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ABSTRACT

The nuclear receptor family comprises more than sixty members, including receptors for steroids,
thyroid hormone and retinoids. Many nuclear receptors function as ligand-activated transcription
factors that regulate the expression of specific target genes. The family also includes nuclear
receptors that lack identified ligands, and these receptors are therefore referred to as orphan
receptors. It has recently been shown that some of these orphan receptors are ligand-independent.
Nurrl (NR4A2) is a constitutively active nuclear receptor that belongs to this category of nuclear
receptors. Nurrl is expressed in the central nervous system (CNS) from early embryogenesis into
adulthood. Interestingly, Nurrl is an early expression marker of midbrain dopamine (DA) cells,
and gene targeting of Nurrl in mice leads to agenesis of midbrain DA neurons. The fact that
Nurrl is important for the development of DA neurons has important implications, as these cells
regulate motor control and their degeneration is the cause of Parkinson’s disease.

The main focus of this thesis was to identify genes that are regulated by Nurrl and in this
way increase our understanding of the role of this transcription factor in DA cells and in other
cells that express Nurrl. We used the DA cell line MN9D, which store and produce DA.
Expression of Nurrl in this cell line resulted in an increased DA content of the cells. Furthermore,
Nurrl increased the expression of the DA producing enzyme aromatic L-amino acid
decarboxylase (AADC) and the DA transporter vesicular monoamine transporter 2 (VMAT?2).
Expression analyses showed that the levels of expression of AADC and VMAT2 were
deregulated in developing midbrain DA cells of mice in which the Nurrl gene had been
selectively disabled, which suggests that Nurrl plays a role in DA production and storage.

Using cDNA microarrays, we investigated changes in gene expression induced by Nurrl
in the MN9D cells. This analysis revealed that neuropilin-1 (Nrpl), a receptor for secreted
neuronal guidance polypeptides, is regulated by Nurrl in the cells. Furthermore, Nurrl regulated
the Nrpl promoter in reporter gene assays. /n situ hybridization experiments revealed that Nrpl
expression was diminished in Nurrl knockout mice in the dorsal motor nucleus of the vagus
nerve, which suggests that Nurrl plays a role in the regulation of Nrpl in vivo.

We used MNOD cells to study the effects of Nurrl on DA cell differentiation. Expression
of Nurrl in the MNO9D cells induced cell cycle arrest and morphological differentiation,
characterized by neurite extension. We determined the functional requirements for Nurrl-induced
differentiation using different Nurrl derivatives, and the results provide valuable information
about the functional role of Nurrl in vivo.

We eclucidated the function of Nurrl in developing DA cells by experiments on
embryonic ventral midbrains cultured in vitro. Expression of the DA cell marker tyrosine
hydroxylase, which is never expressed in the ventral midbrains of Nurrl knockouts in vivo, could
be induced in the knockout cultures. Moreover, well-defined nerve fiber bundles were formed in
wild-type cultures, but did not form in Nurrl-deficient cultures, giving further evidence that
Nurrl] is important for target innervation.

To understand the role of Nurrl in adult physiology we investigated the impact of a
heterozygous deletion of Nurrl on rewarding behavior in mice. Mice heterozygous for the Nurrl
gene had a lower tendency than wild-type mice to become dependent on ethanol drinking and
wheel running, which suggests that Nurrl is important for reward mechanisms.

Elisabet Hermanson, 2004
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INTRODUCTION

Multicellular organisms consist of many different types of cells that play important roles
during embryogenesis and in the adult organism. The individual cell gets its identity by
the integration of a variety of signals received from surrounding cells or from the cell
itself. These signals are converted by a multitude of receptor systems and result in the
expression of a certain gene repertoire that, in turn, gives the cell its own specific
properties. Some of the receptors are placed on the cell surface, and are activated by
hydrophilic ligands, which start a cascade of intracellular events that eventually leads to
gene regulation. Other receptors, called nuclear receptors (NRs), are intracellular and can
be activated by small lipophilic molecules that easily pass through the cell membrane and
bind to the receptors. The activated NRs act as transcription factors that bind to DNA and
turn on the transcription of target genes (Fig. 1). It has long been known that NRs are
important in processes such as differentiation, metabolism, reproduction, homeostasis and
morphogenesis of higher organisms. Significant progress in efforts to understand the
underlying mechanisms of nuclear hormone action and signaling came almost two
decades ago with the cloning of the first NR, the glucocorticoid receptor. This event was
followed by the cloning of a whole family of nuclear receptors, the nuclear hormone
receptor family. Another major breakthrough in the study of NRs has been the target
disruption of receptor genes in mice, which allows an analysis of the relevance of
particular receptors for mammalian physiology and development.

A major challenge in future research is to identify the genes that are regulated by
NRs to further understand the role of these receptors in their respective physiological
processes.

Ligand
J Cytoplasm \ . . .
Figure 1. Mechanism of action of

N nuclear receptors. NRs are

\\ activated by small lipophilic

. ligands that can easily pass the

N - Nucleus cell- and nuclear membrane. Once
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NRs and regulate transcription by

binding to hormone response

elements (HREs), normally

located in regulatory regions of
target genes.

=, _> target gene
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The nuclear receptor family

The NR family contains ligand-activated transcription factors that exert widely different
biological responses by regulating target gene expression positively and/or negatively
(Laudet and Gronemeyer, 2002). Included in this family of related proteins are receptors
for hydrophobic molecules such as steroid hormones (i.e. estrogens, glucocorticoids,
progesterone, and vitamin D), retinoic acids (vitamin A derivatives), thyroid hormones
and fatty acids. This family also contains a number of receptors for which ligands do not
exist, or still have to be identified. These receptors have been termed “orphan receptors”
(Enmark and Gustafsson, 1996). The role of NRs in a wide variety of signaling pathways
qualifies them as pharmacological targets. Intense research in recent years has identified
ligands for several of the orphan receptors, and their roles in physiological functions have
been identified (Giguere, 1999). This process founded a novel concept, “reverse
endocrinology”, where the characterization of the receptor precedes the identification of
its ligand and its physiological function (Kliewer et al., 1999). Some of the orphan
nuclear receptors may have ligands yet to be discovered, while others may act in a
constitutive manner or may be regulated by other means.

Studies on ligand binding and nuclear receptor evolution have suggested that
orphan nuclear receptors are the most ancient receptors, and that ligand binding was
acquired during NR evolution (Escriva et al., 2000; Escriva et al., 1997).

Scientists have identified more than 300 NRs, using an increasingly complex
nomenclature. Therefore, the nomenclature of these receptors has been unified and sorted
into a system based on their evolutionary conservation (Committee, 1999).

Nuclear receptor structure

Nuclear receptors are composed of 5-6 regions (A-F), each region having a different
character (Fig. 2A) rewieved in (Aranda and Pascual, 2001b; Laudet and Gronemeyer,
2002). The A/B region in the N-terminal part contains a domain involved in
transcriptional activation, called the AF-1 (activation function 1) domain. The sequence
of the A/B domain is very weakly conserved between species, and the domain varies
significantly in length, ranging from 23 (vitamin D receptor) to 550 (glucocorticoid
receptor). The A/B domain shows promoter-specific and cell-specific activity, suggesting
that it is likely to contribute to the specificity of action among receptor isoforms and that
it could interact with cell-type specific factors.

The DNA binding domain (DBD) in domain C is the most conserved domain of
nuclear receptors and is involved in sequence-specific DNA recognition. This domain
contains two zinc-finger motifs, each of which consists of four cysteines that chelate one
Zn+ ion. A region in the first zink finger (designated the P-box) is important for
mediating interaction with specific DNA sequences, contributing in this way to the
specificity of DNA binding (Umesono and Evans, 1989). In the second zink finger, a
motif called the D-box, was shown to be important for dimerization of receptors
(Perlmann et al., 1993). In addition, certain receptors, for example the Nurrl/Norl/NGFI-
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B subfamily (see below), contain an A-box, involved in recognition of additional residues
upstream of a half site (Fig. 2B) (Wilson et al., 1993a).

The D-domain, termed the hinge region, is not well conserved among the different
receptors and functions as a hinge between the DNA-binding domain and the ligand
binding domain (LBD), allowing rotation of the DBD. In many cases the hinge region
harbors the nuclear localization signal.

The LBD in region E harbors the AF-2 (activation function 2) motif responsible
for ligand-dependent transcriptional activation. It also contains regions important for
receptor dimerization. The crystal structures of multiple nuclear receptor LBDs have been
solved, and these structures are similar in different receptors. The LBDs are formed by 12
conserved a-helical regions, numbered from HI to H12, and a $-turn. The LBDs are
folded into a three-layered antiparallel helical sandwich. A central core layer of three
helices is packed between two additional layers to create the ligand-binding pocket. The
pocket is lined with hydrophobic amino acids that interact with the ligand. The size of the
ligand-binding pockets varies among receptors, where some pockets are small and the
ligands occupy most of the space. Other ligand binding pockets are larger, which allow
binding of several structurally diverse ligands (Benoit et al., 2004).

The F-domain displays little evolutionary conservation, is only present in some
NRs and has an unknown function.

A
A/B C D E F

NH, - [hinge | LBD |- coon
AF-1 AF-2

B

NHZ

Figure 2 A. Schematic representation of a nuclear receptor. A typical NR is composed of several functional
domains. The N-terminal region (A/B) contains the ligand-independent AF-1 transactivation domain. The
conserved DNA-binding domain (DBD), or region C, is responsible for the recognition of specific DNA
sequences. The variable hinge region, region D. connects the DBD to the conserved E/F region that
contains the ligand-binding region (LBD) as well as the dimerization surface. The LBD also contains the
ligand-dependent AF-2 transactivation domain. B. The DNA binding domain contains two zink finger
motifs. Each motif contains a zink atom that is coordinated by four cysteines, forming a tetrahedral
structure. In the first zink finger, amino acid residues in the so called P-box mediate DNA-binding
specificity, whereas the D-box in the second finger is important for dimerization interactions between
receptors bound to DNA. In some NRs, amino acid residues in a C-terminal extension form the A-box,
which is important for recognition of 5" flanking residues of the half-site. (Figure 2B modified from Aranda
and Pascual 2001).



DNA binding as monomers, homodimers or heterodimers

Nuclear receptors regulate the transcription of target genes by binding to specific DNA
sequences known as “hormone response elements” or HREs (Aranda and Pascual,
2001a). These elements are normally located in the promoter region of the target gene,
but they may lie several kilobases upstream or downstream of the promoter (Sap et al.,
1990). The HREs are derivatives of the same hexameric DNA half-site motif, PuGGTCA
(Pu = A or G). Importantly, this motif represents a consensus sequence that can show
significant variations in naturally occurring HREs. The receptors interact with the
response element as monomers, homodimers or heterodimers (Fig. 3). Monomeric
receptors, such as for example the orphan receptor NGFIB, bind to a single half-site
(Wilson et al., 1993a), whereas receptor dimers bind to two recognition motifs. For
dimeric HREs, the half-sites can be arranged as palindromes, inverted palindromes, or
direct repeats, spaced by zero to five basepairs (Fig. 3). Steroid hormone receptors, such
as glucocorticoid receptors, progesterone receptors and androgen receptors, bind as
homodimers to palindromes of the AGAACA motif spaced by three nucleotides (Fig. 3).
In contrast to the steroid receptors, non-steroidal receptors can bind to HREs arranged as
palindromes, inverted palindromes, or direct repeats. Careful analysis of both natural and
synthetic HREs has shown that the non-steroidal receptors are most potently bound to
DRs and that the spacing of the two HREs is an important determinant for the specificity
of the hormonal response. Although several non-steroidal receptors bind DNA as
homodimers, they prefer to bind their HREs as heterodimers (Bugge et al., 1992; Kliewer
et al., 1992), with the promiscuous heterodimerization partner retinoid X receptor (RXR).

Many of these heterodimers, such as RAR (retinoic acid receptor)/RXR, TR
(thyroid hormone receptor)/RXR and VDR (vitamin D receptor)/RXR, are known as
“non-permissive” heterodimers (Kliewer et al., 1992). Such heterodimers respond only to
ligand-binding to the RXR partner, and not to ligand-binding to RXR. However, in
RAR/RXR heterodimers, ligand binding to RAR induces conformational changes in RXR
that allow binding of RXR ligands (Botling et al., 1997). RXR can also form
“permissive” heterodimers with other NRs, such as LXR (liver X receptor), FXR
(farnesoid receptor), PPAR (peroxisome proliferator activated receptor) and Nurrl (nur-
related factorl), where RXR ligands can activate the heterodimer independently of the
ligand-binding status of the heterodimer partner (Blumberg and Evans, 1998;
Mangelsdorf and Evans, 1995).
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LBD

DBD
—» <4— pjl —» — DR AT —»
- — DR —» «— Pal

«— — P

Figure 3. Binding of NRs to hormone response elements (HREs). NRs can bind DNA as homodimers,
heterodimers or monomers. Steroid receptors bind as homodimers to palindromic (Pal) HREs. Some orphan
receptors (e.g COUP-TF and HNF-4) bind as homodimers to direct repeats (DRs). Heterodimers with RXR
(e.g RAR, TR, VDR, PPAR, LXR, FXR, NGFI-B and Nurrl) can recognize diverse HREs in which half-
site motifs are arranged as palindromes, direct repeats (DRs), or inverted palindromes (IPs). Monomeric
binding requires the half-site motif preceded by a 5’-flanking A/T rich sequence. LBD= ligand-binding
domain, DBD= DNA-binding domain.

