome Wnt purification problems is to create chimeric receptors of the Wnt receptor
Frizzled with GPCRs. The β-receptor/Frizzled chimera makes use of the ligand binding and
signal transduction mechanics of the β-adrenergic receptor to drive activation of the
cytoplasmic domains of the Frizzled (Liu et al. 2001). This strategy successfully describes
one method to bypass the need for purified Wnts but precludes analysis of physiologically
relevant receptor/ligand dynamics.
In terms of primary structure, Wnts can be classified as having a signal sequence and an
almost invariant pattern of 23-24 conserved cysteine residues. The recent finding that Wnt3a
and Wnt5a proteins can be purified to homogeneity has allowed for some unique
opportunities to address their signaling effects. Long known to be poorly soluble in aqueous
solution, it was discovered that Wnts are covalently modified by the attachment of a
palmitoyl group, making them more hydrophobic than analysis of the primary sequence
would predict (Willert et al. 2003; Kurayoshi et al. 2006). As previously noted, our laboratory
performed a large scale expression screen identifying multiple Wnts that at the onset of
dopaminergic neurogenesis. Our laboratory has long sought to understand the contribution
of various Wnt ligands relevant to this process. In this study, we purified biologically active
Wnt2 and described its signaling characteristics in dopaminergic cells.

Purification of Wnt2
The purification of Wnt2 from 4 liters of rat fibroblast Wnt2-conditioned media was
performed using a construct containing a C-terminal HA-tag of Wnt2. The protocol used
was similar to that described by Willert et. al. using three successive types of column
chromatography: HiTrap blue sepharose affinity fractionation, Superdex gel filtration, and
HiTrap heparin cation-exchange. Purified Wnt2 protein was recognized with its specific
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antibody and by immunoreactivity for the HA tag. To circumvent solubility issues
regarding

Wnt

secretion,

the

detergent

CHAPS

(3-[(3-Cholamidopropyl)

dimethylammonio]-1-propanesulfonate) was used. The incorporation of this detergent into
the purification scheme permits the use of non-denaturing conditions to solubilize Wnts in
their native state. However, a problematic issue with this purification scheme surrounds the
use of high amounts of detergent and salt (1M NaCl and 1% CHAPS) remaining present in
the final eluted products. Although the inclusion of both are critical to successful Wnt
purification, the development of more refined Wnt purification schemes will require the
addition of desalting steps such as dialysis.
The SN4741 cell line has previously been used as a reliable model to study Wnt-mediated
signals in a dopaminergic context (Schulte et al. 2005; Bryja et al. 2006). In this study, we
found that treatment of dopaminergic cells resulted in increased levels of transcriptionally
active β-catenin and phosphorylated c-jun. These data suggest the induction of both
canonical and noncanonical Wnt pathways by Wnt2. These studies are partly in agreement
with the upregulation of Wnt2 and β-catenin levels in the adult hippocampus post
electroconvulsion (Madsen et al. 2003).

Post-translational modifications are an important for Wnt2 signals
Molecules that are secreted from cells are commonly post-translationally modified. In these
studies, we examined the post-translational modifications of Wnt2. Purified Wnt2 was
subjected to treatment with the thioesterase APT-1, an enzyme that removes lipid
modifications. While we observed a clear decrease in the biological activity of Wnt2
following this treatment, the identification of specific cysteine residues that are
palmitoylated remains unknown. Future experiments are underway, using mass
spectrometry to characterize the 22 cysteine residues in the Wnt2 protein and determine if
they contain higher than predicted masses that could indicate the presence of palmitoylation
moieties. This data will prove invaluable in determining the differential palmitoylation
signature of each Wnt and provide insight into their respective signaling capabilities. In
addition to analyzing the contribution of lipid modification to Wnt activity, we also
assessed the importance of glycosylation status. Upon addition of the N-glycosidase F, a
deglycosylating enzyme that removes aspargine-linked glycans on proteins, a mobility shift
in the size of the Wnt2 protein was observed (data not shown). However, deglycosylation of
Wnt2 failed to alter its native signalling abilities as assessed by Dvl phosphorylation and
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levels of dephosphorylated β-catenin (data not shown). These data are partly in conflict with
previous observations describing that the ability to transform mouse epithelial cells is
diminished, but not completely abolished by Wnt1 mutants lacking glycosylation sites
(Mason et al. 1992). These studies reinforce the notion that post-translational lipid
modification of Wnts is critical for their biological activity.