Transcriptional activation by NRs

NRs are transcriptional modulators that regulate the expression of target genes; often, but
not always, as a response to ligand binding. X-ray crystallography studies have
contributed significantly to the understanding of the conformational changes that occur in
the LBD upon ligand binding. Comparisons of unliganded (apo-) and liganded (holo-)
receptors have suggested a “mouse trap” model for ligand-dependent transcriptional
activation (Moras and Gronemeyer, 1998). In this model, ligand binding induces a series
of conformational changes in the 12 a-helices, the most important being the swinging of
helix 12, which in the unligated form is positioned away from the ligand-binding pocket.
In its final position, helix 12 forms a “lid” for the pocket that further stabilizes ligand
binding by contributing to the hydrophobic environment of the ligand-binding pocket.
The second step in transcriptional activation of nuclear receptors is the recruitment of co-
activators. The conformational change in helix 12, which corresponds to the AF-2, leads
to the exposure of amino acids involved in the recruitment of coactivators. Coactivators
bind to NRs via specific motifs composed of one or several LXXLL (L=leucine and X=
any amino acid) motifs (Bevan and Parker, 1999; Heery et al., 1997). Coactivators
possess or recruit enzymatic activities, and form large coactivator complexes that are
reported to have histone acetyltransferase (HAT) activity, capable of acetylating histones
(Glass and Rosenfeld, 2000). Histone acetylation opens up the highly structured and
condensed chromatin in order to allow the transcriptional machinery to access the DNA.
In the third step, the coactivator complex dissociates from the receptor, possibly due to
acetylation of the coactivator that decreases the ability to interact with the receptor.
Another complex, termed SMCC/DRIP/TRAP is assembled to the receptor (Fondell et
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al., 1996; Ito et al., 1999; Rachez et al., 1999). This complex is able to establish contacts
with the basal transcription machinery, that in turn initiates transcription of the target
gene.

Receptors such as TR, retinoic acid receptor RAR and VDR bind to DNA in the
absence of ligand and repress transcription of target genes (Perlmann and Vennstrom,
1995). A search for proteins involved in mediating this silencing effect identified two co-
repressor proteins called N-CoR (nuclear receptor co-repressor) and SMRT (silencing
mediator for retinoid and thyroid hormone receptors) that attach to unliganded receptors
and dissociate upon ligand binding (Chen and Evans, 1995; Horlein et al., 1995;
Kurokawa et al., 1995). It was later shown that N-CoR and SMRT are part of a large
complex that possesses histone deacetylase activity (Pazin and Kadonaga, 1997). Thus,
the active repression in the absence of ligand is due to histone acetylation, which results
in highly condensed inactive chromatin.

Ligand-independent activation of NRs

In addition to the well-established ligand-dependent activation of nuclear receptors,
several members of the NR superfamily can be regulated by ligand-independent
mechanisms. The mechanisms whereby ligand-independent activation is achieved are
poorly understood. Several of the NRs, such as progesterone receptor (PR), estrogen
receptor a and f (Era, Erf) and the orphan receptors chicken ovalbumine upstream
promoter transcription factor (COUP-TF) and steroidogenic factor-1 (SF-1), are
stimulated by extracellular signals, for example growth factors and DA (Hammer et al.,
1999; Power et al., 1991a; Power et al., 1991b; Weigel and Zhang, 1998). These signals
in most cases alter the activity of phosphatases or kinases, suggesting that
phosphorylation of NRs or their cofactors is involved. Indeed, ER activity is modulated
by phosphorylation of specific residues in the AF1 domain, and phosphorylation of the
receptor has been shown to induce coactivator recruitment (Tremblay et al., 1999).
Several other NRs in addition to ER, for example SF-1 and NGFI-B, are phosphorylated
(Rochette-Egly, 2003).

Do all NRs bind ligands in a classical way?

The classical way of looking at nuclear receptors is that binding of ligand to the LBD
induces activation of the receptor. However research during the past years has revealed
that the LBD can be utilized in several different ways (Benoit et al., 2004). The nuclear
receptors that use their LBD in a non-classical way can be divided into three main
categories depending on how they utilize their LBD. The first group includes the
constitutively active receptors constitutive androstane receptor f (CARP) and retinoic
acid related orphan receptor f RORp), which can bind ligands and be deactivated by
androstane metabolites and retinoic acid respectively (Forman et al., 1998; Stehlin-Gaon
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et al., 2003). The second group includes hepatocyte nuclear factor 4 (HNF4) and the
Drosophila RXR homolog USP ultra-spiracle (USP), which bind fatty acids and
phospholipids respectively in a constitutive manner. Thus, these binding molecules are
thought to be constitutive structural cofactors rather than regulatory ligands (Billas et al.,
2001; Wisely et al., 2002). Finally, the third category is represented by the constitutively
active receptors Nurrl and DHR38, which completely lack a ligand-binding cavity.
Instead, the ligand binding pocket is filled with bulky hydrophobic side-chains (Baker et
al., 2003; Wang et al., 2003). More recently the crystal structure for liver receptor
homolog | (LRH-1) was solved and shown to be empty, but with the potential to bind
ligand as the ligand binding pocket was intact (Sablin et al., 2003).

The NGFI-B subfamily

The NGFI-B subfamily of nuclear receptors contains three vertebrate receptors (Nurrl,
Norl and NGFI-B) and their homologues in Drosophila (DHR38) (Fisk and Thummel,
1995) and C.Elegans (CNRS) (Kostrouch et al., 1995). The nomenclature for this group
of NRs is extremely confusing and many different names have been given to these
receptors (Table 1) (Laudet and Gronemeyer, 2002). All members of this family are
transcriptional activators that do not require a ligand to be active (Davis et al., 1991;
Paulsen et al., 1992). The genomic structures of the vertebrate receptors are remarkably
similar in both the DBD ( > 90%) and LBD (> 60%), suggesting that the NGFI-B family
has evolved from a common ancestral gene.

Table 1. Alternative names for NGFI-B, Nurrl and Norl

Receptor Official name Species Other names
NGFI-B NR4ALI Human TR3, NAK1, ST-59, NGFI-Ba
Mouse Nurr/77, nurr77, N10, NGFI-Ba
Rat NGFI-B, NGFI-Bo., TIS1
Nurrl NR4A2 Human NOT, NGFI-Bf, TINUR, Nurrl
NR4A3 Mouse Nurrl, NGFI-Bf
Rat RNR-1, NGFIB-B, Nurrl, HZF-3
Norl Human TEC, MINOR. CHN, NOR-1, NGFIB-y
Rat NOR- 1. NGFIB-y

NGFI-B (nerve growth factor induced gene B) was originally cloned as a gene
induced by nerve growth factor in the rat pheochromocytoma cell line PC12 (Milbrandt,
1988). Nurrl (Nur-related factor 1) was isolated from a neonatal mouse brain cDNA
library under low-stringency hybridization conditions, using the DBD of the nuclear
receptor COUP-TF as a probe (Law et al., 1992). Nor!l (neuron-derived orphan receptor
1) was identified from cultured rat fetal forebrain cells (Ohkura et al., 1994).

Nurrl, Norl and NGFI-B bind as monomers to DNA at an octameric sequence
(AAAGGTCA) called the “NGFI-B response element” (NBRE), which was initially
identified by genetic selection in yeast (Wilson et al., 1991; Wilson et al., 1993a). The
NBRE includes two additional alanines preceding the consensus AGGTCA half-site, and
it has been shown that recognition of these two residues depends on the A-box in the
DBD (Wilson et al., 1992). In addition, Nurrl and NGFI-B (but not Nor-1) can
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heterodimerize with RXR and activate transcription through a DRS5 element (Forman et
al., 1995; Perlmann and Jansson, 1995; Zetterstrom et al., 1996a). Finally, a third type of
DNA binding activity for this group of nuclear receptors has been identified in the
regulatory region of the pro-opiomelanocortin (POMC) gene (Philips et al., 1997a). This
promoter contains an inverted repeat, called NuRE, containing two NBREs spaced by six
nucleotides. Nurrl, Norl and NGFI-B can bind the NuRE as homodimers or as
heterodimers between NGFI-B and Nurr1 (Maira et al., 1999).

These genes are classified as immediate-early genes, whose expression is induced
rapidly but transiently by various stimuli in the absence of de novo protein synthesis
(Morgan and Curran, 1995). The stimuli that are able to induce expression of the
receptors include cAMP, growth factors, peptide hormones and neurotransmitters
(Maruyama et al., 1995; Milbrandt, 1988). Furthermore, their expression can also be
induced by membrane depolarization, mechanical agitation and magnetic fields (Bandoh
et al., 1997; Miyakoshi et al., 1998; Pena de Ortiz and Jamieson, 1996).

The three members of this subfamily are abundantly expressed in the CNS. Nurrl
and Norl are expressed during embryogenesis and their expression continues into
adulthood, while NGFI-B expression is mainly found in the adult nervous system
(Zetterstrom et al., 1996a). The expression patterns of these receptors overlap in some
areas, suggesting functional redundancy among the NGFI-B subfamily genes (Saucedo-
Cardenas and Conneely, 1996; Xiao et al., 1996; Zetterstrom et al., 1996a; Zetterstrom et
al., 1996b). Norl and NGFI-B are also found in areas outside the CNS, in, for example,
adrenal glands, thymus, lung and testis (Maruyama et al., 1995; Milbrandt, 1988). The
expression in thymus is consistent with a suggested role for Norl and NGFI-B in the
negative selection of immature T-cells (Calnan et al., 1995; Liu et al., 1994; Woronicz et
al., 1994; Woronicz et al., 1995). Furthermore, Nurrl, Norl and NGFI-B are highly
expressed in the hypothalamus, pituitary and adrenal glands, and are thought to play a
coordinate role in neuroendocrine regulation of the hypothalamic-pituitary-adrenal axis at
multiple levels (Murphy and Conneely, 1997; Murphy et al., 2001; Philips et al., 1997a;
Philips et al., 1997b; Wilson et al., 1993b). More recently, it has been shown that in
response to apoptotic stimuli, NGFI-B translocates from the nucleus to mitochondria to
induce the release of cytochrome c and apoptosis in a manner that does not depend on
DNA-binding (Li et al., 2000). Nor-1 has been implicated in the pathogenesis of cancer,
as Norl is fused to the EWS protein (an RNA-binding protein of unknown function) in
patients with extraskeletal myxoid chondrosarcoma (Gill et al., 1995; Labelle et al.,
1999).

Surprisingly, no major phenotypes have been described in NGFI-B null mutant
mice (Lee et al., 1995). Two papers on Norl knockout mice have recently been
published. In the first, a subtle phenotype in the inner ear was detected (Ponnio et al.,
2002). In contrast, the second report describes a severe phenotype where the embryos die
during early embryogenesis due to incomplete gastrulation (DeYoung et al., 2003).
Recently, Norl and NGFI-B double knockout animals were generated. These mice
develop a myeloproliferative disease that leads to death of the mice within three weeks
after birth, suggesting that Norl and NGFI-B function as myeloid tumor suppressor genes
(Conneely, 2004).

Nurrl, which is the main focus of this thesis, is discussed in more detail below.
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Nurrl

The mouse Nurrl (NR4A2) gene is approximately 7 kilobases long and contains 8 exons.
[t has been mapped to mouse chromosome 2 (Castillo et al., 1997). The human Nurrl
gene (NOTT) has the same structure as the mouse Nurrl gene and spans a region of 8.3
kilobases (Ichinose et al., 1999; Torii et al., 1999). Several different Nurrl isoforms have
been reported with truncations in both the N- and C-terminal part of the protein, but the
physiological roles of these splice variants are still unknown (Castillo et al., 1998b;
Castillo et al., 1997; Ohkura et al., 1999).

Nurrl can form heterodimers with RXR in vitro, and the amino acids important
for heterodimerization have been identified (Aarnisalo et al., 2002; Perlmann and
Jansson, 1995; Sacchetti et al., 2002). It was recently shown that Nurr1-RXR signaling is
important for the survival of Nurrl-positive neurons, suggesting a role for Nurr/RXR
heterodimers in vivo (Wallen-Mackenzie et al., 2003).

Nurrl contains an AF-2 core that can activate transcription in a cell-type
dependent manner (Castro et al., 1999). In contrast to the AF-2 of other nuclear receptors,
the Nurrl AF-2 domain is not involved in binding of classical co-activators (Castro et al.,
1999). The N-terminal domain is unusually large and contains a core domain important
for transcriptional activation (Nordzell et al., 2004). It was recently shown that Nurrl
lacks a cavity for ligand binding as determined by the crystal structure of the LBD (Wang
et al., 2003).

Nurrl expression is seen mainly in the CNS except for a few Nurrl-positive cells
in the developing limb, adult testis, adrenal gland and thymus (Law et al., 1992; Saucedo-
Cardenas and Conneely, 1996; Zetterstrom et al., 1996a; Zetterstrom et al., 1996b). The
CNS expression of Nurrl is found in a number of areas both during embryogenesis and
postnatally. For example, Nurrl mRNA is detected in the cortex, hippocampus, thalamus,
dorsal motor nucleus of the vagus nerve, cerebellum, olfactory bulb, and spinal cord
(Law et al., 1992; Saucedo-Cardenas and Conneely, 1996; Zetterstrom et al., 1996a;
Zetterstrom et al., 1996b). Importantly, Nurrl, but not Norl or NGFI-B, is expressed in
developing DA cells starting from embryonic day (E) 10.5 in the mouse (Zetterstrom et
al., 1996b), with a peak of expression shown between E13-15 (Perrone-Capano and Di
Porzio, 2000). In accordance with this observation, studies on Nurrl null mice showed
that these mice lack midbrain dopamine (DA) neurons at birth, demonstrating that Nurrl
is essential for the formation of these cells (Zetterstrom et al., 1997). Further studies on
the Nurrl knockouts have shown that DA progenitors are initially formed but as
development progresses these midbrain DA progenitors degenerate in the absence of
Nurrl (Saucedo-Cardenas et al., 1998; Wallen et al., 1999; Witta et al., 2000)}. In
accordance with the results in vivo, Nurrl expression in cerebellar neural stem cells,
together with an unknown astrocyte factor, results in an increased number of cells with a
DA neuronal phenotype (Wagner et al., 1999).

The role of Nurrl in DA cell differentiation is well established, however the
immediate target genes and downstream molecular mechanisms for Nurrl are poorly
understood. A few reports on genes regulated by Nurrl have been published during the
last years. For example, Nurrl binding sites are present in the promoter of the tyrosine
hydroxylase (TH) gene (the rate-limiting enzyme involved in DA synthesis) and Nurrl
can transactivate the activity of this promoter (Iwawaki et al., 2000; Kim et al., 2003b;
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Sakurada et al., 1999; Schimmel et al., 1999). In addition, Nurrl has been shown to
regulate the transcriptional activity of the 5’flanking region of the dopamine transporter
(DAT) gene via an NBRE-independent mechanism (Sacchetti et al., 1999; Sacchetti et
al., 2001). Furthermore, the gene for CYP11B2, which is involved in the production of
aldosterone in the adrenal gland, was identified as regulated by Nurrl (Bassett et al.,
2003). More recently, Nurrl was shown to regulate the expression of the bone matrix
protein osteopontin (Lammi et al., 2004). Additional, studies have revealed the
dependence of Nurrl for expression of AADC, VMAT2, Ret, and p57"* ((Joseph et al.,
2003; Smits et al., 2003; Wallen et al., 2001) and results discussed below).

As Nurrl is encoded by an immediate-early gene, its expression can be induced
by a variety of stimuli. Stressful insults, such as ischemia of the rat brain, induce a rapid
increase of Nurrl expression (Honkaniemi and Sharp, 1996; Honkaniemi et al., 1997).
Furthermore, Nurrl expression is regulated in models of neuronal activation. For
example, Nurrl expression is induced by membrane depolarization in PC12 cells, a rat
pheocromocytoma cell line often used as a neuronal model system (Greene and Tischler,
1976). In addition, kainic acid, which increases synaptic activity and causes seizures,
leads to upregulation of Nurrl-expression in the hippocampus of rats (Crispino et al.,
1998; Honkaniemi and Sharp, 1999). It has also been suggested that Nurr1 regulates the
activity of neurons in the olfactory bulb, since naris closure leads to decreased expression
of Nurrl in the olfactory bulb (Liu and Baker, 1999). Induction of Nurrl expression is
also seen in cells outside of the CNS, exemplified by the cloning of Nurrl in rat
regenerating liver and in human activated T-lymphocytes (Mages et al., 1994; Scearce et
al., 1993). Furthermore, Nurrl expression is induced in bone cells by the metabolic
regulator parathyroid hormone (Tetradis et al., 2001).

The Nurrl promoter has been characterized and contains a glucocorticoid binding
site, a CAMP response element and two c-Jun binding sites (Castillo et al., 1997).
Interestingly, inflammatory mediators can activate the Nurrl promoter via cAMP and
NFkB response elements, suggesting a role for Nurrl in inflammatory responses
(McEvoy et al., 2002a; McEvoy et al., 2002b).

The DA system

Brain DA cells were originally identified by the Falck-Hillarp histofluorescence method,
which identifies fluorescent monoamines upon formaldehyde treatment (Falck et al.,
1962). It was found that DA cells were present in the diencephalons (forebrain), the
mesencephalon (midbrain), the retina and the olfactory bulb (Dahlstrém and Fuxe, 1964).
The DA neurons of the mesencephalon contain approximately 75% of the total number of
brain DA cells (about 40,000 neurons in the rat) and most attention has been given to this
group of DA neurons. The reason for this is the fact that midbrain DA neurons have been
implicated in mental and neurological disorders (see below). Midbrain DA neurons can
be divided into three groups, the lateral groups of the retrorubral field (RRF), the
substantia nigra pars compacta (SNc), and the ventral tegmental area (VTA). These three
groups, originally defined as A8-A10 respectively, project their axons to different
forebrain areas (Dahlstrdm and Fuxe, 1964). The SNc neurons project to the dorsolateral
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striatum, called the caudate putamen, and are involved in the control of voluntary
movements. This projection is called the nigrostriatal pathway, and is degenerated in
patients with Parkinson’s disease. VTA neurons project to the subcortical and cortical
areas and form the mesolimbocortical system involved in emotional behavior and in
mechanisms of natural motivation and reward. The neurons of the RRF are probably
involved in interconnecting the VTA and SNc¢ as RRF neurons project to both of these
groups (Parent et al., 2000).

There are several milestones in research showing the importance of DA as a
neurotransmitter. First, it was concluded that DA was a neurotransmitter (Von Euler and
Lishajko, 1957). Second, depletion of DA was shown to cause the symptoms of
Parkinson’s disease (Carlsson, 1959) and third, striatal and limbic DA originated from
mesencephalic DA neurons (Dahlstrém and Fuxe, 1964).

There are a number of genes whose expression is important for the function of the
DA nerve terminal (Fig. 4). The first enzyme involved in the formation of DA is the rate-
limiting enzyme tyrosine hydroxylase (TH), which converts the amino acid tyrosine into
levodopa (L-dopa). L-dopa is then converted to DA by aromatic L-amino acid
decarboxylase (AADC). Dopamine is stored in synaptic vesicles in the nerve terminal
and is packed into the synaptic vesicles by vesicular monoamine transporter 2 (VMAT?2).
Activation of the nerve terminal by an action potential releases DA into the synaptic cleft.
Released DA exerts its effect by binding to DA receptors located on the presynaptic and
postsynaptic neurons, which in turn give rise to intracellular signals in the neurons. DA in
the synaptic cleft is transported back into the nerve terminal by the DA transporter
(DAT).

tyrosine
l TH
Vesicles with DA || L-dopa
l AADC
dopamine

VMAT

Figure 4. Signal transduction by the transmitter DA at a synapse between two nerve cells. DA is
synthesized from tyrosine by the rate-limiting enzyme tyrosine hydroxylase (TH) and the enzyme amino
acid decarboxylase (AADC). Upon release from the presynaptic terminals into the synaptic cleft, DA
interacts with postsynaptic dopamine receptors (DR). Neurotransmission is terminated by uptake into
presynaptic DA fibers by the dopamine transporter (DAT). DA also activates presynaptic autoreceptors of
D2-type (D2R), which are involved in the regulation of dopamine synthesis, metabolism and release.
Finally, vesicular monoamine transporter 2 (VMAT?) transports dopamine into synaptic vesicles.
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Disorders of the midbrain DA system

Parkinson’s disease

Parkinson’s disease (PD) is caused by the degeneration of neurons in the SNc and results
in loss of the nigrostratal pathway. The cardinal symptoms of PD occur when
approximately 70-80% of the ventral mesencephalic dopaminergic cells have undergone
degeneration (Bernheimer et al., 1973). Individuals suffering from this disease show
muscular rigidity, reduced movement ability, difficulties of inducing movement,
slowness of movement and rhythmic resting tremors. Another characteristic feature of
PD is the formation of so called Lewy bodies, primarily in the SNc. Lewy bodies are
intracytoplasmic spherical inclusions that are immunoreactive for a protein called o-
synuclein (Spillantini and Goedert, 2000). Interestingly, in some genetic forms of PD, a-
synuclein is mutated, but the function of the gene is unknown (Kruger et al., 1998;
Polymeropoulos et al., 1997). Moreover, overexpression of a-synuclein in Drosophila
results in protein aggregates and PD-like symptoms (Feany and Bender, 2000). Genetic
studies of families with inheritable forms of PD have identified two additional proteins
that can be linked to PD. Both of these genes, parkin and UCHLI, are involved in the
degradation of proteins by ubiquitination (Chung et al., 2003).

Mutations in the Nurrl gene have been identified in patients with PD. Two
mutations in exon 1 of Nurrl were found to be associated with familial forms of PD.
Transfection of this mutated form of Nurrl into cell lines resulted in lower mRNA
expression levels than those in cells transfected with wild-type Nurrl. Furthermore,
reporter gene assays revealed that these mutants had lower transcriptional activity (Le et
al., 2003). In another study, a variant of Nurrl in which a single base pair was inserted
into exon 6 of the Nurrl gene was associated with PD. It was speculated that the Nurrl
splicing process might be disturbed in these patients as this base pair insertion is near the
junction of exon/intron 6 (Xu et al., 2002; Zheng et al., 2003).

Treatment of PD

There is no treatment for PD that can slow down the degeneration of SNc¢ neurons. The
most common therapy is to give L-dopa, which increase the striatal DA levels. Treatment
with L-dopa is effective in the earlier and middle stages of the disease but the effect of
this drug decreases with the progression of DA cell degeneration (Dunnett and Bjorklund,
1999). Another type of treatment is the transplantation of human fetal mesencephalic
tissue into the caudate putamen. The grafted cells survive and innervate the tissue but a
major problem is that a large number of embryos are required and a lot of the cells die
during the process (Brundin et al., 2000).

Intense research is being conducted to find alternative therapies for PD. An
important tool when it comes to testing new therapies and understanding the pathology of
PD is the use of animal models. Two commonly used DA cell toxins are 1-Methyl-4-
phenylpyridinium (MPTP) and 6-hydroxyDA (6-OHDA), which both destroy DA
signaling in the striatum. The identification of factors that can increase the survival of
DA cells in toxin-induced animal models is a potential therapy for PD. For example, the
dopaminotrophic factor glial cell line-derived neurotrophic factor (GDNF) can rescue the
nigrostriatal pathway from toxin-induced degeneration in vivo (Beck et al., 1995; Choi-
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Lundberg et al., 1997). As an alternative to increasing the survival of DA cells which
aims at rescuing endogenous DA cells, transplantation of engineered DA cells serves to
replace these cells. An attractive alternative to the treatments discussed above would be
to develop technologies that could generate unlimited numbers of DA neurons from
either stem cells, or DA-precursor cells derived from small amounts of embryonic tissue
(Lindvall, 1999). This issue will be discussed further in “Engineering of DA cells with
the help of Nurrl”.

Schizophrenia
Schizophrenia (SZ) is a mental illness in which both genetic and environmental factors
probably play an important role in the manifestation of symptoms. The disease is
complex in origin and cannot easily be explained by a single genetic or environmental
component. Efforts in identifying the underlying disturbances in SZ are currently focused
on examination of the mechanism of action of drugs that alleviate the symptoms of SZ,
examination of neuroanatomical abnormalities in the brains of SZ patients, and
examination of candidate genes that confer susceptibility to SZ (Sawa and Snyder, 2002).
In the early 1950s the beneficial effects of the drug chlorpromazine on SZ symptoms
were discovered. It was later found that this drug blocked DA receptors in the nucleus
accumbens (NAc) and prefrontal cortex, areas that regulate emotional behavior.
Furthermore, the administration of amphetamine, which acts by releasing DA, was found
to increase SZ symptoms. These drug effects led to the “DA hypothesis™ for the
modulation of SZ symptoms, with excess DA increasing, and decreased DA alleviating,
the symptoms (Carlsson, 1988). It has later been shown that other neurotransmitters such
as glutamate and seretonin are also involved in the disease (Sawa and Snyder, 2002).
Curiously, mutations in the Nurrl gene has been linked to schizophrenia and
manic depressive disorders. Direct sequencing of the Nurrl gene revealed two different
missense mutaions in the third exon of Nurrl in two schizophrenic patients, and another
missense mutation in the same exon in an individual with manic-depressive disorder. All
three mutations, which were situated in the Nurrl DBD, resulted in a 30-40% decrease in
transcriptional activity of Nurrl dimers (Buervenich et al., 2000).

The DA system in addiction and reward

The ability of drugs of abuse to cause addiction can be viewed as a form of neural
plasticity. Indeed, chronic drug exposure has been shown to produce profound
biochemical and morphological changes in specific brain regions thought to mediate the
reinforcing and addicting actions of the drugs (Nestler and Aghajanian, 1997). Prominent
among these brain regions is the mesolimbic DA system, which encompasses
dopaminergic neurons in the VTA and their projections to the forebrain, including the
nucleus accumbens (NAc). Indeed, chronic exposure to several drugs of abuse, including
cocaine, amphetamine, opiates, and alcohol causes a series of common biochemical
adaptions in the DA system (Nestler et al., 1993). For example, the levels of tyrosine
hydroxylase, specific glutamate receptors and glial fibrillary acid protein (an intermediate
filament protein specific to glia) are increased in the NAc, while there is a decreased level
of neurofilalments (intermediate filament protein specific to neurons). In the NAc,
chronic drug exposure upregulates activity of the cAMP pathway and induces delta FosB,
a Fos family transcription factor. The importance of the mesolimbic DA system in
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addiction is further supported by the fact that a single injection of most drugs of abuse,
including psychostimulants, opioids, ethanol and nicotine, causes the release of DA in the
striatum, preferentially in the nucleus accumbens (Di Chiara and Imperato, 1988).
Furthermore, withdrawal from addictive drugs decreases extracellular DA release
(Rossetti et al., 1992). Both social and psychological factors contribute to addiction, but it
is clear from epidemiological studies that genetic factors also weigh in (Nestler, 2000).
An important tool for analyzing the genetic influence on reward and addictive behaviors
is the comparison of inbred strains of rat and mouse that show robust differences in
behavioral and biochemical responses to drugs of abuse. For example, the drug-preferring
Lewis and drug-avoiding Fischer rats have been extensively studied (Beitner-Johnson et
al., 1991; Guitart et al., 1992). Furthermore, it has been shown that DBA and C57 strains
of mice differ in self-administration of addictive drugs (Meliska et al., 1995; Risinger et
al., 1998). Accordingly, several groups are attempting to identify the genetic basis of
these behavioral differences. Another genetic approach to study addiction is the analysis
of transgenic mice that lack or overexpress genes of potential interest in adaptions to
drugs of abuse. For example, studies of transgenic mice overexpressing delta FosB
provide evidence that delta FosB causes increased sensitivity to behavioral effects of
drugs (Nestler et al., 2001).