Wnt2 ligand as a regulator of dopaminergic differentiation
Following purification of Wnt2, we analyzed its effects in culture on mouse E10.5 primary
cultures. We observed that Wnt2 treatment increased the proportion of Tuj1+ neurons
acquiring a dopaminergic phenotype (TH+). Although this effect was modest, these
observations suggest that in addition to promoting neuronal differentiation, Wnt2 ligand is
capable of enhancing dopaminergic differentiation. Prior to the generation of purified Wnt2,
our first experiments treating E14.5 rat primary cultures with Wnt2 conditioned media also
increased dopaminergic differentiation (data not shown). In addition to this, we noted
increases in p27 and p57 mRNAs in response to treatment with Wnt2 conditioned media
(data not shown). These data, together with our findings using purified ligand suggest that
Wnt2 favors the acquisition of a DA or neuronal phenotype by cell cycle exit. It remains to
be determined if these observations result from Wnt2-mediated survival effects as well. The
possibility of Wnt2 regulating dopaminergic survival is of particular interest given our
observation of decreased c-jun phosphorylation following Wnt2 treatment. Future
experiments assessing the expression of candidate DA survival genes (Survivin, Engrailed1/2, caspase-3) following Wnt2 treatment or RNAi-mediated Wnt2 knockdown are
currently in progress.

Our in vitro observations suggested that Wnt2 ligand acts in a positive manner to direct
dopaminergic differentiation. These results were further validated in E11 embryos lacking
the Wnt2 gene where Wnt2 mutants exhibited a 30% decrease in the total number of TH+
dopamine neurons compared to wildtype animals. The precise mechanisms explaining this
phenotype remain to be characterized in the near future. In sum, all our findings describe
Wnt2 as a ligand that participates in early aspects of dopaminergic differentiation. We
observed that Wnt2 was capable of triggering canonical Wnt signals through β-catenin while
simulatenously downregulating c-jun, a regulator of noncanonical signals. Our results and
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additional observations describing the inhibition of Wnt2 activity by Pertussis toxin,
suggest that Wnt2 can regulate multiple Wnt pathways involving G proteins (Le Floch et al.
2005). Whether this flexibility is cell context dependent or intrinsic to Wnt2 is unclear, but
is likely explained, in part, by the ability of Wnt2 to bind to multiple Fz receptors
(Ishikawa et al. 2001; Karasawa et al. 2002).
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CONCLUSIONS
Communication between cells constitutes an integral and essential part of development. The
distribution of extracellular ligands such as Wnts and oxysterols and their receptors confer
signals that control cell-fate and differentiation. In this study we have provided evidence of
the following:

•

Liver X receptors are expressed in the developing midbrain and regulate neuronal

versus glial cell-fate choices in the developing ventral midbrain.
•

Oxysterols promote dopaminergic neurogenesis and differentiation into dopaminergic

neurons.
•

Nurr1 coordinates gene expression networks that control the neuronal differentiation

and resistance to oxidative stress in neural stem cells.
•

Tenascin-C is regulated by Nurr1and inhibits the premature differentiation of neural

stem cells.
•

Ventral mesencephalic glia secrete Wnt5a to induce a dopaminergic phenotype in

neural stem cells.
•

Purified Wnt2 is biologically active, lipid modified, and enhances the differentiation

of ventral midbrain precursors.
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