The dopamine neurons that originates in the VTA and terminates in the NAc not
only plays a critical role in the rewarding effects of drugs of abuse, but also regulates
natural rewards, such as food, drink, sex and physical exercise (Koob et al., 1998; Wise,
1998). As a result, there is considerable interest in a possible role of this brain region in
behavioral addictions such as gambling, eating disorders and exercise addiction,

Mice deficient in TH, VMAT2, D2R or DAT

TH deficient mice die at mid-gestation due to cardiovascular failure. Administration of L-
dopa to pregnant females results in complete rescue of the mutant phenotype in utero.
However, without further treatment these mice die before weaning (Kobayashi et al.,
1995; Zhou et al., 1995). However, disruption of the TH gene results in deficiency in
both DA and noradrenergic cells. To restore TH expression in noradrenergic cells, the TH
coding sequence was targeted to the noradrenergic-specific dopamine-B-hydroxylase
promoter by homologous recombination. These dopamine deficient mice were born at
expected frequency but became hypoactive and died a few weeks after birth due to lack
of feeding (Zhou and Palmiter, 1995). Moreover, they had a marked reduction of
dopamine in the brain which led to multiple behavioral abnormalities characterized by
reduction in spontaneous locomotion, blockade of metamphetamine induced
hyperactivity and defects in active avoidance learning (Nishii et al., 1998).

Newborn VMAT?2-/- mice move little, feed poorly and die within a few days after
birth (Fon et al., 1997; Takahashi et al., 1997; Wang et al., 1997). VMAT+/- mice are
viable and have half as much VMAT?2 compared to VMAT2+/+ mice (Takahashi et al.,
1997). The lower level of VMAT?2 in heterozygous mice results in decreased levels of
DA despite a near doubling of DA synthesis rates in the brain (Wang et al., 1997). In
addition, MPTP administration resulted in twice as much cell death in DA neurons of
heterozygous mice compared to wild-type mice (Gainetdinov et al., 1998). Finally, these
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mice showed an increased locomotor response to several drugs of abuse such as cocaine,
amphetamine, and ethanol (Wang et al., 1997).

Disruption of DAT results in spontaneous hyperlocomotion despite lower level of
TH and dopamine in the striatum. In DAT-/- mice dopamine persist at least 100 times
longer in the extracellular space, explaining the biochemical basis for the
hyperdopaminergic phenotype (Giros et al., 1996). In addition, these mice do not show
any degradation of DA cells after MPTP treatment, in accordance with the fact that MPP*
(the oxidation product of MPTP) is transported into DA nerve terminals via DAT
transport (Gainetdinov et al., 1997).

Dopamine D2 receptors (D2R) are important in striatal processing of motor
information received from the cortex. In addition, pre-synaptic D2 autoreceptors are well
known to modulate dopamine release. Absence of this gene leads to animals that are
bradykinetic and akinetic in behavioral tests and show a significant reduction in
spontaneous locomotion (Baik et al., 1995). Thus, this phenotype presents analogies with
symptoms characteristic of PD. D2R knockouts are hypoactive and show insensitivity to
the hypolocomotor effects of D2 receptor agonists (Boulay et al., 1999). Moreover, these
mice exhibit decreased DAT function but do not have any changes in DA release in the
dorsal striatum (Dickinson et al., 1999).

Importantly, all of the knockouts described above have fully differentiatiated DA
neurons. Thus, expression of these genes is not necessary for the development of DA
neurons.

Midbrain DA neuron development

Alterations in DA neurotransmission have been implicated in a number of human
disorders including Parkinson’s disease, schizophrenia and drug abuse. Understanding
how DA cells are formed during embryogenesis may provide important insight for the
treatment of these disorders. Transgenic technology, especially the use of homologous
recombination to disrupt specific genes to produce knockout mice, has added
considerably to the understanding of DA neuron development.

The development of midbrain DA neurons starts with the formation of mitotic DA
progenitor cells from neuroepithelial stem cells in the midbrain. An important structure
for the development of these cells is the mid-hindbrain junction, also called the isthmus.
Around embryonic day E10-E10.5 in the mouse, the first mitotic DA progenitors are
converted to post-mitotic differentiating DA neurons. These cells will eventually
differentiate into DA neurons with the complete molecular make-up, and they will
establish the correct connections with their target areas (Burbach et al., 2003; Simon et
al., 2003; Wallen and Perlmann, 2003).

The mid/hindbrain region-the isthmus

The DA neurons are born rostrally to the isthmus, which is a very important barrier that
anatomically and molecularly separates the forebrain from the hindbrain. Deregulation of
this structure has severe effects on the development of the whole midbrain. The isthmus
can be specified by its expression of the signaling molecule FGF-8, which is important
for the induction of many different types of neurons, including the midbrain DA neurons.
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Interestingly, ectopically applied FGF-8 is capable of inducing an ectopic isthmus
structure (Martinez et al., 1999). Several genes such as, Otx1, Otx2, Pax2, Pax5 and
Gbx2, Enl and En2 are expressed during the formation of the isthmus, suggesting a role
for these genes in the establishment of the isthmus (Hynes and Rosenthal, 1999).

Specification of proliferating DA progenitor cells

The proliferating midbrain DA neurons are specified in the immediate vicinity of the
isthmus and the floor plate, a specialized cell type that lies along the CNS ventral midline
(Fig. 5). The combined signaling by FGF-8, which is secreted from the isthmus, and Shh,
from the floor plate, leads to the induction of mitotic DA progenitor cells (Hynes et al.,
1995a; Hynes et al., 1995b; Hynes and Rosenthal, 1999; Ye et al., 1998).

Only one marker specific for the proliferating DA progenitor cells has been
reported. Raldhl (or AHD2), an aldehyde dehydrogenase capable of metabolizing
retinaldehyde into retinoic acid (Lindahl and Evces, 1984), is expressed in the ventral
midbrain neuroepitelium (Wallen et al., 1999). Its expression continues after cells have
stopped proliferating and is later colocalized with postmitotic markers such as TH
(Wallen et al., 1999). These findings raise the possibility that retinoic acid is involved in
controlling DA cell proliferation.

Figure 5. Schematic representation of the location of midbrain DA neurons. The figure shows a sagittal
section of an E9 mouse neural tube. The DA neurons are born in the midbrain at the intersection of Shh and
FGF-8 signaling, rostrally to the isthmus. FGF-8= fibroblast growth factor 8, fp= floor plate, is= isthmus,
shh= sonic hedgehog, mDA= midbrain DA cells, F= forebrain, M= midbrain, H= hindbrain. (Drawing
adapted from Simon et al. 2003).

Differentiation of DA neurons

The differentiation of postmitotic DA neurons starts with the expression of Nurrl at
E10.5 and is followed by the expression of the classical DA marker TH at E11.5 in the
mouse (Zetterstrom et al., 1997). DA can be detected at E12, and the cells also express
AADC and VMAT?2 by this time, which allows them to synthesize and store DA (Olson
and Seiger, 1972). The neurons also start to migrate into medial and lateral positions, to
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form the A8 to A10 areas, and they also start to innervate their target areas. Gene
targeting experiments have identified several transcription factors that are important for
the development of DA neurons. These include Nurrl and the homeodomain transcription
factors Lmx 1b, Ptx3 (also called Pitx3) and Enl/En2.

In Nurrlknockout mice the expression of TH is completely lost, but initially the
cells express other DA markers, i.e Ptx3, Enl, En2 and Lmx1b (Castillo et al., 1998a;
Saucedo-Cardenas et al., 1998; Wallen et al., 1999; Zetterstrom et al., 1997). At around
E15 to E16 these markers are lost, and an increase in apoptosis is seen at late gestation.
Moreover, fluorogold retrograde tracing experiments have shown that Nurrl- deficient
neurons are not able to innervate the striatum (Wallen et al., 1999). Opposing results have
been reported from another group that showed preserved innervation and cellularity
(Witta et al., 2000). In summary, Nurrl is essential for the generation of midbrain DA
cells and most probably for correct target innervation.

Ptx3 is expressed from E11 in TH-positive cells of the VTA and SNc, and this
gene is not expressed in any other neurons, making it specific for the mesencephalic DA
cells (Smidt et al., 1997). The Ptx3 gene is deleted in the naturally occurring mouse
mutant, the aphakia mouse, and these mice fail to develop their SNc neurons.
Furthermore, the striatal projections of the SNc neurons are lost. The dopaminergic
phenotype of the remaining DA neurons is not affected, as they express other DA
markers (Hwang et al., 2003; Nunes et al., 2003; Smidt et al., 2004; van den Munckhof et
al., 2003).

Lmx1b is found in the ventral mesencephalon as early as E7.5, and its expression
continues in developing and adult DA neurons. Developing DA cells of Lmx1b knock-
out mice express TH and Nurrl but lack Ptx3-positive cells, indicating that Ptx3, but not
TH and Nurrl, depends on Lmx1b for its expression. At later stages (E16) expression of
TH is lost, showing the importance for Lmx1b in differentiation and maintenance of
mesencephalic DA neurons (Smidt et al., 2000).

The engrailed genes, engrailed-1 (Enl) and engrailed-2 (En2), are expressed
during early midbrain formation (E9), and show a second phase of expression in the
developing DA cells from approximately E11 (Danielian and McMahon, 1996; Wurst
and Bally-Cuif, 2001). Single knockouts of Enl and En2 have normal DA cells in both
the VTA and SNc. Interestingly, a small number of TH positive cells are detected in Enl
and En2 double mutants, but they are lost at later stages (Simon et al., 2001).
Importantly, the gene targeted Lmx 1b and En-mice have structural malformations of their
midbrains, which may itself result in defective DA cell differentiation. A summary of the
midbrain DA cell development is presented in figure 6.
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Figure 6. Midbrain DA cell development. Mitotic DA progenitors are formed from neuroepithelial stem
cells by the combinatorial action of sonic hedgehog and fibroblast growth factor 8 (FGF-8). RaldhI/AHD2
is expressed in proliferating DA progenitors from approximately E9.5. As the cells become post-mitotic
they express Nurrl from E10.5, followed by Enl, En2 and Ptx3 at E11. At EI1.5 the cells start to express
markers characteristic for differentiated DA neurons, such as TH. Lmx|b is another early marker for
mitotic DA progenitors, expressed from E7.5, however its expression is not specific to the DA progenitors
(Smidt, 2000).

Engineering of DA cells with the help of Nurrl

Nurrl knockout studies have shown that Nurrl is important for the development of DA
neurons, suggesting that Nurrl expression is important for the generation of DA cells in
vitro. Indeed, several studies have shown that Nurrl expression can increase the number
of DA cells in culture. For example, overexpression of Nurrl in an immortalized neural
stem cell line, together with factors derived from type | astrocytes, can induce a ventral
mesencephalic DA phenotype in these cells (Wagner et al., 1999). Over 80% of the cells
obtained by this method demonstrate a phenotype indistinguishable from endogenous DA
neurons. It was shown in another study that a highly enriched population of DA
precursors can be generated from embryonic stem (ES) cells stably expressing Nurrl
under very specific culture conditions (Kim et al., 2002). These cells had an increased
DA release and a higher expression of dopaminergic markers, such as TH and AADC,
compared to ES cells not expressing Nurrl. Furthermore, the Nurrl-expressing ES cells
formed functional synapses when grafted into 6-OHDA-lesioned animals, indicating that
functional DA neurons were formed. In a third study Nurrl-overexpression in embryonic
rat CNS precursors gave rise to DA neurons, characterized by the expression of several
DA markers. However, transplantation of these cells into the striatum of 6-OHDA-
lesioned rats resulted in poor survival and in vivo differentiation (Kim et al., 2003a).
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METHODS

The methods used in this thesis work are described in Papers I-V. A summary of the
techniques used, with reference to the respective paper, follows below.

Technique Paper
Differential gene expression assays LI
Differential display
CDNA microarrays II
Subtractive hybridization n.p ()
RT-PCR analysis LILV
Semi-quantitative RT-PCR LV
Real-time RT-PCR II
In situ hybridization ILIL IO, V
DIG-labeled I I
Radioactive o,v
Cryo- and microtome sectioning I IL 0, V
Genotyping by PCR 1-v
Cell culture work I-v
BrdU labeling of cells I
HPLC-analysis of DA content I
FACS analysis I
Immunohistochemistry I, IV
Transfection of DNA I-1II
Reporter gene assay IL, 1T
Cloning of DNA into expression vectors I-IT
Dissection of mouse embryos 1-v
Microscopy 1-v
DNA-binding assay I
In vitro tissue cultures 1AY
Behavioral studies of mice v
Western blot n.p (V)

n.p not published
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AIMS OF THE STUDY

The role of Nurrl in DA cell differentiation is well established, however the immediate
target genes and downstream molecular mechanisms for Nurrl are poorly understood. In
addition, very little is known about the role of Nurrl in adult DA cells, and cells distinct
from the DA cells.

The specific aims of the study has been:

¢ To identify genes that are regulated by Nurrl (Papers I and II).

* To establish an in vitro model system where we can study the effects of Nurrl in
developing DA neurons (Papers I and III).

* To further understand the role of Nurr1 in differentiating midbrain DA cells (Papers I,
IIT and IV).

* To investigate the effect of deleting one Nurrl allele on drug-induced and natural
reward mechanisms (Paper V).
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RESULTS AND DISCUSSION

Model systems for the identification of Nurrl-regulated genes

The main focus of this thesis has been to identify genes regulated by Nurrl to further
understand the role of Nurrl in vivo. As Nurrl is important for the development of DA
cells, we chose to use two different dopaminergic model systems to identify these genes.
One approach was to compare gene expression in E13.5 ventral midbrains dissected from
Nurrl +/+ and Nurrl -/- embryos. The idea was to identify genes expressed in the wild-
type midbrain DA cells that were not found in knockout cells. In the second strategy we
used a dopaminergic cell line, MN9D, where we overexpressed Nurrl and studied the
effect of Nurrl on gene expression. An important advantage of using ventral midbrain
tissue to find differentially expressed genes is that the DA cells are derived from a natural
source. A disadvantage with the dissected tissue is that it is difficult to dissect the correct
area of the brain, and the amount of tissue is highly limited. Furthermore, the ventral
midbrain contains many cell types that do not express Nurrl. The MNOD cells, on the
other hand, are easy to culture and high amounts of RNA can be obtained. In addition,
they represent a uniform source of DA cells. The drawback with these cells is that they
are a fusion between primary embryonic DA cells and a neuroblastoma cell line. Thus,
they do not fully represent a natural DA cell source. In addition, the MN9D cells are not
perfect DA cells, as they do not express all dopaminergic markers (see below).

MNID cells

The DA cell line MN9D was generated by somatic cell fusion of primary neurons from
mouse embryonic day 14 rostral mesencephalic tegmentum and the neuroblastoma cell
line N18TG2 (Choi et al., 1991). This cell line was chosen as a model system for
midbrain DA cells as the cells express neuronal-specific markers and show characteristic
dopaminergic phenotypes. Importantly, they store and produce high levels of DA, have
embryonic properties, and are sensitive to the DA cell toxin MPTP (Choi et al., 1991). In
addition, these cells can be induced to extend neurites in response to various stimuli, such
as the dopaminotrophic factor GDNF (Choi et al., 2001; Heller et al., 1996; Oh et al.,
1996; Swarzenski et al., 1996). Furthermore, the DA content of the MN9D cells can be
increased following exposure to an unknown factor derived from immortalized striatal
neurons (Heller et al., 2000). In order to study the effect of physiological expression
levels of Nurrl, we produced an MN9D cell line in which Nurrl-expression is controlled
by the doxocycline-dependent promoter (paper I and (Joseph et al., 2003)).
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Mesencephalic DA cells in Nurrl knockout mice

It is necessary to explain more about the fate of the developing DA neurons in the Nurrl
gene targeted mice, as we chose to use ventral midbrains from E13.5 in our differential
screening assays. Initial work describing these mice showed that the dopaminergic
markers (TH, Ret, Raldh1/AHD?2 and DA receptor D2) are absent at birth (Zetterstrom et
al., 1997). Furthermore, TH expression was absent specifically in the mesencephalic DA
cells throughout all developmental stages. These results concluded that Nurrl is
necessary for the developmental process generating these neurons (Zetterstrom et al.,
1997), which was later confirmed by two other groups (Castillo et al., 1998a; Saucedo-
Cardenas et al., 1998). More detailed work on the DA cells of the Nurrl-mutant mice
showed that several DA markers, such as Raldh1/AHD2, Ptx3, Enl and En2, are lost
between E12.5 and E15.5 (Saucedo-Cardenas et al., 1998; Wallen et al., 1999). Thus,
DA-specific genes are induced even in the absence of Nurrl, but further maturation is
disrupted. As development progresses, these midbrain DA precursors degenerate in the
absence of Nurrl, as seen by an increase in cell death at E18.5 (Saucedo-Cardenas et al.,
1998; Wallen et al., 1999). One or several genes, which are induced by Nurrl, should be
important for the continued differentiation of the post-mitotic DA progenitors. If these
genes are not expressed, the DA cells will be reprogrammed and further maturation is
disrupted. In our attempts to find such gene/-s we used E13.5 embryos, as this is a stage
where the developing DA cells still express most DA markers and have not reached the
stage where DA markers are lost and cell death occurs.

Methods for the identification of differentially expressed genes

In recent years a variety of techniques have been developed to analyze differential gene
expression, including comparative expressed sequence tag sequencing (Adams et al.,
1995), differential display (Liang and Pardee, 1992; Welsh et al., 1992), PCR-based
subtractive hybridization cloning (Diatchenko et al., 1996; Hubank and Schatz, 1994),
mRNA hybridization to cDNA microarrays (Duggan et al., 1999), and serial analysis of
gene expression (SAGE) (Velculescu et al., 1995). In this thesis work we used subtractive
hybridization, differential display and cDNA microarrays with the aim of identifying
Nurrl-regulated genes. Subtractive hybridization is a technique that enables comparison
of two populations of mRNA and retreivment of clones of genes that are expressed in one
population but not in the other. In this method both mRNA populations are first
converted to cDNA. The cDNA population that contains the differentially expressed
transcript is referred to as tester and the reference cDNA as driver. Tester and driver
cDNAs are hybridized and the hybrid sequences are removed. Consequently, the
remaining unhybridized cDNAs represents genes that are expressed in the tester, but are
absent from the driver cDNA. This cDNA population is then subjected to PCR
amplification to enrich for the differentially expressed genes, and the cDNAs of this
library is then further characterized (Diatchenko et al., 1996; Hubank and Schatz, 1994).
Subtractive hybridization is a powerful technique that requires very little starting material
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and it is also known to detect low abundant transcripts. In contrast, it is a complex
procedure with a lot of pitfalls.

Differential display is another PCR-based method where the mRNA populations
to be compared are first converted to cDNA. Subsequently, arbitrary primers are used to
amplify cDNA fragments of varying length from the different cDNA populations. The
amplified cDNA fragments are separated on a polyacrylamide gel and side-by-side
comparisons of such cDNA patterns reveals differences in gene expression. Differentially
expressed ¢cDNA bands can be retrieved, cloned and sequenced for further
characterization (Liang and Pardee, 1992; Welsh et al., 1992). Differential display is
relatively simple to execute, and is efficient for analyzing small amounts of RNA. In
addition, many different samples can be analyzed on a single gel. A limitation of the
differential display method is that false positives can be generated during PCR
amplification, or in the process of cloning the differentially expressed PCR products.
Furthermore, this technique is not very good at detecting low abundant transcripts. In
contrast to subtractive hybridization, this method identifies both increases and decreases
in gene expression.

CDNA microarrays are coated glass microscope slides where cDNAs from the
genes of interest are spotted. Total RNA from both test and reference sample is
fluorescently labeled with either Cy5 or Cy3-dUTP using a single round of reverse
transcription. The fluorescent targets are pooled and allowed to hybridize under stringent
conditions to the clones spotted on the arrays. Measurement of Cy5 and Cy3 emission
spectras after excitation with a laser allows determination of the relative amount of
transcript present in the cDNA pool by the type of fluorescent signal generated (Duggan
et al., 1999). This technique does not require PCR amplification steps that can potentially
introduce errors. However, microarray analyses are limited by the fact that rare
transcripts are hard to detect. In addition, all genes are not represented on the arrays, a
limitation that will probably be less important in the future. More importantly, this
technique requires large amount of RNA. Protocols for RNA-amplification have been
described, but it is difficult to amplify all mRNAs in a linear fashion (Smith and
Greenfield, 2003).

Paper I-Nurrl regulates DA synthesis and storage in MN9D
DA cells

Nurrl increases DA content and the expression of AADC and VMAT2

We aimed, in the work described in paper I, at finding genes whose expression is
deregulated early in the developing DA neurons of Nurrl knockout mice. Furthermore,
we wished to establish an in vitro model system in which we could study Nurrl function.
We used MNOD cells for this, where Nurrl was stably transfected into the cell line under
control of a doxocyclin-dependent promoter. Thus, we were able to increase expression
of Nurrl by addition of doxocycline (dox). Furthermore, removal of dox resulted in
downregulation of Nurrl expression.
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Our first observation was that Nurrl had the capacity to increase the DA content
of the MNOD cells, as increased expression of Nurrl doubled the amount of DA in the
cells. In addition, Nor1 and NGFI-B, but not RAR or the thyroid hormone receptor TR,
were able to increase the dopamine content of the cells, suggesting that the capacity of
increasing the DA content is unique for the NGFI-B subfamily. Furthermore, the DA
content of the cells was increased in cells transiently transfected with a Nurrl mutant that
is not able to dimerize with RXR, suggesting that Nurrl/RXR heterodimers are not
involved in increasing the DA content of the cells (discussed further in Paper III).
Binding of Nurrl to DNA is required for increasing the dopamine content, as a DNA-
binding deficient Nurrl mutant (Paper III and (Aarnisalo et al., 2002)) was not able to
increase the DA content of the MN9D cells.

We wished to understand the mechanism behind the Nurrl-dependent increase in
dopamine content of the cells, and used semi-quantitative RT-PCR to analyze the
expression of genes that are involved in the production, storage and elimination of DA.
These analyses showed that the DA-synthesizing enzyme AADC was upregulated in cells
that overexpress Nurrl. Furthermore, the expression of VMAT?2, which is responsible for
the transportation of DA into synaptic vesicles of DA nerve terminals, was increased in
cells induced to express Nurrl. Interestingly, VMAT?2 was also picked up in a differential
display experiment, where we compared gene expression in dissected ventral midbrains
from Nurrl+/+ and Nurrl -/- mice.

We were interested to investigate if the Nurrl-induced expression of AADC and
VMAT?2 was dependent on continuous expression of Nurrl. Therefore, Nurrl expression
was first induced by addition of dox and subsequently reduced by removal of dox. Our
results showed that VMAT2 mRNA expression was reduced upon removal of dox,
suggesting that this gene is dependent on continuous expression of Nurrl. In contrast, the
expression level of AADC mRNA was not changed when dox was removed.

Next, we were interested in the importance for Nurrl in regulating VMAT?2 and
AADC expression in vivo. In situ hybridization analyses of Nurrl knockout E13.5 ventral
midbrains showed that VMAT2 and AADC expression was downregulated in the DA
progenitors at this early developmental stage.

We were able to induce morphological differentiation by transient transfection
with Nurrl or by addition of retinoids to the culture media (Paper III, discussed below).
Thus, we were interested to determine if retinoids could increase the DA content of the
MNOD cells. In contrast, retinoids decreased the dopamine content and the expression of
AADC, suggesting that Nurrl plays an instructive role in regulation of DA production
and storage.

In summary, the results of Paper I suggest that Nurrl is important for the DA
neurotransmitter phenotype, as this NR is capable of inducing the expression of genes
important for DA synthesis and storage.

Nurrl-dependent regulation of VMAT2 and AADC

The early downregulation of AADC and VMAT?2 expression in the knockout animals
supports a relatively direct effect of their regulation by Nurrl. In addition, we observed
that AADC and VMAT2 mRNA levels were reduced in E13.5 midbrains of Nurrl
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heterozygous mice compared to wild-type mice, suggesting that the lower expression of
Nurrl results in reduced expression levels of AADC and VMAT?2 in vivo. Furthermore,
in the case of VMAT?2, the reduction in expression of this gene upon removal of dox in
the MNOD cells indicates dependence on sustained Nurrl expression. In contrast, the fact
that we did not find any NBREs or NBRE-like sequences, which have previously been
shown to bind Nurrl (Murphy et al., 1996; Wilson et al., 1991; Wilson et al., 1993a), in
the promoter regions of AADC and VMAT?2, suggests that Nurrl regulates these
promoters indirectly. In theory, we cannot exclude that Nurrl can bind to elements
distinct from the known target sequences. Therefore, promoter analyses would be
necessary to gain further insights into the Nurrl-dependent regulation of VMAT2 and
AADC. In addition, the NBREs important for the Nurrl-dependent regulation of these
genes may be situated far away from the proximal promoter.

Interestingly, two other studies have reported that Nurrl induces the expression of
VMAT?2 and AADC mRNA, further supporting the importance of Nurrl for expression
of these genes (Kim et al., 2002; Kim et al., 2003a).

Nurrl and the DA transmitter phenotype

Several studies have showed the importance of Nurrl in the regulation of the DA
transmitter phenotype. The first observation was that Nurrl knockout mice lack
expression of TH and that striatal DA levels were reduced in Nurrl -/- and +/- mice at
birth (Castillo et al., 1998a; Saucedo-Cardenas et al., 1998; Zetterstrom et al., 1997). This
was followed by the in vitro observation that Nurrl can regulate the tyrosine hydroxylase
promoter (Iwawaki et al., 2000; Kim et al., 2003b; Sakurada et al., 1999). Another gene
important for the regulation of DA homeostasis, DAT, was shown to be regulated by
Nurrl in vitro (Sacchetti et al., 1999; Sacchetti et al., 2001). Recently, a study by Smits et
al. (Smits et al., 2003) showed the importance of Nurrl for the expression of DAT in
vivo. This was supported by the fact that DAT was not expressed in El14.5
mescencephalic DA neurons of Nurrl gene targeted mice. In this study, the authors also
noted the early downregulation of VMAT2 mRNA, but they could still see expression of
AADC mRNA, even though this expression was reduced in the Nurrl -/- embryos. The
discrepancy between the two studies could be due to differences in design of the gene-
targeting construct, or to differences in detection levels of the AADC mRNA. The fact
that AADC was not downregulated in the MN9D cells upon withdrawal of dox indicates
that this gene is less dependent on Nurrl for its expression. In any event, Nurrl is
probably involved in the induction of AADC mRNA, although it might not be necessary
for its sustained expression.

Nurrl, VMAT2 and AADC in the adult brain

Nurrl expression continues in adult DA cells, indicating a function for this protein in the
adult brain (Saucedo-Cardenas and Conneely, 1996; Xiao et al., 1996; Zetterstrom et al.,
1996a; Zetterstrom et al., 1996b). In addition, mutations in the Nurrl gene have been
identified in patients with PD and manic—depressive disorders, indicating that Nurrl
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plays an important role in maintenance of the normal DA cell functions in the adult
(Buervenich et al., 2000; Le et al., 2003). We noted that the expression of VMAT?2 is
dependent on continuous expression of Nurrl. Thus, this result may indicate that Nurrl-
dependent expression of VMAT?2 is not only important in the developing, but also in
adult DA neurons. Controlled regulation of VMAT?2 is certainly important, as mice
heterozygous for VMAT?2 display reduced response to the rewarding effect of
amphetamine and enhanced amphetamine locomotion (Takahashi et al., 1997).

The regulation of VMAT2 and AADC by Nurrl can also have implications for
PD. L-dopa treatment is limited by the short duration of behavioral improvement and
fluctuating responses to the drug. In theory, increasing the Nurrl activity would result in
increased production (via AADC) and storage (via VMAT?2) of DA. It is interesting in
this context to mention that both Nurrl and VMAT?2 have a reduced expression in PD
brains (Chu et al., 2001; Miller et al., 1999). Furthermore, endogenous AADC levels are
considered to be low in human brains, and it is thought that this enzyme becomes rate-
limiting as degeneration of DA neurons progresses in PD (Li et al., 1998; Lloyd and
Hornykiewicz, 1972). Interestingly, transplantation of genetically modified fibroblasts
expressing AADC and VMAT?2 into Parkinsonian rat striata resulted in higher DA levels
and prolonged duration of DA release after exogenous L-DOPA administration (Lee et
al., 1999). In another experiment 6-OHDA-lesioned rats were transduced with adeno-
associated vectors expressing TH or AADC into the striatum. Cotransduction with the
two viruses resulted in more remarkable behavioral recovery than that which occurred in
rats receiving TH alone, indicating the importance of AADC enzymatic activity (Fan et
al., 1998).

VMAT? has been suggested to protect DA cells from various toxic insults. DA
itself can be toxic to neurons and potentially be involved in degeneration of dopaminergic
neurons in PD (Willis and Armstrong, 1998). VMAT2 has been shown to protect DA
cells from DA-induced toxicity by sequestering DA into synaptic vesicles (Weingarten
and Zhou, 2001). In addition mice heterozygous for VMAT?2 are more susceptible to the
neurotoxic effects of MPTP, suggesting that VMAT2- mediated sequestration of the
neurotoxin into vesicles may play an important role in attenuating MPTP toxicity in vivo
(Gainetdinov et al., 1998; Le et al., 1999; Takahashi et al., 1997).

Nurrl function in the adult midbrain should ultimately be studied with the help of
conditional gene target strategies. In this type of experiment, the Nurrl activity would be
maintained during development and disrupted at later stages.

Evaluation of MN9D cells as a tool for studying Nurrl function

The MNO9D cells proved to be a useful model system for developing DA neurons, as we
were able to find Nurrl-dependent mechanisms in the cells that were also relevant in
vivo. First, we found that Nurrl increased the DA content, and we identified two genes,
AADC and VMAT2, which probably contributed to the DA increase. Next, we could
verify that the expression of these genes was indeed down-regulated in Nurrl knockout
mice. The cells are not a perfect model for developing DA neurons, as we could not see
the established Nurrl-regulation of DAT. Furthermore, the basal expression of TH was
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very high even in the absence of Nurrl overexpression, and a weak or no increase in this
gene was observed when Nurrl was overexpressed.

Another recent publication showed that the MN9D cells are a useful model for
developing DA cells (Joseph et al., 2003). In this report, the cyclin-dependent kinase
inhibitor p57*** was regulated by Nurrl in the MN9D cells, and was detected in a pattern
similar to that of Nurrl in the ventral midbrain. Furthermore, p57*"* was downregulated
in ventral midbrains of Nurrl knockout mice. Analysis of p57"* null mutant mice
showed a resembling midbrain DA cell phenotype to that of the Nurrl mutant mice,
supporting that p57<"™ is an effector target gene of Nurrl in DA neuron development.

Future directions

The participation of Nurrl in regulating the expression of AADC and VMAT?2 cannot
explain the severe developmental phenotype characterized by degeneration of
mesencephalic DA neurons in Nurrl -/- mice, as mice lacking DA and VMAT?2 still
generate midbrain DA neurons (Fon et al., 1997; Takahashi et al., 1997; Wang et al.,
1997, Zhou and Palmiter, 1995).

In this context it is also of interest to mention another publication, where the
expression of ret, the tyrosine kinase signal transducing receptor for GDNF, was
investigated in Nurrl null mice (Wallen et al., 2001). In this study it was shown that ret
failed to be expressed in the developing DA cells, suggesting that ret is dependent on
Nurrl for its transcription. No abnormalities of the midbrain DA cells have been found in
mice with targeted deletion of ret, suggesting that this is not a master regulator of DA cell
differentiation (Marcos and Pachnis, 1996).

We are still trying to identify other genes regulated by Nurrl that are important
players in DA cell differentiation. We are currently analyzing data from a subtractive
hybridization experiment in which the mRNA from E13.5 wild-type midbrains was
subtracted from that of Nurrl knockout midbrains.

Paper II-The nuclear receptor Nurrl regulates the expression
of neuropilin-1

Nurrl regulates neuropilin-1 expression

We decided to direct the next phase of the project towards identifying other genes that are
regulated by Nurrl to shed further light on additional roles of Nurrl in vivo. Therefore we
performed gene array experiments in which we compared non-treated MN9D cells with
cells that had been induced to express Nurrl by the addition of dox. This analysis resulted
in the identification of a novel Nurrl-regulated gene, neuropilin-1 (Nrpl). MRNA
expression levels of Nurrl and Nrpl were monitored in MNOD cells treated with dox.
Real-time PCR analyses revealed that Nurrl mRNA was induced already one hour after
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addition of doxocycline, followed by an increased expression of Nrpl mRNA three hours
after addition of dox to the MNO9D cells. Nrp1 expression levels were also increased in
cells that overexpressed Norl or NGFI-B, suggesting that these receptors are also capable
of inducing Nrpl expression. Interestingly, the induced expression of Nrpl required
continuous Nurrl expression, as removal of dox reduced the amount of Nrpl mRNA of
the cells. Cells transiently transfected with the DNA-binding deficient mutant showed
very little or no increase in Nrpl expression, suggesting that binding of Nurrl to DNA is
important for induction of Nrpl expression. In addition, cells that expressed the Nurrl
mutant which is not capable of dimerizing with RXR was able to increase Nrpl
expression, suggesting that Nurr1/RXR heterodimers are not required for the induction of
Nrpl expression. However, the levels of Nrpl expression is slightly reduced in cells
transfected with the dimerization mutant, compared to cells transfected with wild-type
Nurrl. This result suggests that Nurrl/RXR heterodimers might be involved but not
absolutely required for activation of Nrpl expression in the MNOD cells. Furthermore,
the RXR ligand LG268 was able to slightly increase the expression of Nrpl. However,
LG268 was not able to increase the Nurrl-dependent expression of Nrpl. Thus, as this
ligand is also activating other RXR heterodimers, the effect on Nrpl expression by
LG268 might be due to activation of heterodimers distinct from Nurrl/RXR. Ultimately,
treatment of the cells with a ligand specific for Nurrl/RXR heterodimers would clarify
the role of this heterodimer in regulation of Nrpl expression.

Two NBREs were observed in the promoter sequence of the Nrpl gene, which led
us to clone the promoter and couple it to a luciferase reporter. Interestingly, the more
upstream NBRE is evolutionary conserved between mouse, rat and human while the
second NBRE is conserved between rat and mouse, suggesting that the NBREs are
important regulatory sequences. In reporter gene assays we observed Nurrl-dependent
activation of the Nrp1 promoter (discussed in detail below).

In situ hybridization analysis revealed that Nurrl and Nrpl are co-expressed in a
cranial motor nucleus, the dorsal motor nucleus of the vagal nerve (DMN X).
Furthermore, expression analyses of E13.5 hindbrains revealed that Nrpl mRNA levels
are downregulated in the DMN X of Nurrl knockout mice.

Neuropilin-1

Neuropilin-1 (Nrp1) is a single spanning transmembrane protein with a large extracellular
domain and a small cytoplasmic domain of about 40 amino acids (Neufeld et al., 2002).
Nrpl functions as a receptor for semaphorin 3A (sema-3A), which is one of six axon-
repellent factors belonging to the class-III semaphorin subfamily (Goodman 1999). The
biological activity of Nrpl was originally characterized in vitro where it was shown that
sema-3A could repel the growing tips of Nrpl-expressing dorsal root ganglion cells (He
and Tessier-Lavigne, 1997; Kolodkin et al., 1997). Several studies have subsequently
confirmed the role of Nrpl axonal repulsion, and in some cases axonal attraction
reviewed in (Bagri and Tessier-Lavigne, 2002). The short cytoplasmic domain of Nrp1 is
not responsible for the transduction of the repulsing effect. Instead, the signal is conveyed
by transmembrane receptors, called plexins, that form complexes with Nrp1 (Takahashi
et al., 1999; Tamagnone et al., 1999). In addition, Nrp1 is able to bind certain splice
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forms of vascular endothelial growth factor (VEGF), indicating that Nrpl has a role in
the cardiovascular system as well (Soker, 2001; Soker et al., 1998). Interestingly, during
embryonic development Nrpl participate in the regulation of both nervous and
cardiovascular development (Kawasaki et al., 1999; Kitsukawa et al., 1997; Kitsukawa et
al., 1995).

Why are so few genes regulated?

In microarray experiments in general it is common to find several hundred regulated
genes. In contrast, we saw very few changes in gene expression in the MN9D cells. Our
aim was to identify genes directly regulated by Nurrl, and we therefore chose to prepare
RNA from cells treated with doxocycline for zero, two and eight hours respectively.
However, treating the cells with doxocycline for longer periods might increase the
number of differentially expressed genes. Another reason for the low number of genes
might be that very few genes are actually regulated by Nurrl in our experimental setup.
Curiously, differential expression of a small number of genes was observed in transiently
Nurrl-transfected immortalized synoviocyte cells using microarrays (Davies M.R, 2004).
Another possible explanation is that the MNID cells have a basal expression of Nurrl.
Indeed, we see expression of Nurrl mRNA in RT-PCR analyses. However, in other
experiments Nurrl expression induces multiple changes of the MNID cells, including
upregulation of AADC and VMAT?2 (Paper II) and morphological differentiation (Paper
[I), suggesting that the basal expression of Nurr] is very low.

Regulation of the Nrpl promoter by Nurrl

Several lines of evidence suggested that Nurrl regulates expression of Nrpl. First, real-
time PCR analyses showed that Nurrl-dependent upregulation of Nrpl was rapid and
could be detected as early as three hours after addition of doxocycline. Second, removal
of doxocycline resulted in downregulation of Nrpl. Third, Nrpl expression was
diminished in the DMN X of Nurrl null mice. The above results together with the
evolutionary conservation of the NBREs encouraged us to clone the Nrpl promoter.
Earlier studies have shown that the transcription factor Spl and, to a lesser extent, the
transcription factor AP-1 and a CCAAT box are involved in activation of the Nrpl
promoter in response to the tumor promoter agent TPA (Rossignol et al., 2003).

We showed that Nurrl was able to activate the Nrpl promoter in reporter gene
assays, if parts of the Nrpl promoter were removed. The basal activity of the full-length
promoter construct was lower than the activity seen if the more distal part of the promoter
was removed, indicating that a repressive region is present in the more proximal part of
the promoter. In any event, the presence of the NBREs increases the Nurrl-dependent
activation of the promoter. The question is whether Nurrl activates the promoter directly.
Interestingly, we have preliminary data that supports a direct regulation of the Nrpl
promoter by Nurrl. In reporter gene assays, the Nurrl mutant that is deficient in DNA-
binding was not able to activate the 177+448 reporter. In addition, a Nurrl mutant
lacking both AF1 and AF2 could not activate the 177+448 reporter. We are planning to
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carry out mutational analysis of the NBREs to confirm the importance of these sites.
However, the Nurrl dependent activation of the promoter is relatively modest, suggesting
that more upstream sequences of the Nrpl promoter or even downstream introns might be
important. Reporter gene assays are artificial in the sense that the DNA is not folded into
its natural chromatin structure. Therefore, we are also planning to perform chromatin
immunoprecipitation experiments to verify that Nurrl is present on DNA in its natural
context. We would also like to study the effects of p57" on Nurrl activated Nrpl
promoter, as p57*"* is a known co-factor that negatively influences Nurrl-dependent
transcriptional activity (Joseph et al., 2003).

Nurrl and the DMN X

As Nrpl is not expressed in the DA cells of the midbrain, we used in situ hybridization
analysis to identify potential neurons in which Nurrl and Nrpl are co-expressed. This
would enable us to identify a common role for the two proteins in vivo. We found
overlapping expression of Nurrl and Nrpl in the dorsal motor nucleus of the vagus nerve
(DMN X). Furthermore, Nrpl expression was strongly downregulated in the DMN X of
Nurrl knockout mice, suggesting that Nurrl regulates Nrpl expression in vivo. The DMN
X sends efferent projections in the vagus nerve that innervates the esophagus, lungs, heart
and gastrointestinal tract. The expression of Nurrl is seen in visceral motor neurons of
the DMN X and is induced as early as E10.5 (Wallen et al., 2001). Prominent Nurrl
expression has also been detected in this nucleus in the adult rat (Zetterstrom et al.,
1996b). Interestingly, the GDNF receptor ret is expressed in Nurrl-positive cells of the
DMN X, and the expression of Ret is lost in the Nurrl mutant mice (Wallen et al., 2001),
indicating that this nucleus is affected in Nurr1 null mice.

The lethality of the Nurrl knockouts is probably not due to the lack of DA
neurons, since it has been shown that mice with abolished DA production survive a few
weeks after birth (Zhou and Palmiter, 1995). It is thus more likely that Nurr[-expressing
cells in another area of the CNS are responsible for this early death. Indeed, the DMN X
is known to be involved in the control of breathing. It has recently been demonstrated that
newborn Nurrl knockout mice have a severe respiratory phenotype characterized by
hypoventilation, an increased number of apneas and the absence of hypoxic response
(Nsegbe et al., 2004). These results suggest that the early death of the Nurrl mutant pups
is due to a lack of respiratory control (Nsegbe et al., 2004). The regulation of Nrpl by
Nurrl may be important in this context, as the DMN X nerve fibers might not be
appropriately routed in homozygous gene-targeted mice due to lack of Nrp1 expression.
Curiously, initial studies have indicated that the nerve fibers derived from the DMN X
show a subtle disorganization in the Nurrl -/- mice (Wallen et al., 2001). Furthermore,
the vagal nerve is highly defasciculated in Nrp -/- mice (Kitsukawa et al., 1997).
Therefore, it would be interesting to compare the nerve fibers of Nrpl and Nurrl
knockout embryos by tracing studies in which a tracer dye is injected into the DMN X.
Another experiment would be to culture DMN X neurons from Nurrl +/+ and Nurrl -/-
mice and compare their response to sema-3A. In addition, it would be interesting to
analyze if inhibition of Nrpl signaling blocks the Nurrl-induced morphological
differentiation (discussed in paper III) in the MNOD cells.
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Other interesting aspects

Nurrl and Nrpl may have common roles in other cells. For example, expression of both
Nurrl and Nrp1 are induced during ischemia (Beck et al., 2002; Honkaniemi and Sharp,
1996; Honkaniemi et al., 1997). In addition, Nurrl is upregulated in inflammatory
responses while Nrpl is involved in initiation of the primary immune response (McEvoy
et al., 2002a; McEvoy et al., 2002b; Tordjman et al., 2002). Finally, Nurrl and Nrpl are
expressed in endothelial cells and can potentially share common roles in vascularization
(Liu et al., 2003; McEvoy et al., 2002a; Soker et al., 1998).

Paper III-Nurrl induces cell cycle arrest and morphological
differentiation

As it is complicated to study the differentiation of DA cells in vivo, we wished to
establish an in vitro culture system to study Nurrl function in this process. We therefore
used MNOD cells transiently transfected with Nurrl as our model system.

MNID cells and differentiation

MNO9D cells can be stimulated to extend neurites by various treatments. Paper III
describes experiments in which we showed that transient transfection of Nurrl in the
MNOD cells resulted in a drastic decrease in cell proliferation, with arrest in the G1 phase
of the cell cycle. This arrest was followed by morphological differentiation, as assessed
by the extension of long bipolar neurites. In general, there seems to be no obligatory
coupling between cellular decisions to proliferate and differentiate, even though the two
behaviors are often controlled simultaneously (reviewed in (Brown et al., 2003)).
Interestingly, Nurrl coupled to the Drosophila engrailed repressor domain, resulted in
growth arrest without subsequent differentiation of the MNID cells, suggesting that
Nurrl might promote growth arrest by gene repression. In addition, rapamycin, which
stops cells in G1, did not lead to morphological differentiation. These results suggest that
cell cycle arrest and differentiation are two separate events, and that Nurrl has a dual role
in mediating both cell cycle arrest and differentiation in the MNOD cells. The mechanism
by which Nurrl induces cell cycle arrest is not clear, but it has been reported that the cell
cycle inhibitors p21*" and p57*" are both upregulated by Nurrl in the MN9D cells
(Joseph et al., 2003).

As the enzyme Raldhl, which is involved in production of the retinoid all-trans
retinoic acid, is expressed in the area where midbrain DA cells develop (Wallen et al.,
1999) we wished to analyze the role of retinoids in MN9D cell differentiation. Our results
showed that all-frans retinoic acid was able to induce morphological differentiation of the
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cells, indistinguishable from the Nurrl-induced differentiation. A number of experiments
(discussed below) showed that the effect of retinoids was not via Nurrl/RXR
heterodimers. The addition of both RAR and RXR ligands resulted in a synergistic effect
on differentiation, suggesting that RAR/RXR heterodimers are involved. Furthermore,
transient transfections with combinations of dominant negative and wild-type forms of
Nurrl and RAR suggested that retinoids and Nurr]1 participate in a common pathway to
induce MNOID cell differentiation.

Interestingly, Ptx3 or Lmx 1b could not support differentiation of the MN9D cells,
further confirming that Nurrl and Ptx3/Lmx1b induce DA cell differentiation via distinct
pathways (Smidt et al., 2000).

Proliferation, differentiation and Nurrl in DA cells in vivo

Ultimately, the results obtained in the MN9D cells should give us clues about how Nurr |
acts in vivo. An obvious question, therefore, is if Nurrl is involved in regulating cell
cycle arrest and morphological differentiation in vivo. Retrograde tracing experiments in
newborn pups demonstrated that the developing DA cells failed to innervate their target
areas in the absence of Nurrl (Wallen et al., 1999). This result, together with the MN9D
data, supports the idea that Nurrl is involved in neurite outgrowth in vivo. This issue is
further discussed in Paper IV.

During development of the DA cells, Nurrl is expressed in post-mitotic neurons.

This is based on the fact that Nurrl is excluded from the ventricular layer where
proliferating cells are present. In addition, bromodeoxyuridine (BrdU) injections into
pregnant mice and subsequent analysis of the embryos showed lack of co-detection of
BrdU-labelled cells with Nurrl-expressing cells in the ventral midbrain (Wallen et al.,
1999). Thus, we believe that during development of the DA cells, Nurrl does not play a
direct role in mitotic arrest. Instead, the MN9D data suggests that Nurrl plays a role in
stabilizing the non-proliferative state, thereby protecting the cells from re-entry into the
cell cycle. Interestingly, studies on knockouts for cyclin-dependent kinase inhibitors,
which stop cell cycle progression, have shown ectopic activation of cell proliferation in
mature neuronal cells (Zindy et al., 1999). No abnormal cell proliferation has been
detected in the ventral midbrain of Nurrl mutant pups (Asa Wallén, personal
communication), which may indicate that Nurrl is not involved in the control of
proliferation. Alternatively, the normal control of cell proliferation in the absence of
Nurrl in vivo could be explained by redundant mechanisms that ensure normal regulation
of such important processes, even in the absence of one of the control genes. This idea is
supported by the observation that an abnormal increase in cell proliferation in mice
deficient in cell cycle regulators often requires the generation of compound knockout
animals (Zhang et al., 1999).

Nurrl or Nurrl/RXR heterodimers?

As mentioned in the introduction, Nurrl can act as a monomer, a homodimer or a
permissive RXR heterodimer. In theory, regulation of Nurrl activity can therefore occur
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by modulating Nurrl activity (discussed below), or by activation of the
heterodimerization partner RXR. Nurrl/RXR heterodimers can be activated by natural
RXR ligands, including the retinoid metabolite 9-cis retinoic acid (Wallen-Mackenzie et
al., 2003) and fatty acids such as docosahexanoic acid (de Urquiza et al., 2000). A
relevant question, therefore, is if Nurrl heterodimerization is important in vivo. Two
recent reports have suggested that Nurrl acts as a silent non-ligand binding partner in
RXR-mediated signaling. In the first study, it was shown that Nurrl/RXR heterodimers
promote the survival of neurons in the mouse and that these heterodimers are active in the
developing DA neurons (Wallen-Mackenzie et al., 2003). The second report identified a
new signaling pathway mediated by the Drosophila Nurrl homologue DHR38 and the
RXR homologue USP, where ecdysteroids activated these receptors (Baker et al., 2003).
In addition, two studies have provided an interesting link between the DA system and
retinoid signaling in the brain as compound RXR receptor mutant mice show impaired
locomotion and downregulation of dopamine D2 receptors in the striatum (Krezel et al.,
1998). Furthermore, the dopamine D2 receptor promoter was shown to contain
RAR/RXR responsive sites that mediated retinoid-induced transactivation (Samad et al.,
1997).

In contrast to the Nurrl/RXR requirement discussed above, several experiments
in Paper III presents the results of experiments that suggest that the Nurrl/RXR
heterodimer is not involved in induction of morphological differentiation and mitotic
arrest in the MNOD cells. First, the RXR agonist SR11237 could not on its own give rise
to morphological differentiation. Second, the dimerization- deficient Nurrl mutant
(Nurr1®™) was capable of inducing differentiation and cell cycle arrest. Third, transient
transfection with Norl, which is not capable of forming heterodimers with RXR, resulted
in differentiated and arrested MN9D cells. In addition, the data presented in Paper I
suggest that Nurrl regulate DA synthesis and storage in a Nurrl/RXR- independent
manner. Thus, it is reasonable to conclude that Nurrl can act as a monomer in some
circumstances, and as a heterodimer with RXR in others. However, it is possible that
Nurrl expression in MN9D cells does not reproduce all features of Nurrl during
embryonic development, and additional requirements for the function of Nurrl in the
developing CNS might therefore exist.

Analyses of mice in which the wild-type allele of Nurrl is replaced by a
dimerization-deficient Nurrl mutant will allow definitive elucidation of the in vivo
significance of Nurrl monomers and RXR-Nurrl heterodimers.

Nurrl, Norl and NGFI-B and regulation of proliferation

The results presented in paper III show that Norl, Nurrl and NGFI-B are all able to
induce cell cycle arrest. As Norl and NGFI-B are not expressed in midbrain DA cells, we
believe that these three NRs might have a general growth inhibitory role also in non-
mesencephalic cells. Our result showing that Nurrl can induce cell cycle arrest in the
neuroblastoma cell line N18TG?2 supports this hypothesis. Nurrl is known to act as an
immediate early gene that is rapidly induced after stressful insults to the CNS, i.e. after
kainic acid-induced seizures or ischemia (Crispino et al., 1998; Honkaniemi and Sharp,
1996; Honkaniemi and Sharp, 1999; Honkaniemi et al., 1997; Xing et al., 1997). Thus,
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the growth inhibitory role of these receptors may be important to prevent uncontrolled
proliferation during these conditions.

Data supporting a role for the NGFI-B/Nurrl/Norl group of receptors in
regulating the cell cycle in cells outside the CNS is gathering. Recently, Conneely
presented results from Norl, NGFI-B double knockouts showing that these two receptors
are involved in arresting the cell cycle in myeloid cells (Conneely, 2004). A somewhat
contradictive result was obtained in Norl knockout mice, where there was a decreased
proliferation of nonsensory epithelial cells of the inner ear (Ponnio et al., 2002).
Furthermore, NGFI-B has been shown to induce cell cycle arrest in vascular endothelial
cells by upregulation of the cycline dependent kinase inhibitor p27*' and
downregulation of cyclin A (Arkenbout et al., 2003). In addition, it has been suggested
that NGFI-B, Nor1 and Nurrl block the proliferation of smooth muscle cells (Arkenbout
et al., 2002).

Regulation of Nurrl activity

As Nurrl is involved in the regulation of DA transmitter phenotype (Paper I) and in the
differentiation of midbrain DA cells (Paper III and (Castillo et al., 1998a; Saucedo-
Cardenas et al., 1998; Zetterstrom et al., 1997)) it would be of great clinical interest to be
able to regulate its activity. As discussed above, one way would be to regulate the activity
of the heterodimerization partner RXR. However, the results presented in Papers I and III
suggest that Nurrl function in DA cells may be independent of RXR. Functional studies
on the Nurrl LBD showed that the AF-2 domain is active in some cell types and inactive
in others (Castro et al., 1999). This cell-type dependent activity of Nurrl indicated a
regulatory potential of the Nurrl carboxy-terminal domain, suggesting that ligands may
modulate Nurrl activity in vivo. However, it has turned out to be hard to find ligands for
Nurrl. The crystal structure of the Nurrl LBD has recently been solved, and the structure
may explain why it has been so difficult to find Nurrl-ligands. It turned out that the
ligand-binding pocket of Nurr] is very small, and that bulky hydrophobic amino acid side
chains occupy most of the space, thus preventing ligand binding. The constitutive Nurrl
activity was explained by folding of the AF-2-helix into an active conformation (Wang et
al., 2003). Interestingly, the Drosophila Nurrl homologue (DHR38) shares similar
structural properties (Baker et al., 2003).

How regulation of the Nurrl LBD is achieved is not clear, but it probably
involves post-translational modifications and/or recruitment of cofactors. According to
the structural analysis, Nurr1 lacks a classical coactivator- or corepressor-binding surface.
Instead, we believe that cofactors may bind to the most C-terminal amino acids of Nurrl,
which are hydrophobic and protrude out of the structure (personal communication,
Gérard Benoit). Recently, the ubiquitine ligase PIASy was shown to interact with the C-
terminal domain of Nurrl and repress Nurrl-dependent transcriptional activation
(Galleguillos et al., 2004).

Several lines of evidence show that Nurrl activity can be regulated via domains
distinct from the LBD. For example, p57°* binds to the N-terminal region and represses
Nurrl activity (Joseph et al., 2003). Furthermore, the atypical orphan NR SHP, which
lacks a conventional DBD, can inhibit Nurrl activity by binding to the Nurrl DBD (Song
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et al., 2004). In addition, we have suggested that phosphorylation of the N-terminal
positively influences transcriptional activation of Nurrl (Nordzell et al., 2004).
Moreover, the anti-inflammatory drug 6-mercaptopurine acts as an N-terminal activator
of Nurrl (Ordentlich et al., 2003). Finally, the coactivator SRC-1 can activate Nurrl
dimeric activity via the N-terminal part of Nurrl (Maira et al., 2003).

An alternative way to regulate the activity of a constitutively active transcription
factor like Nurrl is to regulate the expression of Nurrl itself. Thus, immediate early
genes such as Nurrl, Norl and NGFI-B are rapidly induced by various stimuli, as
discussed in the introduction.

Paper IV-In vitro cultures of ventral mesencephalon from
Nurrl- deficient mice

Paper IV describes experiments in which the ventral mesencephalon (VM) was dissected
and cultured in vitro, and the expression of TH was investigated in the VM from Nurr]
wild-type, heterozygous and knockout embryos. We could induce expression of TH in
Nurrl knockout VM, demonstrating that the DA progenitors in the Nurrl -/- pups retain
their capacity for inducing TH expression. In addition, nerve fiber bundles formed in the
VM from Nurrl +/+ and Nurrl +/- mice, but not in that from Nurrl -/- mice.

TH expression can be induced in Nurrl deficient DA progenitors in vitro

The expression of TH is first detected in the developing DA cells of the mouse at
embryonic day E11.5 and occurs one day after the initial expression of Nurrl, which is
seen at E10.5. TH is never expressed in Nurrl knockout mice. Furthermore, studies on
the TH promoter have shown that Nurrl can activate and bind the promoter (Iwawaki et
al., 2000; Kim et al., 2003b; Sakurada et al., 1999), suggesting that Nurrl regulates this
gene in vivo.

Since the Nurrl-/- DA cells loose their capacity to fully differentiate in vivo we
wished to study this loss closer by culturing the DA progenitors in vitro and monitoring
TH expression. Our first goal was to investigate if support from the developing striatum,
the target innervation area, could influence the TH expression in VM tissue from Nurrl-/-
embryos. Therefore we cultured E10.5 VM, as this is a stage prior to normal onset of TH-
expression, together with lateral embryonic eminence (LGE) from wild-type embryos.
We could induce TH expression in Nurrl-/- VM under these conditions, suggesting that
the LGE supported the expression of TH. Surprisingly, when VM from null embryos was
cultured without LGE it was still possible to induce TH expression. To avoid possible
interference with the plasma/thrombin clot we chose to change to free-floating cultures at
this point. In the free-floating cultures, we could still see TH expression in the Nurrl-/-
cultures.



Furthermore, co-expression of TH with Raldhl showed that it was the DA
progenitors that were induced to express TH. The results presented above suggest that TH
can be induced in Nurrl-deficient DA progenitors when the tissue is removed from its
natural environment. A possible explanation for this finding is that TH expression is
induced by pathways that are unrelated to Nurrl. Indeed, previous reports have shown
that TH expression can be induced in vitro in embryonic neurons that would never have
expressed TH in vivo (Du and lacovitti, 1997; Pliego Rivero et al., 1999; Stull and
Tacovitti, 1996; Zhou et al., 1996; Zhou et al., 1998). This theory is also supported by a
similar study by Eells er al. (Eells et al., 2001) in which dissociated midbrain DA cell
precursors from Nurrl-/- newborn pups were cultured in vitro. These authors could
induce expression of TH in Nurrl-/- cells by the addition of forskolin. It is known that
forskolin increases cCAMP activity which in turn can increase CREB phosphorylation. A
subsequent increase in TH may be achieved by activation of CREB sites that are known
to be present in the TH promoter. Another possibility for TH induction in Nurrl null VM
could be that Norl or NGFIB are induced under our culture conditions and, as these
receptors have redundant functions, are able to induce TH expression.

When the free-floating VM tissue of Nurrl -/- mice was cultured in serum-free
conditions, there were very few or no cells expressing TH, while the addition of serum
induced TH expression. This suggested that there is a factor in the serum that is able to
promote TH -induction. To further investigate which serum-derived factor might be
involved, FGF-8, which is involved in the specification of DA progenitors (Crossley et
al., 1996; Hynes et al., 1995a; Hynes et al., 1995b; Ye et al., 1998), and epidermal growth
factor (EGF), known to create an environment permissive for proliferating progenitor
cells (Vescovi et al., 1993), were added to the serum-free medium. These factors did not
affect the expression of TH. To elucidate which factor(s) might be involved several
additional factors, for example shh, would have to be tested in the same manner.

In trying to translate this data to the in vivo situation it is possible to speculate that
Nurr1 induces the expression of a factor that affects a nearby cells. This cell could then as
a response to this factor send a signal back to the DA progenitor, which results in TH
expression. In our culture conditions a factor in the serum may mimic the signal, and thus
bypass the need for Nurrl. In this context it is interesting to mention that an unknown
factor produced by VM astrocytes was able to induce TH expression in a Nurrl-
expressing neuronal stem cell line (Wagner et al., 1999). It would be interesting to see if
the astrocyte medium used in this study could induce expression of TH in the Nurrl-/-
VM cultures discussed above.

Nurrl and target innervation

An interesting finding was the formation of a distinct nerve fiber bundle in wild-type
VM-LGE co-cultures. Bundles were found in 80% of the wild-type cultures, while only a
diffuse nerve fiber network was found in the knockout cultures. These results imply that
the LGE stimulates the formation of a nerve fiber bundle in the presence of Nurrl, and
that this ability is lost in the absence of Nurrl, suggesting that Nurrl is important for
target innervation in vivo.
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The question of weather the nigrostriatal pathway is intact in Nurrl null mice has
been a matter of debate. Injections of the retrograde tracing dye Flouro-Gold into the
striatum of newborn mice showed that the nigrostriatal innervation was abnormal in the
Nurrl -/-pups (Wallen et al., 1999). In contrast, another study performed by striatal
injections of the lipophilic tracer Dil indicated that the innervation was preserved in the
Nurrl null pups (Witta et al., 2000). The data presented above, together with the finding
that Nurrl can induce neurite outgrowth in MN9D cells, suggests a role for Nurrl in DA
axon pathfinding. An experiment in which one could study the formation of DA nerve
fibers would be to transplant Nurrl -/- VM into the striatum of 6-OHDA-lesioned rats.

The issue of wether projections of Nurrl-containing neurons are disturbed in the
Nurrl null mutant mice will be further investigated in the lab. An ongoing project is to
generate mice with the gene encoding green fluorescent protein inserted into the Nurrl
locus (Aarnisalo and Perlmann, personal communication). Using these mice it will be
possible to study the nigrostriatal projections, and projections of the DMN X axons in
Nurrl- deficient embryos. It is interesting to speculate that Nurrl has a more general role
in axon pathfinding in several different CNS neurons.

Paper V-Nurrl +/- mice have reduced preference for ethanol
intake and wheel running

Nurrl expression continues during adulthood, and several lines of evidence suggest that
this NR modulate the function of adult midbrain DA neurons. First, adult Nurrl
heterozygous mice have reduced levels of DA in the midbrain and the NAc, the target
area for VTA neurons, suggesting that Nurrl gene dosage regulate DA levels in the adult
brain (Witta et al., 2000). Second, Nurr] expression is downregulated in the midbrain of
cocaine abusers (Bannon et al., 2002). Third, mutations in the Nurrl gene have been
identified in patients with PD and schizophrenia (Buervenich et al., 2000; Chen et al.,
2001; Le et al., 2003; Xu et al., 2002; Zheng et al., 2003). Fourth, Nurr +/- mice have
been shown to be more susceptible to the DA cell specific toxin MPTP (Le et al., 1999).

Since long, it has been believed that DA signaling in the NAc is important in the
mediation of motivation, locomotion and reward (Berridge and Robinson, 1998).
Virtually all drugs of abuse, including ethanol, cocaine and nicotine, have been shown to
increase DA levels in the NAc (Di Chiara and Imperato, 1988). Moreover, it has been
reported that lesions of the VT A and/or NAc attenuate the self-administration of drugs of
abuse (Bozarth and Wise, 1986; Pettit et al., 1984; Spyraki et al., 1983; Zito et al., 1985).
In addition, it is believed that the NAc is involved in mediating natural reinforces such as
food, drink, sex and social interactions (Koob et al., 1998; Wise, 1998).

Given the DA phenotype of the Nurrl gene targeted mice and the involvement of
DA pathways in rewarding mechanisms, we decided to study Nurrl heterozygous mice in
models of natural and drug-induced reward. Ethanol consumption was used as a model
for drug- induced reward and wheel running as a model for natural reward. Our results
showed that Nurrl +/- mice were less prone to develop preference for ethanol when they
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were given a choice of water or ethanol. The difference in ethanol consumption was not
due to differences in taste sensations or ethanol clearance. Curiously, the Nurrl gene is
located within an alcohol preference quantitative trait locus (QTL) on mouse
chromosome 2 (Belknap and Atkins, 2001; Phillips et al., 1998a), further linking Nurrl to
ethanol abuse. A QTL is a region of a chromosome that has been shown through genetic
mapping to contain one or more genes that contribute to phenotypic differences (Crabbe
et al., 1999). Next, natural reward mechanisms were explored by giving the Nurrl +/+
and +/- mice the opportunity to exercise in running wheels over a three-week period. The
wild-type mice steadily increased their running levels during the period tested, while
heterozygous mice maintained their running levels at essentially the initial level. This
difference in running levels was not due to lower spontaneous motor activity of
heterozygous mice, as accessed by monitoring locomotion in activity boxes. In contrast,
Nurrl +/- mice exhibited higher motor activity on the first day of testing, a result that has
also been reported by two other groups (Backman et al., 2003; Eells et al., 2002). In
summary, the heterozygous mice were less susceptible to natural and drug-induced
reward. Interestingly, mice deficient in the DA D2 receptor also show a markedly
reduced alcohol preference (Phillips et al., 1998b).

Differences in the Nurrl promoter of C57/6] and DBA/2]J mice

The C57/6] mice strain quickly develops a high preference for ethanol, while the DBA/2J
strain is much more resistant to ethanol addiction (Meliska et al., 1995; Risinger et al.,
1998). As Nurrl heterozygous mice were less attracted by ethanol, we wished to analyze
if the nucleotide sequence of the Nurrl gene differed between the two mice strains.
Sequencing of the Nurrl exons and promoter region identified two dinucleotide repeats in
the promoter region that differed between the two strains. In the alcohol-preferring
C57/6] mice these repeats were longer, suggesting a correlation between ethanol
preference and dinucleotid-repeat length in the Nurrl promoter. Using RT-PCR, we did
not find any difference in expression levels of Nurrl mRNA in VTAs dissected from the
respective mouse strains, suggesting that these repeats do not affect Nurrl expression.
However, this method is crude, and differences in gene expression might not be detected.
Promoter analyses would be necessary to further evaluate the role of the dinucleotide
repeats. Alternatively, these repeats may not be important for the expression of the Nurrl
gene, suggesting that genes distinct from Nurr1 are responsible for differences in ethanol
preference between the strains.

Biochemical changes in the NAc and VTA of Nurrl+/- mice

As discussed in the introduction, chronic exposure to drugs of abuse induces biochemical
adaptions in the VTA and NAc, characterized by changes in levels of certain proteins.
We were therefore interested to analyze the levels of some of these proteins in Nurrl +/+
and Nurrl +/- mice. Tissue from the VTA and NAc were dissected from Nurrl
heterozygous and wild-type mice. In western blots the protein levels of TH, glutamate
receptor 1, neurofilament and delta FosB were determined. We did not find any
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significant differences in protein levels of any of these genes in the respective
phenotypes (unpublished data).

Final remarks

The decreased reward behavior in the Nurrl+/- mice might be due to reduced activity of
the VTA-NAc pathway. It should also be considered that the presence of Nurrl in other
neuronal pathways might be responsible for the effects seen in Paper V. Interestingly,
Nurrl has been shown to be upregulated in the hippocampus of rats during spatial
learning, suggesting that Nurr1 is involved in learning and memory processes (Pena de
Ortiz et al., 2000).

[t is not clear wether the behavioral defects discussed in Paper V are due to deficiencies
occurring during development of the DA system, or if these effects are a result of reduced
gene dosage in the adult animals. For this, it is necessary to study inducible Nurrl
knockouts in which Nurrl is deleted in adult brains.
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CONCLUSIONS

This study has provided new insights into the function of the nuclear receptor Nurrl and
the target genes that it regulates. Dopamine MNO9D cells were utilized as a model system
for midbrain dopamine cells. These cells respond to Nurrl overexpression by induction
of cell cycle arrest and morphological differentiation. In addition, Nurrl expression leads
to an increase in the dopamine content of the cells. Nurrl was capable of positively
regulating the expression of the dopamine-producing enzyme AADC and the vesicular
monoamine transporter VMAT?2. Interestingly, both AADC and VMAT2 mRNA
expressions were deregulated in the developing midbrain DA cells of Nurrl deficient
mice, suggesting that Nurrl is important for dopamine synthesis and storage.

To identify additional genes regulated by Nurrl, a cDNA microarray experiment
was performed, comparing MNOD cells with an induced expression of Nurrl with non-
induced cells. In this screen the axon guidance cell surface receptor Neuropilin-1 was
identified as a new Nurrl-regulated gene. In reporter gene assays Nurrl was able to
activate the Nrpl promoter, which contains two Nurrl binding sites. Nurrl and Nrpl
were coexpressed in the DMN X and Nrpl mRNA was downregulated in this nucleus in
Nurrl knockout mice. These results indicate that Nurrl dependent differentiation of this
nucleus requires regulation of Nrpl.

Ventral midbrains of various Nurrl genotypes were cultured in vitro to further
analyze Nurrl-dependent differentiation of DA cells. Expression of TH could be induced
in Nurrl deficient cultures. Furthermore, axon bundles were not identified in cultures
lacking Nurrl, supporting a role for Nurrl in target innervation of DA neurons.

Finally, adult Nurrl heterozygous and wild-type mice were less attracted by
ethanol drinking and wheel running, suggesting that Nurrl is important for natural and
drug induced reward mechanisms.
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